Variants of the yeast MAPK Mpk1 are fully
functional independently of activation loop
phosphorylation
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ABSTRACT MARP kinases of the ERK family are conserved from yeast to humans. Their cata-
lytic activity is dependent on dual phosphorylation of their activation loop’s TEY motif, cata-
lyzed by MAPK kinases (MEKSs). Here we studied variants of Mpk1, a yeast orthologue of Erk,
which is essential for cell wall integrity. Cells lacking MPK1, or the genes encoding the rele-
vant MEKs, MKK1 and MKK2, do not proliferate under cell wall stress, imposed, for example,
by caffeine. Mutants of Mpk1, Mpk1(Y268C) and Mpk1(Y268A), function independently of
Mkk1 and Mkk2. We show that these variants are phosphorylated at their activation loop in
mkk1Amkk24 and mkk1Amkk2Apbs2Aste7A cells, suggesting that they autophosphorylate.
However, strikingly, when Y268C/A mutations were combined with the kinase-dead muta-
tion, K54R, or mutations at the TEY motif, T1I90A+Y192F, the resulting proteins still allowed
mkk14mkk2A cells to proliferate under caffeine stress. Mutating the equivalent residue, Tyr-
280/Tyr-261, in Erk1/Erk2 significantly impaired Erk1/2’s catalytic activity. This study describes
the first case in which a MAPK, Erk/Mpk1, imposes a phenotype via a mechanism that is inde-
pendent of TEY phosphorylation and an unusual case in which an equivalent mutation in a
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highly conserved domain of yeast and mammalian Erks causes an opposite effect.

INTRODUCTION

The extracellular-regulated kinases (Erks), encoded by ERK1 and
ERK2, are serine/threonine kinases of the mitogen-activated protein
kinase (MAPK) family. Erks modulate many cellular targets, primarily
by phosphorylation of substrates (Haystead et al., 1992; Yang et al.,
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1998; Yoon and Seger, 2006; Cargnello and Roux, 2011; Michailovici
et al., 2014) but also through noncatalytic processes (i.e., via pro-
tein—protein interactions; Rodriguez and Crespo, 2011). Erks also
control transcription by direct binding to DNA (Hu et al., 2009;
Rodriguez and Crespo, 2011). By modulating these proteins and
genes, Erks regulate diverse cellular processes such as proliferation,
differentiation, and cell survival (Boulton et al., 1991; Marshall, 1995;
Avruch et al., 2001; Pearson et al., 2001; Shaul and Seger, 2007).
They are overactive in most cancers and may acquire oncogenic
properties themselves (Blume-Jensen and Hunter, 2001; Kohno and
Pouyssegur, 2006; Roberts and Der, 2007; Samatar and Poulikakos,
2014; Smorodinsky-Atias et al., 2016). It is not clear whether the
catalytic and the noncatalytic effects of Erks are both essential for
the execution of their biological and pathological functions.

