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Abstract

Smk1 is a mitogen-activated protein kinase (MAPK) family member in the yeast Saccharomyces
cerevisiae that controls the postmeiotic program of spore formation. Ssp2 is a meiosis-specific
protein that activates Smk1 and triggers the autophosphorylation of its activation loop. A fragment
of Ssp2 that is sufficient to activate Smk1 contains two segments that resemble RNA recognition
motifs (RRMSs). Mutations in either of these motifs eliminated Ssp2’s ability to activate Smk1. In
contrast, deletions and insertions within the segment linking the RRM-like motifs only partially
reduced the activity of Ssp2. Moreover, when the two RRM-like motifs were expressed as separate
proteins in bacteria, they activated SmkZ1. We also find that both motifs can be cross-linked to
Smk1 and that at least one of the motifs binds near the ATP-binding pocket of the MAPK. These
findings demonstrate that motifs related to RRMs can directly activate protein kinases.
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Mitogen-activated protein kinases (MAPKSs) comprise a family of serine/threonine (S/T)
protein kinases that transduce a broad array of signals in eukaryotic organisms. MAPKSs are
activated by phosphorylation of a conserved threonine (T) and tyrosine (Y) in their
activation loops.! “Canonically” activated MAPKSs are controlled by dualspecificity MAPK
kinases, while “non-canonically” activated MAPKSs do not use MAPK kinases and often
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undergo autophosphorylation as part of the activation mechanism.23 The
autophosphorylation of MAPKSs can occur in c¢is (intramolecular) or in trans
(intermolecular). The cisautophosphorylation of Y residues plays a particularly prominent
role in activating MAPKs and MAPK-like kinases.

While MAPKSs are often assumed to be activated by a single mechanism, MAPKs such as
mammalian p38 can be activated canonically in one cell type and by autophosphorylation in
another.*> The well-studied Fus3 MAPK is canonically activated in response to mating
pheromones, yet upon activation, it further autophosphorylates its activation-loop Y to
influence the output properties of the pathway.®.7 Early studies revealed that the canonically
activated Erk1 and Erk2 MAPKs from mammals can autophosphorylate their activation-loop
Y residues in vitro, yet a physiological role for these reactions has not been described.8-11
There are numerous protein kinases related to MAPKSs (e.g., CDK-like kinases and GSK
family members) that autophosphorylate their activation-loop Ys, yet little is known about
how these reactions are controlled.12-20 Taken together, these findings suggest that cis
autophosphorylation of Y residues is an ancient property of MAPKs and MAPK-like kinases
that has been suppressed to variable extents over evolutionary time to diversify the properties
of the modern kinome.

Smk1 is a meiosis-specific MAPK from Saccharomyces cerevisiae that is activated by a
noncanonical mechanism as cells complete nuclear segregation.?1~28 SA7K1 is controlled by
a tightly regulated middle meiotic (Ndt80-inducible) promoter as cells exit meiotic G2
(prophase) and enter meiosis | (M1).2930 Once it is translated, Smk1 is almost immediately
phosphorylated on its activation-loop T residue by the CDK-activating kinase, Cak1.27:28
This produces the monophos-phorylated form of Smk1 that is distributed throughout the cell
as Ml is taking place.2®> During MI1, double membranes termed prospore membranes
(PSMs) surround the haploid cells.31-33 A substantial fraction of the monophosphorylated
Smk1 localizes to PSMs.25:34

Like SMK1, SSP2is a middle meiotic gene that is transcriptionally induced by Ndt80.3°
However, in contrast to SMKI mRNA, SSP2mRNA is translationally repressed until M1l by
the Rim4 RNA-binding protein.25:36-39 As anaphase Il is taking place, the meiosis-specific
CDK-like kinase Ime2 phosphorylates Rim4, thereby translationally derepressing SSP2
mRNA. Ssp2 protein then localizes to the PSM. In a process that is not well understood, the
anaphase-promoting complex (APC) E3 ubiquitin ligase bound to a meiosis-specific
substrate-bridging protein, Amal (a Cdc20 homologue), promotes binding of Ssp2 to Smk1.
Ssp2 activates Smk1, thereby triggering the intramolecular autophosphorylation of SmkTs
activation-loop Y residue to produce the fully active form of Smk1. Ime2 and Amal are
associated with exit from meiosis 1, closure of the PSM, and cellularization. These
interactions have been proposed to couple completion of MII to activation of the Smk1
kinase, which then regulates late steps in the program.

In previous studies, we demonstrated that Ssp2 consists of an amino-terminal segment that
targets the protein to the PSM (the targeting domain or TD is within the segment of residues
1-100).25 The TD is not required for Smk1 activation. While ssp2A and smkIA mutants
form defective spores, mutants lacking residues 1-161 of Ssp2 form spores that are
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morphologically indistinguishable from wild-type spores. The carboxy-terminal segment of
Ssp2 (residues 164-371) is sufficient to activate Smka1 (this segment will be termed the
kinase-activating domain or KAD hereafter). In this study, we interrogated the structure—
function relationships of Ssp2 AP, We found that two modules in Ssp2KAD that resemble
RNA recognition motifs (RRMs) are essential for Smk1 activation. RRMs are some of the
most abundant motifs encoded by eukaryotic genomes. These findings expand the functional
repertoire of RRM-like modules to direct activators of protein kinases.

MATERIALS AND METHODS

Yeast Strains, Bacterial Strains, Culture Conditions, and Plasmids.

All yeast strains used in this study are in the SK1 genetic background (Table 1). Yeast were
grown in YPD (1% yeast extract, 2% peptone, and 2% glucose). For sporulation
experiments, cells were grown overnight in YPA (1% yeast extract, 2% peptone, and 2%
potassium acetate) to a density of 107 cells/mL. Cells were washed in sporulation medium
(2% potassium acetate, 10 pg/mL adenine, 5 g/mL histidine, 30 gg/mL leucine, 7.5 pg/mL
lysine, 10 zg/mL tryptophan, and 5 zg/mL uracil), resuspended to a density of 4 x 107
cells/mL in sporulation medium, and placed on a roller drum at 30 °C for the indicated
times.

Strains containing Ssp2KAP-GST linker mutations were created by amplifying the coding
sequence from plasmids pTP66, pTP67, pTP68, and pTP69 (see below) with
oligonucleotides containing a 50 bp sequence of the natural SSP2 promoter on the 5° end.
These polymerase chain reaction (PCR) fragments were combined with GS7-TRPI*0 using
overlapping PCR and transformed into JTY1016 to generate the mutated SSP2XAP-GST
linker mutation driven by the SSP2promoter. This haploid was crossed with JTY 1008, and
diploids were isolated.

The SK1 forms of yeast genes were used for all plasmids used in this study unless otherwise
indicated. pET-Duet-derived plasmid pJT115 for expressing wild-type SMKZ and SSP2KAD.
GST has previously been described.24 Amber suppressor codons were introduced into
pJT115 using site-directed mutagenesis (New England Biolabs). GST-tagged Ssp2
truncations were created by oligonucleotides annealing to the desired gene location with a 5”
Ncol site and 3" Notl site. The truncated genes were amplified with these oligonucleotides,
digested, and ligated into a similarly digested pJT115 plasmid, replacing the SSP2-AN137-
GST gene. To construct the MBP-KARL1 fusion plasmids, an upstream oligonucleotide
containing a Ncol restriction endonuclease site linked to the amino-terminal codons of MBP
and a downstream oligonucleotide corresponding to the multicloning site of pMAL-c2x
were combined with a PCR fragment encoding residues 162—-265 of SSP2 that had been
codon-optimized for Escherichia coli expression (Genscript) linked to a Notl restriction
endonuclease site. This fragment was inserted into the Ncol/Notl sites of plasmid pACYC-
DUET. Deletion derivatives of this plasmid were constructed similarly using
oligonucleotides corresponding to the indicated regions of SSP2linked to a Notl site.
Plasmid pTP52 with the yeast SK1 sequence encoding KARL2 was created by replacing the
Nhel/Notl fragment from pTP40 with the Nhel/Notl fragment from pJT115 generated by
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PCR using oligonucleotides containing these same sites. Mutations in the linker region of
Ssp2KAD were created from pJT118 using site-directed mutagenesis.

Recombinant proteins were expressed in BL21(DE3) cells. Flasks containing 50 mL of LB
(10% tryptone, 10% NaCl, and 5% yeast extract) and selective antibiotics (100 pg/mL
ampicillin and 25 pg/mL chloramphenicol) were inoculated with an overnight starter culture.
Cells were grown at 37 °C until they reached logarithmic growth phase (Aggg of 0.6) and
cooled on ice. Protein expression was induced with 500 M isopropyl S-p-1-
thiogalactopyranoside, and cells were then incubated overnight at 18 °C. For the Bpa cross-
linking experiments, arabinose was also added to a final concentration of 0.2% to induce the
expression of the tRNA and tRNA synthetase encoded by the pEVOL plasmid.*!

Protein Purification and Analyses.

GST-tagged proteins were purified from bacteria and yeast as previously described.?4 Smkl-
HH proteins were purified using nickel beads under denaturing conditions as previously
described.*2 To analyze protein expression in total bacterial lysates, cells were collected by
centrifugation and boiled in sample buffer, and 0.05 Aggg unit was electrophoresed on
denaturing polyacrylamide gels. To analyze yeast cell extracts, cells were collected and
lysed with NaOH, and proteins precipitated using trichloroacetic acid as previously
described.34

Cross-Linking.

BL21(DE3) cells containing a pET-Duet plasmid containing SMK1 and SSP2KAP-GST and
the pEVOL plasmid were grown in LB medium containing antibiotics and 1 mM Bpa. Cells
were induced and lysed, and the Smk1/Ssp2-GST complex was purified as described above.
Proteins were eluted in 300 gL of elution buffer [500 mM Tris and 25 mM reduced
glutathione (pH 8.0)] and cross-linked on ice with ultraviolet (UV) light (13g5) for 1 h using
a Stratalinker 1800. The sample was then diluted 1:1 with 2x sample buffer.

Electrophoresis and Immunoblot Assays.