The three-dimensional structure of Erks is similar to that of most
eukaryotic protein kinases (EPKs), but they contain two MAPK-spe-
cific domains, the MAPK insert and the C-terminal extension, whose
functions are not fully known. As in most EPKs, the active site of Erks
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Mpk1 1 e MADKIERHTFKVFNQDFSVDKRFQLIKEIGHGAYGIVCSAR 41  tors, that contain an FXF motif (Jacobs
Erk1 1 MAAAAAPGGGGGEPRGTAGVVPVVPGEVEVVKGQPFDVGPRYTQLQYIGEGAYGMVSSAY 60 ) ) .
Erk2 1 e MAAAAAAGPEMVRGQVFDVGPRYTNLSYIGEGAYGHVCSAY a1 etal, 1999; Fantz etal,, 2001; Galanis etal.,
+ . + RORK XL R Rk ek 2001; Lee et al., 2004). It is not known
Mpk1 42 FAEAAEDTTVATKKVTNVFSKTLLCKRSLRELKLLRHFRGHKNITCLYDMDIVFY-PDGS 100 Whether proteins that bind the DEF pocket
Erk1 61  DH--VRKTRVAIKKI-SPFEHQTYCQRTLREIQILLRFRHENVIGI-RD--ILRAPTLEA 114 impose allosteric effects similarly to pro-
Erk2 42 DN--LNKVRVAIKKI-SPFEHQTYCQRTLREIKILLRFRHENIIGI-ND-- ITRAPTIEQ 95 . X )
2 P I I O * ke teins that bind the CD domain.
Mpk1 101  INGLYLYEELMECDMHQIIKSGQPLTDAHYQSFTYQILCGLKYIHSADVLHRDLKPGNLL 160 ‘In Erk2, mutations Y‘”th '”teres“”g, prop-
Erk1 115 MRDVYIVQDLMETDLYKLLKS-QQLSNDHICYFLYQILRGLKYIHSANVLHRDLKPSNLL 173 erties were reported in Tyr-261, which re-
96 MKDVYIVQDLMETDLYKLLKT-QHLSNDHICYFLYQILRGLKYIHSANVLHRDLKPSNLL 154 e .
Erk2 DX Q SRAA Kook -QHL Patatiunt YOIL Mgt et sides within the MAPK insert and serves as a
§ central element of the DEF pocket. Mutat-
Mpk1 161 VNADCQLKICDFGLARGYSENPVENSQF TEYVATRWYRAPEIMLSYQGYTKAIDVWSAG 220 . o
Erk1 174  INTTCDLKICDFGLARIAD-PEHDHTGFLTEYVATRWYRAPEIMLNSKGYTKSIDIWSVG 232 ing Tyr-261 to Ala has been shown to elimi-
Erk2 155 LNTTCDLKICDFGLARVAD-PDHDHTGF LTEYVATRWYRAPE IMLNSKGYTKSIDIWSVG 213 nate the binding of an array of DEF pocket
:*: * 3k 3k % 5 %k Xk %k Xk k k . T2 * ************* **** ** ** * . ..
q substrates to Erk2 (Lee et al., 2004; Dimitri
Mpk1 221 CILAEFLGGKPIFKGKDYVNQLNQILQVLGTPPDETLRRIGSKNVQOYIHQLGFIPKVPF 280 et al., 2005; Shin et al., 2010) and render the
Erk1 233 CILAEMLSNRPIFPGKHYLDQLNHILGILGSPSQEDLNCIINMKARNYLQSLPSKTKVAW 292 I . . .
Erk2 214 CILAEMLSNRPIFPGKHYLDQLNHILGILGSPSQEDLNCIINLKAR LLSLPHKNKVPw 273 Erk2 protein incapable of inducing epithe-
R I A R e e oM lial-to-mesenchymal transition in MCF10A
Mpk1 281  VNLYPNANSQALDLLEQMLAFDPQKRITVDEALEHPYLSIWHDPADEPVCSEKFEFSFES 340 cells (Shin et al., 2010). Mutating Tyr-261 to
Erk1 293  AKLFPKSDSKALDLLDRMLTFNPNKRITVEEALAHPYLEQYYDPTDEPVAEEPFTFDMEL 352 N Ce i
Erk2 274 NRLFPNADSKALDLLDKMLTFNPHKRIEVEQALAHPYLEQYYDPSDEPTAEAPFKFDMEL 333 Asn impairs binding of MEK1 and causes
SRk ok Rk ok Rk Rk ko DRk Kok |k bRk K ko nuclear localization of Erk2 (Robinson et al.,
Mpk1 341 VND-MEDLKQMVIQEVQDFRLFVRQPLLEEQRQLQLQQQQQQQQQQQQQQQQPSDVDNGN 399 2002). T_he_ last-named StUdy_ 'mF_)l'e? that
Erk1 353  DDLPKERLKELIFQETARFQPGAPEAP - - - == mmmmmmmmmmmmmmmmmemeeem 379 Tyr-261 is involved not only in binding of
Erk2 334 DDLPKEKLKELIFEETARFQPGYRS ----------------------------------- 358 ) .
© K ks substrates. Of interest, residues of the
Mpk1 400  AAASEENYPKQMATSNSVAPQQESFGIHSQNLPRHDADFPPRPQESMMEMRPATGNTADI 459 MAPK insert domain in the vicinity of Tyr-
ErIF(Jl 380 oo QUATSNSVAP QESFGIHS QNLPRHDADFPPRP QESMMEMRPATGNTADT 379 261 are critical for the DNA-binding activity
Erk2 359 mmmmmmmmmmesmseseesseseseoooeosososssosoooossoooooooos 358 of Erk2 (Hu et al., 2009). All of the foregoing
studies suggest that mutations in Tyr-261 of
2’:{(’1‘1 ggg ’_’P?':‘?'i‘g'_-'_-'?'_-'f'_“fEEf?E?*}'fo ‘;gg the mammalian Erk2 have loss-of-function
Erk2 1 358 effects.
In an attempt to isolate molecules of the
— — - Erk family that are intrinsically active, that is,
Symbol Description Positions and Mutations . i :
Mpk1 Erkl B2 spontaneously active in a MEK-indepen-
+ | Residues mutated in Kinase Dead (KD) Lys54 to Arg Lys71to Arg Lys54 to Arg dent manner, we previously carried out a
mutants
I | Residues mutated in intrinsically active | Arg68 to Ser Arg84 to Ser Arg65 to Ser screen that took advantage of the _yeaSt
mutants MAPK cascade known as the cell wall integ-
§ | The activation loop phospho- acceptors | Thr190 to Ala Thr202 and Thr183 and rity pathway. The MAPK of this pathway is
in the TEY motif. Tyr192 to Phe Tyr204 Tyr185 called MAPK 1 (M k1: also known as S|t2)
9| | The DEF pocket central Tyr residue that | Tyr268 to Ala Tyr 280 to Ala Tyr 261 to Ala X Pt
resides within the MAPK insert; when Tyr268 to Cys Tyr 280 to Cys Tyr 261 to Cys and is one of the yeast orthologues of Erk.
mutated renders Mpk1 active and Yeast cells lacking components of the path-
Erk1/2 inactive