Samples were electrophoresed through 8% polyacrylamide gels (29:1 acrylamide:bis-
acrylamide) at a constant current of 45 mA. Proteins were transferred to Immobilon-P
membranes and probed with the following antibodies: for Smk1 lacking an epitope tag, an
affinity-purified rabbit polyclonal antibody raised against a peptide contained in the C-
terminus of the protein (CLQGPFDFTYESELNSMSKLRD) at a 1:7500 dilution; for Smk1-
pY209, an affinity-purified rabbit polyclonal antibody specific for phosphorylated Y209 at a
1:2000 dilution;28 for GST, a mouse GST antibody (Santa Cruz Biotechnology) at a 1:10000
dilution for bacterial samples and a 1:500 dilution for yeast samples; for MBP, a mouse
monoclonal MBP antibody (New England Biolabs) at a 1:10000 dilution; and for the HA
epitope, a mouse HA.11 monoclonal antibody at a 1:10000 dillution (Berkeley Antibody
Co.).

Structure Analysis.

Homology models of Smk1 and the KAD domain of Ssp2 were generated using Swiss-
Model.43 Ssp2 was modeled after the structure of polypyrimidine tract-binding protein 2
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[Protein Data Bank (PDB) entry 4cql], which is 21% identical in amino acid sequence.
SmkI was modeled after ERK5 (PDB entry 5071), which is 41% identical in primary
sequence. Secondary structure superimposition of the Fus3:Ste5 complex (PDB entry 2F49)
onto Smk1 was carried out as described in Coot.** All ribbon diagrams were prepared using
the PyMOL Molecular Graphics System. Secondary structure predictions were carried out as
described by Jones.*®

Ssp2KAD consists of two segments that have modest sequence similarity to members of the
RRM superfamily. RRMs are 70-90-amino acid segments that fold into a compact structure
consisting of four antiparallel B-sheets that pack against two a-helices in a SafBapf
topology.#® Canonical RRMSs recognize RNA via aromatic residues (usually F but
sometimes Y) in ribonucleoprotein (RNP) amino acid sequence elements that are located in
the first and third B-sheets. Consistent with the sequence similarity, the two Ssp2KAD
segments are predicted to adopt ordered SafBBap secondary structures (Figure 1A).
However, RNP elements are not apparent in Ssp25AP, and while aromatic residues are
present in the B3-sheets of both of the RRM-like segments, they are absent in the B1-sheets.
Ssp2’s RRM-like segments are separated by a segment that is predicted to have a low degree
of sequence complexity. The data presented below will demonstrate that the RRM-like
segments bind to the Smk1 MAPK, thereby activating the kinase. For the sake of simplicity,
the segments will hereafter be termed kinase-activating RRM-like motifs (KARL1 and
KARLZ2), and the segment separating the KARLs will be termed the linker (see Figure 1A).

Mutational Analyses of the KARLs Suggest Similarities to Canonical RRMs.

KARL?2 contains two F residues (F307 and F327) that appear to be shared in the yeast Mrnl
and Nab6 RNA-binding proteins. We previously showed that an ssp2-F307A,F327A mutant
fails to activate autophosphorylation of Smk1 on its activation-loop Y (Y209) and that it has
an ssp2h-like phenotype in yeast (meiosis occurs, but spores are undetectable).34 F327 is
located in the SB3-sheet of the predicted SafBBap secondary structure of KARL2 and isin a
position similar to those of Fs that stack with RNA bases in canonical RRM-RNA
interactions, while F307 is adjacent to al and does not correspond to RRM residues known
to contact RNA (see Figure 1A). F211 is located in B3 of the predicted faBBaB secondary
structure of KARL1 and is comparable to F327 (an aromatic residue in KARL1
corresponding to F307 in KARL2 is not apparent from the sequence).

Ssp2KAD_GST activates Smk1 to autophosphorylate its activation-loop Y when these
proteins are co-expressed in bacteria.24 This reaction can be monitored with a phospho-
specific antiserum directed against pY209 in Smk1. At least a fraction of the Ssp2KAP-GST/
Smk1 complex that is formed in bacteria is catalytically active against bacterial proteins, and
this can be monitored using a phospho-specific antibody directed against pT. We used the
bacterial co-expression system to compare the ability of the wild-type and mutant forms of
Ssp2KAD.GST to activate Smk1. Similar to those in yeast, the double F307A/F327A
mutations in KARL2 eliminated detectable Smk1 autophosphorylation in bacteria (Figure
1B). The F307A/F327A substitutions also eliminated catalytic output of Smk1 as measured
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with the pT antibody. In contrast, mutation of F307 and F327 to Y's only modestly decreased
the level of Smk1 autophosphorylation and catalytic output. We tested the individual F307A
and F327A mutations and found that either substitution impaired autophosphorylation of
Y209 and catalytic activity for substrates. As expected from the analysis of the F307Y/
F327Y double mutant, substitution of either of these residues with Y had only modest
effects on autophosphorylation and substrate phosphorylation. The substitution of F211 in
KARL1 with either A or Y eliminated detectable autophosphorylation and sharply decreased
the level of substrate phosphorylation. Taken together, the similarity of Ssp2’s amino acid
sequence to RNA-binding proteins, the predicted secondary structure of KARL1 and
KARL?2, and the mutational data suggest that Ssp2 interacts with Smk1 through motifs that
are related to RRMs. These data also indicate that residues in 3 of the predicted SafBaf
folds of KARL1 and KARLZ2, which may correspond to residues in canonical RRMs that
directly contact RNA bases, are important for Ssp2’s ability to activate Smk1.