FIGURE 1: Sequence alignment of the yeast Mpk1 and the mammalian Erk1 and Erk2 proteins.
Locations of the residues that were mutated in this study are marked by symbols, and the

concrete mutations are shown in the table.

is stabilized and becomes functional only after activation and conse-
quent conformational changes. Activation of Erks is achieved by
dual phosphorylation of neighboring threonine and tyrosine resi-
dues (in a TEY motif) residing at the activation loop. This dual phos-
phorylation is catalyzed by MAPK kinases (MAPKKs; also known as
MEKs or MKKs; Robbins et al., 1993; Marshall, 1994; Canagarajah
etal., 1997; Cobb and Goldsmith, 2000; Pearson et al., 2001). Once
activated, Erks interact with their substrates via two binding do-
mains. One is known as the common docking (CD) domain and the
other as the docking site for Erk FXF domain (DEF pocket). The CD
domain is known to bind mainly cytoplasmic substrates, as well as
upstream activators (MEKs), phosphatases, and probably other reg-
ulators (Tanoue et al., 2000; Tanoue and Nishida, 2003). The CD
domain is not a mere docking motif, but is also a regulatory ele-
ment. Proteins that bind it induce large conformational changes at
the activation loop that expose the TEY motif to the solvent and
assist activation (Zhou et al., 2006). The DEF pocket is a hydropho-
bic cavity found only in the conformation adopted by the dually
phosphorylated Erk. It binds substrates, primarily transcription fac-
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way have a weak cell wall and are sensitive
to hypo-osmolarity and drugs such as calco-
fluor white and caffeine (Levin, 2005, 2011;
Engelberg et al., 2014). In the screen, we
looked for mutants of the Mpk1 protein that
are able to function in cells lacking their MEKs, MKK1 and MKK2.
Specifically, we looked for Mpk1 mutants that rescue mkk14mkk24
cells from caffeine stress (Levin-Salomon et al., 2008). Such mutants
are by definition intrinsically active because they execute the down-
stream functions of Mpk1 in total absence of their direct activators.
One of the mutants isolated was MPK1(Ré8S). Insertion of an equiv-
alent mutation to Erk1 and Erk2, R84S and Ré5S, respectively,
rendered them catalytically intrinsically active in vitro and spontane-
ously active in cell culture (Levin-Salomon et al., 2008; Smorodinsky-
Atias et al., 2016; see Figure 1 for location of mutations within the
MPK1, ERK1, and ERK2 sequences). Another mutant that was iso-
lated in the screen, MPK1(Y268C), is mutated in the residue equiva-
lent to Tyr-280 of Erk1 and Tyr-261 of Erk2 (Figure 1). In contrast to
the case of the R685/R84S/R65S mutations, mutating Tyr-280/261 in
Erk1/2 to cysteine decreased their activity as assayed in vitro (Levin-
Salomon et al., 2008). Namely, in Mpk1, the Y268C mutation had a
dramatic gain-of-function effect, but the equivalent mutation in
Erk1/2 seems to have a loss-of-function effect (Levin-Salomon et al.,
2008).