KARL1 and KARL2 Expressed as Separate Proteins Can Activate Smk1.

We next tested whether KARL1 and KARL2 can activate Smk1 when expressed separately.
For this purpose, maltose-binding protein (MBP) fused to the N-terminus of residues 162—
265 of Ssp2 (MBP-KARLL1) and GST fused to the C-terminus of residues 266-371
(KARL2-GST) were co-expressed with Smk1 in E. coli and Smk1 autophosphorylation was
assayed. These experiments show that MBP-KARL1 and KARL2-GST expressed as
separate proteins are capable of activating Smk1 autophosphorylation in bacteria (in Figure
2, compare lanes 2 and 4). To further define KARL1, amino acids in the predicted linker
from MBP-KARL1 were deleted (from the carboxy terminus of the fusion protein) and these
deletants were tested to determine whether they could activate Smk1 autophosphorylation
when expressed with functional KARL2-GST. We also deleted residues in the predicted
linker from KARL2-GST (deletions from the amino terminus of the fusion protein) and
similarly tested these deletants in bacteria expressing functional MBP-KARL1. These
experiments revealed that while both KARL1 and KARL?2 are required to activate Smk1
autophosphorylation, they can do so when expressed separately and that residues 245-265,
predicted to be in the linker, are dispensable for Smk1 activation. We previously showed that
small deletions that encroach on either end of the Ssp2 fragment of amino acids 162-371
eliminated its ability to activate Smk1, thus defining the boundaries of functional Ssp2XAP
as diagrammed in Figure 1A. Taken together, these findings demonstrate that the 84-residue
segment containing KARL1 (amino acids 162—-245) and the 106-residue segment containing
KARL?2 (amino acids 266-371) are sufficient to activate Smk1 autophosphorylation in the £.
coli expression system. The SafBap secondary elements, common to RRMs, are contained
in the functional 84-residue KARL1 and the 106-residue KARL2 fragments. For KARL1,
there is a close correlation between deletions that remove secondary elements and a loss of
functionality (compare lanes 8 and 9 in Figure 2). This is consistent with an RRM-like fold
in KARL1 being necessary and sufficient for functionality. For KARLZ2, the correlation
between the loss of function and removal of the predicted secondary elements is not as
precise. In particular, the removal of residues 266275, which are 10 amino acids amino-
terminal to the first predicted B-sheet in KARL2, eliminated function (compare lanes 4 and 5
in Figure 2). This observation suggests that a short segment within 18 amino acids of the
first predicted B-sheet in KARL2 (see Figure 1A) is required for functionality. It is also
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notable that MBP-KARL1 and KARL2-GST are both produced at levels higher than that of
Ssp2KAD_GST (based on GST immunoreactivity and total protein staining), yet more Smk1
is autophosphorylated in the Ssp2KAP-GST-producing cells (compare lanes 3 and 4 in
Figure 2). This finding suggests that the intact KAD is a more efficient activator of Smk1
than the separately produced KARL1 and KARL2 proteins (see Discussion).

The Linker Can Tolerate Substantial Mutation.

To further test the role of the Ssp2 linker in Smk1 activation, residues 247-256
(YENIMKEQSV) within the linker (yellow segment in Figure 1A) were duplicated, deleted,
or replaced with two to five copies of an artificial linker sequence (GGGS) in the Ssp2KAD-
GST construct (mutants L1-L 4, respectively, in Figure 3A). The wild-type SSP2gene was
replaced with the L1-L4 derivatives in SMKI1-HH yeast, and the phenotypes of the L
mutants were tested. All of the L mutant proteins bound Smk1-HH, activated
autophosphorylation (Figure 3B), and promoted spore formation (Figure 3C), but they were
only partially functional in all of these assays. The L mutants therefore appear to be
hypomorphic. In contrast, substitutions in KARL2 (F307A/F327A) and relatively small
deletions in KARL2 (351-371A) or KARL1 (162-170A) have previously been shown to
completely eliminate the ability of Ssp2XAP-GST to bind Smk1-HH and activate
autophosphorylation.25:34 Moreover, the cellular phenotypes of these KARL mutants and the
sspZA phenotype were indistinguishable when tested in parallel (spore walls were not
detected in any of the >300 individual cells examined for each of these KARL mutants or in
the ssp2A mutant). These findings demonstrate that KARL1 and KARL2 are essential for
any activity of Ssp2. In contrast, while the overall length and amino acid composition of the
linker can influence Ssp2/Smk1 binding and thus Smk1 activation, the linker can tolerate
substantial mutational perturbation without eliminating function.