Molecular Biology of the Cell



Here we studied the characteristics of Mpk1 molecules mutated
in Tyr-268, to understand the mechanism through which they escape
the dependence on Mkk1/Mkk2 regulation. We report that
Mpk1(Y268C) and Mpk1(Y268A) were phosphorylated at their acti-
vation loop not only in mkk1Amkk2A cells, but also in
mkk1Amkk2Apbs2Aste7A cells, which lack all known yeast MEKs. It
seems that Mpk1(Y268C) and Mpk1(Y268A) gained some degree of
autophosphorylation capability. Furthermore, combining the muta-
tions in Tyr-268 with the activating mutation Ré8S resulted in a syn-
ergistic effect, making Mpk1(R68S+Y268C) and Mpk1(R685+Y268A)
highly phosphorylated at their activation loop in mkk14mkk2A cells
and highly capable of supporting the growth of these cells in the
presence of caffeine. Unexpectedly, Mpk1 molecules carrying the
Y268C/A mutation together with the kinase-dead mutation, K54R,
or together with mutations at the activation loop phosphoaccep-
tors, T190A and Y192F, which are crucial for Mpk1's activation, could
still rescue mkk1Amkk24 cells. It seems that the Y268C/A mutations
elevated both autocatalytic capability and the noncatalytic activity
of Mpk1. The noncatalytic activity appeared to be responsible for
most of the gain-of-function effect of the mutations and was suffi-
cient, by itself, to support effective proliferation of mkk14mkk24
cells under cell wall stress.

We also measured the activity of the equivalent mutants of the
mammalian Erk1 and Erk2 proteins in vitro in mammalian cells and
yeast. In contrast to the effect of the mutations on Mpk1, mutating
Tyr-280/Tyr-261 impaired both the catalytic and the biological capa-
bilities of Erk1/2. Furthermore, when these mutations were com-
bined with the R84S/R65S mutations, which render Erk1/Erk2 intrin-
sically active, the resulting double mutants, Erk1(R845+Y280C/A)
and Erk2(R655+Y261C/A), showed reduced intrinsic activity, and
even their MEK-induced activity was impaired. Accordingly, whereas
Erk1(R84S) induces oncogenic transformation in NIH3T3 cells,
Erk1(R84S+Y280C) and Erk1(R845+Y280CA) do not. The destruc-
tive effect of the mutations at the Tyr-261 residue on Erk2 activity
was also apparent when the mammalian Erk2 mutants were tested
in yeast cells. We conclude that the function of Tyr-268/280/261 is
not only to support substrate binding as part of the DEF pocket, but
also to play regulatory roles in autophosphorylation and noncata-
lytic activities. These roles may be opposite in the yeast Mpk1 and
the mammalian Erks.

RESULTS
Mutating Tyr-268 to Cys or Ala renders Mpk1
intrinsically active
Several point mutations were found to render the yeast Mpk1 intrin-
sically (MEK independently) active (Levin-Salomon et al., 2008).
Mpk1 molecules carrying any of these mutations allow growth of
yeast cells lacking the Mpk1 activators Mkk1 and Mkk2 (mkk 1Amkk24
cells) in the presence of caffeine (Levin-Salomon et al., 2008; Figure
2A). These mutations can be defined therefore as gain-of-function
mutations. One of these is the conversion of Tyr-268 to Cys (Levin-
Salomon et al., 2008; Figure 2A, row 4). The Tyr-268 of Mpk1 is an
orthologue of Tyr-261 of Erk2, which, when mutated to Ala or Asn,
were described as loss-of-function mutations (Robinson et al., 2002;
Lee et al., 2004; Dimitri et al., 2005; Shin et al., 2010). We thus
tested whether mutating Tyr-268 of Mpk1 to Cys would render it
intrinsically active, whereas mutating it to Ala would abolish its activ-
ity. We found, however, that Mpk1(Y268A) did allow mkk1Amkk2A
cells to proliferate in the presence of caffeine, although less effi-
ciently than Mpk1(Y268C) (Figure 2A, row 5).