A Residue in Smk1 near the ATP-Binding Pocket Can Be Cross-Linked to Ssp2KAD,

To further interrogate the interaction of Ssp2 and Smk1, we utilized a bacterial expression
strategy that incorporates non-natural cross-linkable amino acids at specific positions within
a target protein.#147 This system utilizes an aminoacyl-tRNA synthetase that charges an
engineered amber suppressor tRNA with the non-natural amino acid p-benzoyl-L-
phenylalanine (Bpa). Upon exposure to UV light, the Bpa side chain can form covalent
bonds with carbon atoms that are within 4 A. Amber codons were introduced at various
positions in a plasmid that directs the inducible expression of both SMKZ and SSP2KAD.-
GST. These plasmids and a second plasmid that directs the expression of the tRNA and
synthetase were co-transformed into bacteria, and transformants were induced in medium
containing Bpa. Subsequently, samples were irradiated with UV and resolved by
electrophoresis in denaturing gels, and Smk1 or Ssp2 proteins detected by immunoblot
analyses. If the amber suppressible residue in one of the Smk1/Ssp2KAP-GST proteins is
within 4 A of a C atom of the second protein, new electrophoretic species approximating the
combined masses of Smk1 and the Ssp2KAP-GST complex may be detected.

We first tested whether Smk1 derivatives containing Bpa substituted at various positions
could be cross-linked to Ssp2XAP-GST. A complication of these experiments is that the Bpa
substitution might cause misfolding of the Smk1 kinase that would prevent it from binding
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Ssp2. To control for this possibility and to enrich for the cross-linked entities we hoped to
detect, Smk1/Ssp2XAD-GST complexes were purified using reduced glutathione prior to UV
cross-linking. The ability of Smk1 to autophosphorylate Y209 served as an indicator of
catalytic output. We tested a variety of substitution mutants in Smk1 that were predicted to
be in regions of the kinase that are solvent-exposed and in segments of the MAPK
corresponding to those known to interact with regulatory proteins as informed by homology-
based modeling (see Figure 4C). We also substituted Bpa for N171 (a catalytic residue in the
phospho-transfer active site) and Y209 (the autophosphorylation phospho-acceptor in the
activation loop) as negative controls for the pY209 immunoassay. Although Bpa substituted
at some positions in Smk1 decreased the recovery of the Ssp2KAD-GST/Smk1 complex
(e.g., Y145 in Figure 4), most of the mutants had little effect on recovery. Other than the
N171 and Y209 Bpa substitution mutants that obliterated pY209 immunoreactivity, only a
single mutant was identified that substantially decreased the autophosphorylation activity of
the complex (L368). Many of the Bpa substitution sites were selected in part because they
are predicted to be solvent-exposed and outside of the ATP-binding pocket and phospho-
transfer active site. Nevertheless, these results may suggest that the interaction of Smk1 and
Ssp2 and the consequent transfer of phosphate from ATP to the Y209 phosphoacceptor are
relatively tolerant to Bpa substitution. Significantly, of the six Smk1 Bpa substitution
mutants tested, only the Y38 substitution substantially increased the abundance of a high-
molecular weight Smk1 immunoreactive complex (Figure 4A). This high-molecular weight
complex was immunoreactive with the pY209 antiserum and with a GST antiserum (Figure
4B). Y38 is an evolutionary conserved residue found in most MAPKSs that is amino-terminal
to the G-rich ATP-binding residues in subdomain | of the kinase. On the basis of the three-
dimensional structures of other MAPKS, Y38 is predicted to be at the end of a B-sheet
adjacent to the ATP-binding pocket of Smk1 (Figure 4C). These observations suggest that
Ssp2KXAD can bind and activate the Smk1-Y38Bpa mutant protein and that the Bpa-
substituted residue in this complex is within 4 A of a cross-linkable atom in Ssp2. The
proximity of Y38 to the predicted ATP-binding pocket of Smk1 raises the possibility that
Ssp2 influences Smkl’s interaction with ATP.

KARL1 and KARL2 Can Be Cross-Linked to Smk1.

We next tested whether Ssp2XAP-GST containing Bpa substitutions at various positions can
be cross-linked to Smk1. For these experiments, we selected substitution positions within
KARL1 and KARLZ2 that are predicted to be surface-exposed on the basis of the sequence
similarity to canonical RRMs that were informed by structural predictions (see Figure 1).
We also tested several substitution positions at or near the F residues in KARL1 and KARL2
that are required for function. These data are presented in Figure 5. The Bpa substitution
mutants in Ssp2KAP fell into four classes based upon formation of UV-inducible cross-links
with Smk1, immunological properties, and the influence of the Bpa substitution on
autophosphorylation. Class 1 mutants showed high levels of UV-dependent high-molecular
weight species that were immunoreactive with both the Smk1 and the pY209 antisera. One
of these class 1 mutants is at position Y223 in KARL1, two residues carboxy-terminal to
F211, which mutational analyses indicate is important for Ssp2’s ability to activate Smk1
(Figure 5A). These data suggest that Y223 in Ssp2 is located within 4 A of Smk1 in the
active Smk1/Ssp2 complex but that the Y223 side chain is not required for formation of a
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functional complex. A second class 1 mutant is at position V317 in KARL2, midway
between residues F307 and F327 that mutational data suggest are important for the Ssp2/
Smk1 interaction. The class 1 data indicate that both KARLSs directly contact Smk1. Class 2
mutants showed high levels of a UV-dependent high-molecular weight complex that was
immunoreactive with the Smk1 antisera but not with the pY209 antisera. A single class 2
mutant was identified, and this mutant is at F307. These data provide biochemical evidence
that F307 is in close contact with Smk1 in the Ssp2/Smk1 complex and that the F307 side
chain is essential for Ssp2’s ability to activate Smk1. This interpretation is consistent with
the inability of Ssp2-F307A to activate Smk1 (Figure 1). Class 3 mutants eliminated
activation of Smk1 as measured using the pY209 antiserum and generated near background
levels of cross-links with Smk1 (R185 and F211 in KARL1 and F327 and 1330 in KARL?2).
These mutations could eliminate the ability of Ssp2 to activate Smk1 by perturbing the
folding of the KARLS or by altering side chains that directly interact with Smk1. Class 4
mutants retained the ability to activate Smk1 autophosphorylation and formed only
background levels of UV-dependent cross-links with Smk1 (e.g., Y195 and F229 in KARL1
and S324 in KARL?2). These amino acids are not required for Ssp2 to bind and activate the
MAPK It should be pointed out that because the structures of Smk1 and the Smk1/Ssp2
complex are not currently known, we cannot rule out the possibility that Bpa at various
positions in Ssp2 influences an inactive to active equilibrium and therefore crosslinking.
Despite this caveat, the cross-linking data indicate that both KARLSs interact with Smk1 and
that at least one of the KARLS interacts near residue Y38.

DISCUSSION

Previous studies demonstrated that Ssp2 is a modular protein consisting of an amino-
terminal targeting domain that localizes the protein to specific intracellular membranes
(PSMs) and a carboxy-terminal kinase activating domain that binds Smk1 and activates the
enzyme.24.25 While the kinase-activating domain promotes the intramolecular
autophosphorylation of Smk1 on its activation-loop tyrosine (Y209), thereby increasing
catalytic output of the enzyme, it is capable of activating catalytic output of a Smk1-Y209F
phospho-site mutant (albeit to a extent lower than that of wild-type kinase). These
observations suggest that Ssp2 activates Smk1 first by inducing structural rearrangements to
the MAPK that must occur before activation-loop autophosphorylation takes place. These
rearrangements could influence the affinity for ATP, the orientation of bound ATP, or other
properties of the kinase associated with the activated state that in turn permit transfer of
phosphate to Y209. Understanding how Ssp2 unlocks Smk1 to permit activating
autophosphorylation to occur is therefore important for understanding the Ssp2 activation
mechanism. In this study, we have shown that the activation of Smk1 by Ssp2 requires two
separable functional motifs that are related to RRMs: an 84-residue KARL1 segment (amino
acids 162-245) and a 106-residue KARL2 segment (amino acids 266-371).

Two MAPKSs that undergo regulated activation-loop autophosphorylation have previously
been studied using structural methods. The first is the mammalian p38-a MAPK that is
activated to c/s autophosphorylate both the T and Y residues in its activation loop by the
TAB1-binding protein following myocardial ischemia and other stresses.*8 A 45-residue
peptide from TABL1 is sufficient to activate p38-a, and this peptide binds two surfaces on the
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C-lobe of the kinase. This bipartite interaction triggers allosteric rearrangements to p38-a
that increase the affinity of the N-lobe for ATP and also trigger changes to the activation-
loop segment. The second structural study of regulated MAPK autophosphorylation was
performed on the Fus3 MAPK from yeast.5 While Fus3 is canonically activated in response
to mating pheromones, the Ste5 scaffold also induces Fus3 to autophosphorylate its
activation-loop Y in cis after the initial phase of mating pheromone/receptor stimulation has
occurred. This interaction causes Fus3 to phosphorylate residues in Ste5 that downregulate
signaling in a negative feedback loop. A 28-residue peptide of Ste5 is sufficient to activate
Fus3 autophosphorylation in vitro, and this peptide binds to the N- and C-lobes of the
kinase. One conclusion from the Ssp2/Smk1 cross-linking analyses is that residues in both
KARL1 and KARL?2 interact with Smk1. These data indicate that Ssp2 binds Smk1 through
a bipartite mechanism, yet the Ssp2 mechanism is different from those of both TAB1 and
Ste5 by utilizing folded protein motifs to engage the MAPK instead of short peptide
sequences. In the case of Fus3, a flexible linker separates the peptide motifs in Ste5 that bind
Fus3 and the length of the linker is important for activation. It has been proposed that the
peptide triggers autophosphorylation by promoting a shift in the relative orientation of the
N- and C-domains of the kinase. Our data demonstrate that the two KARLS can activate
Smk1 when expressed as separate proteins in bacterial cells. These findings suggest that
Ssp2 does not require a fixed-length linker strategy to activate Smk1 as has been proposed
for Ste5/Fus3. Unlocking the kinase for catalysis by increasing the affinity of the enzyme for
ATP is a potential step in the activation of Smk1. Consistent with this idea, our cross-linking
studies indicate that at least one of the KARLS in Ssp2 can be cross-linked to Y38 in Smk1,
a conserved MAPK residue located near S-sheets predicted to be adjacent to the ATP-
binding pocket. Interestingly, this region of SmkZ1 corresponds to the region of Fus3 that is
bound by one of the two interacting motifs in the Ste5 peptide (indicated by red shading in
the kinase model in Figure 4C). Our analyses identified only a single Smk1 Bpa substitution
allele that strongly increased the level of cross-linking to Ssp2, and we therefore do not
know whether the second hypothesized region of Smk1 that binds to Ssp2 is in the N-lobe or
in the C-lobe. Although sequence comparisons place Smk1 firmly in the MAPK family of
protein kinases, it appears to be regulated by several mechanisms that control the related
CDK family of kinases. Thus, Smk1 is controlled by a CDK-activating kinase (Cak1) and an
activating protein that binds the kinase at a specific stage of the cell cycle. Nevertheless, a
segment comparable to the Y38 segment of Smk is not found in CDKs, and most cyclins
bind on the opposite side of the catalytic core to where Y38 is predicted to reside.*® These
findings suggest that the cyclin/CDK and Ssp2/Smk1 interactions are unrelated. Defining the
topology of the Ssp2/Smk1 complex and the rearrangements in Smk1 that occur upon Ssp2
binding will require further studies.