The genetic screen that revealed the Mpk1 Y268C gain-of-func-
tion mutation also revealed another mutation, R68S, which provided
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the protein with an efficient autophosphorylation/autoactivation
capability that readily explains its independence of MEKs (Levin-
Salomon et al., 2008; Smorodinsky-Atias et al., 2016). If the R68S
mutation renders Mpk1 intrinsically active by a different mechanism
than the Y268C/A mutations, perhaps combining both mutations on
the same Mpk1 molecule would result in a synergism that produced
highly active Mpk1. Such an approach was very successful in obtain-
ing superactive variants of Hog1 and p38 MAP kinases (Yaakov
et al., 2003; Diskin et al., 2004; Askari et al., 2006, 2007). We thus
generated mutants Mpk1(R685+Y268C) and Mpk1(R685+Y268A)
and found that combining the mutations indeed had a synergistic
effect, as manifested by inducing enhanced proliferation of
mkk1Amkk2A cells (Figure 2A, rows 6 and 7).

Mpk1(Y268C) and Mpk1(Y268A) acquire
autophosphorylation capability
Because Tyr-268 is not known to be involved in Erk’s catalytic activity
but instead in binding of substrates (as part of the DEF pocket) and
MEK1 (Robinson et al., 2002; Dimitri et al., 2005; Shin et al., 2010),
we presumed that the mechanism underlying the gain-of-function
property of Mpk1(Y248C/A) involves changes in binding affinities
and not necessarily changes in catalytic activation. Activation by
phosphorylation of the TEY motif of Mpk1(Y268C/A) was thus not
expected in mkk1Amkk2A cells. We found, however, that
Mpk1(Y268C) and Mpk1(Y268A) are phosphorylated at the activa-
tion loop in mkk14mkk2A cells (Figure 2B, lanes 5 and 6). Moreover,
the double mutants Mpk1(R685+Y268C) and Mpk1(R68S+Y268A)
manifested even higher phosphorylation levels of the activation
loop (Figure 2B, lanes 7 and 8). This phosphorylation, which ren-
dered the kinases catalytically active, could be a result of increased
affinity to a MAPKK other than Mkk1 or Mkk2. To examine this pos-
sibility, we expressed Mpk1(Y268C) and Mpk1(Y268A) in cells of the
mkk1Amkk2Apbs2Aste7A strain, which lack all four yeast MAPKKSs
(Levin-Salomon et al., 2009). mkk1Amkk2Apbs2Aste7A cells ex-
pressing either Mpk1(Y268C) or Mpk1(Y268A) grew under caffeine
stress (Figure 2C, rows 5 and 6, left). Of note, however, growth on
caffeine of mkk1Amkk2Apbs2Aste7A cells expressing the mutants
was significantly less efficient than that of mkk14mkk2A cells ex-
pressing the same mutants (compare Figure 2, A and C). It could be,
therefore, that Pbs2 and Ste7 play some role in the activation of the
Mpk1 mutants. Alternatively, it could be that cells lacking the four
MEK-encoding genes are weak and defective in other stress-re-
sponse systems, so that the effect of knocking out PBS2 and STE7
on the Mpkl mutants is indirect. In any case, the fact that
Mpk1(Y268C) and Mpk1(Y268A) are functional to some extent in
mkkTAmkk2Apbs2Aste7A cells indicates that an important part of
their activity is independent of any MAPKK. Furthermore, we found
that both proteins were phosphorylated at their activation loop in
mkk1Amkk2Apbs2Aste7A cells as well (Figure 2D, lanes 5 and 6).
Thus the mutants are in fact catalytically activated to some de-
gree in mkk14Amkk2A4 and mkk14Amkk2Apbs2Aste7 A cells in a man-
ner that does not involve any known MAPKK. Of importance,
Mpk1(Y268C) and Mpk1(Y268A) did not lose the ability to be fur-
ther phosphorylated and activated by MEKs when they were pres-
ent, as mpk 1A cells expressing Mpk1(Y268C) or Mpk1(Y268A) pro-
liferated at a high rate on medium supplemented with caffeine
(Figure 2E, rows 4 and 5), and the mutants were phosphorylated at
higher levels than they were in mkk14mkk2A cells (Figure 2F, lanes
4 and 5). Because Mpk1(Y268C) and Mpk1(Y268A) were phosphor-
ylated in mkk1Amkk2Apbs2Aste74, their phosphorylation could
possibly be achieved via autophosphorylation. To examine this
idea, we constructed kinase-dead variants of Mpk1(Y268C) and
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FIGURE 2: The gain-of-function mutants Mpk1(Y268C) and Mpk1(Y268A) acquired the
capability to spontaneously autophosphorylate their activation motif. (A) mkk14mkk24,