RRMs are ancient motifs, and numerous RRM variants are encoded in eukaryotic genomes.
Examples of RRM-like motifs that bind protein have been described previously.5051
However, the RRM-like motif/protein interactions that have been described thus far involve
RRMs that are directly connected to RNA-mediated processes such as translational
initiation, RNA splicing, and responses to viral RNAs, and some of these RRMs bind both
RNA and protein. These observations suggest that many protein-binding RRMs evolved
from RNA-binding RRMs via paths that linked shared processes. While it remains possible
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that there is an undiscovered role for RNA in the Smk1 pathway, we are at present unable to
directly connect Ssp2 to RNA-mediated processes in the cell. Whether Smk1/Ssp2 is
regulated by RNAs or regulates specific RNAs will require further investigation.

Protein kinase R (PKR) and GCNZ2 are kinases that phosphorylate the a-subunit of initiation
factor 2 (elF2a) to inhibit translation.>2 Both of these kinases contain RRMs in their protein
coding sequence that trigger catalytic output when bound by viral RNAs (PKR) or
uncharged tRNAs (GCN2). The binding of RNA to the RRMs in PKR and GCN2 promotes
dimerization and #rans autophosphorylation of activation-loop T residues, while Ssp2
binding unlocks the kinase and triggers the cis autophosphorylation of the activation-loop .
Thus, although the PKR, GCN2, and Smk1 kinases are all regulated by related motifs, the
mechanism of Smk1 activation by Ssp2 is distinct. Are RRM-like motifs used to activate
other protein kinases via a similar mechanism? Bioinformatic analyses reveal close relatives
of Ssp2 and Smk1 in Ascomyecetes, and Ssp2 and Smk1 relatives can be identified in the
fungal lineage connecting Saccharomycesto Candida. We have thus far been unable to
identify a Smk1/Ssp2 pair in higher organisms. However, these analyses are complicated by
the numerous kinases and RRMs encoded by eukaryotic genomes. For now, the existence of
a Ssp2/Smk1-like mechanism in animal cells remains an open question.
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(A) Diagram of Ssp2 showing the TD and the KAD (top). The KAD is further subdivided
into KARLL1 (turquoise), the linker (yellow), and KARL2 (magenta). The KAD modeled
after the structure of the polypyrimidine tract-binding protein (middle) and a secondary
structure model of the KAD predicted by PSIPRED (below) are shown with Ssp2 residue
numbers in the linker indicated. The positions of F211 and F327, corresponding to the F
residues in canonical RRMs that stack with RNA bases, and F307, a residue that is present
in a subset of RRMs, are indicated with upward arrows. (B) Mutational analyses of F211,
F307, and F327 in Ssp2. Bacteria were transformed with plasmids that direct the expression
of Smk1 and either wild-type or mutant forms of Ssp2XAP-GST as indicated. The most
leftward lane shows bacterial cells analyzed in the absence of an inducer (=) as a control.
Transformants were induced and total cellular extracts analyzed by immunoblots using the
indicated antibodies. The lanes correspond to the following plasmids: WT, pJT118; A,
pJT114; F307A/F327A, pAR10; F307Y/F327Y, pAR11; F307A, pAR4; F307Y, pARG;
F327A, pAR7; F327Y, pAR9; F211A, pAR1; F211Y, pAR3 (Table 2).
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Figure 2.
KARL1 and KARL?2 are functional when expressed as separate proteins. Bacteria producing

residues 162—265 of Ssp2 fused to the C-terminus of MBP (KARLL1), residues 266-371 of
Ssp2 fused to the N-terminus of GST (KARL2), Ssp2XAP-GST (KAD), and Smk1, as
indicated above, were assayed by immunoblotting using the antisera against the proteins
indicated on the right. The KARL2 deletion mutants diagrammed below (vertical lines
indicating deletion end points) were co-expressed with the functional MBP-Ssp2162-265
KARL1 protein, and the KARL1 deletions diagrammed below were co-expressed with the
functional Ssp2266-371.GST (KARL2) protein. The lanes correspond to the following
plasmids: lane 1, pTP39 and pTP36; lane 2, pJT114 and pACY Duet-1 (empty vector); lane
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3, pJT118 and pACYDuet-1; lane 4, pTP35 and pTP14; lane 5, pTP35 and pTP41; lane 6,
pTP35 and pTP15; lane 7, pTP39 and pTP14; lane 8, pTP40 and pTP14; lane 9, pTP44 and
pTP14; lane 10, pTP45 and pTP14 (Table 2).
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The SSPZlinker can tolerate substantial mutation. (A) Diagram of linker mutants L1-L4 in
Ssp2. (B) Diploid SMK1-HH/SMKI-HH yeast containing one chromosomal copy of the
indicated SSP2XAD-GST linker derivatives were transferred to sporulation medium, and
cells were collected 8.5 h post-induction (when >75% of cells had completed MII). Smk1-
HH was purified using nickel beads (NTA), and the fraction of Smk1-HH that had
autophosphorylated Y209 was scored using pY209 and HA (Smk1) antibodies as indicated.
The Ssp2-GST derivatives were purified from a portion of the extracts using glutathione
agarose (GSH), and the relative fraction of Smk1 that was bound to Ssp2 was scored using
antibodies against HA (Smk1) and GST (Ssp2). The input serves as a control for the amount
of Smk1 and Ssp2 in the extracts. (C) The fraction of cells that completed the sporulation
program was scored by counting asci that contained two or more refractile spores (dark bars)
and are plotted with the fraction of Smk1 that had autophosphorylated Y209 (relative
pY209:Smk1 ratios with the wild-type SSP2XAP-GST strain taken to be 1.0) (lighter gray
bars). The following yeast strains were used in these experiments: JTY88 (WT), TPY13
(ssp2h), TPY29 (ssp2-L 1), TPY28 (ssp2-L2), TPY30 (ssp2-L3), and TPY36 (ssp2-L4)

(Table 1).
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Figure 4.
Residue near the ATP-binding pocket of Smk1 that is within 4 A of Ssp2. (A) Smk1

derivatives containing the cross-linkable amino acid, Bpa, at the indicated positions were co-
expressed in bacteria with Ssp2KAP-GST. Complexes were purified using reduced
glutathione, and one half of the preparation was irradiated with UV light (+) and the other
half was untreated (=). Samples were analyzed by electrophoresis through denaturing
electrophoretic gels and immunoblotting using a Smk1 antibody (top) or a pY209 antiserum
(bottom). The cross-linked (X-link) species migrates at approximately 130 kDa, a molecular
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weight slightly larger than the predicted molecular weight of a Smk1/Ssp2KAD-GST
complex. NS (nonspecific) indicates a bacterial protein that cross-reacts with the pY209
antiserum. (B) Samples were processed as described for panel A and assayed using a GST or
a Smk1 antiserum as indicated. All of the bacterial strains in these experiments contained
pPEVOL (provides the tRNA/synthetase pair that permits incorporation of Bpa at amber
suppressible codons) and pJT115 (WT) or the derivatives of pJT115-containing amber
codons at the indicated positions as listed in Table 2. (C) Smk1 modeled after ERKS5.
Positions substituted with Bpa and analyzed in panels A and B are indicated (tan). Residues
of Smk1 that correspond to residues in Fus3 that interact with a peptide from Ste5 that
triggers autophosphorylation of Fus3’s activation-loop Y are colored red (see Discussion).

Biochemistry. Author manuscript; available in PMC 2019 April 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Phillips et al.

A
KARL1-Bpa

- - - Smk1 X-link

e
- - - Smk1-pY209 X-link
-NS

=% = % =+ =+ - + - + - + U

WT Smk1 R Y F Y F
Y38 185 185 211 223 229

Figure5.

|
)

KARL2-Bpa

Page 21

- Smk1 X-link

Seeomman—-——-"

- - - Smk1-pY209 X-link
- "' R A e . == NS
S | - - Smk1-pY209
+ - 4+ - + + + -+ Uv
WT  Smki F v s v I
Y38 307 317 324 327 330

Residues in both KARL1 and KARL?2 are within 4 A of Smk1. Ssp2KAD-GST derivatives
containing Bpa at the indicated positions in (A) KARL1 or (B) KARL2 were co-expressed

with Smk1 in bacteria. Complexes were purified using reduced glutathione beads and

exposed to UV light (+) or left untreated (-). Samples were then analyzed by denaturing

electrophoresis and immunobloting using Smk1 and Smk1-Y209p antisera. All of the

bacterial strains in these experiments contained pEVOL (provides the tRNA/synthetase pair
that permits incorporation of Bpa at amber suppressible codons) and pJT115 (WT) or the
derivatives of pJT115-containing amber codons at the indicated positions as listed in Table
2. The Smk1 Y38 samples, which contain Bpa at residue 38 of Smk1, and the wild-type
(WT) sample lacking Bpa are controls for cross-linking.
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