(C) mkk14mkk2Apbs2Aste7A, and (E) mpk1A cells expressing the indicated Mpk1 molecules
were plated at five dilutions on plates containing YPD supplemented with 15 mM caffeine
(left) or plates without caffeine (YNB(-URA); right). Western blot analysis with the

indicated antibodies was performed on protein lysates prepared from (B) mkk1Amkk2A
cells, (D) mkk1Amkk2Apbs2Aste7A cells, or (F) mpk 1A cells expressing the indicated Mpk1

molecules.

Mpk1(Y268A) molecules by adding to them the kinase-dead
mutation K54R. We confirmed that this mutation abolished the
functionality of Mpk1 by showing that Mpk1(K54R) could not
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support proliferation of mpk1A cells
under caffeine stress (Smorodinsky-Atias
et al., 2016; Figure 2E, row 8). We ex-
pected loss of both biological activity
and activation loop phosphorylation of
Mpk1(Y268C) and Mpk1(Y268A). Totally
unexpectedly, the Mpk1(K54R+Y268C) and
Mpk1(K54R+Y268A) proteins, carrying the
"kinase-dead” mutation, maintained activ-
ity and were able to promote growth of
mkk 1Amkk2A cells (Figure 2A, rows 10 and
11) and mpk1A cells (Figure 2E, rows
10 and 11) in the presence of caffeine.
Furthermore, these proteins were phos-
phorylated at their activation loop in
cells lacking MEKSs (Figure 2, B and D, lanes
11 and 12). In mkk1Amkk2Apbs2Aste7A
cells, the Mpk1(K54R+Y268C) and
Mpk1(K54R+Y268A) proteins supported
minimal growth on caffeine (Figure 2C,
rows 11 and 12). Thus the K54R mutation
did reduce the ability of Mpk1(Y268C) and
Mpk1(Y268A) to support proliferation in
the presence of caffeine, but this reduction
was partial.

One explanation for the fact that pro-
teins carrying kinase-dead mutations were
still active is that in the Mpk1(Y268C) and
Mpk1(Y268A) proteins, the kinase-dead mu-
tation is not sufficient for abolishing the ac-
tivity because the mutations in the 268 posi-
tion enforce stabilization of the ATP-binding
site, making Lys-54 dispensable for ATP
binding, so that even without it, these pro-
teins are capable of autophosphorylation
and autoactivation. This notion is supported
by the observation that Mpk1(K54R+Y268C)
and Mpk1(K54R+Y268A) are phosphory-
lated in  mkk1Amkk2Apbs2Aste7A  cells.
Another possibility is that the K54R mutation
significantly reduced the catalytic activity of
Mpk1(Y268C) and Mpk1(Y268A), but they
were still biologically active because cataly-
sis is not critical for rescuing the cells from
the caffeine stress. Instead, the mutants
modulated the necessary downstream com-
ponents primarily by noncatalytic means.

Mpk1(Y268C) and Mpk1(Y268A)
function via a mechanism that does

not require phosphorylation of the
TEY motif

We currently cannot directly measure the in-
trinsic catalytic activity of the Mpk1 mutants
to assess whether the K54R mutation abol-
ished it because recombinant Mpk1 is not
available and efforts we made to produce
such proteins were not successful. We there-
fore took another approach to check the

possibility that the unusual intrinsic biological activity of Mpk1(Y268C)
and Mpk1(Y268A) does not require activation of their catalytic prop-
erties. We inserted into Mpk1(Y268C) and Mpk1(Y268A) mutations

Molecular Biology of the Cell
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duce binding to the CD domain; Bott et al.,
1994; Brunner et al., 1994) or with the
Y238F mutation, which is important for
the function of the DEF pocket (Lee
et al., 2004). Mpk1(Y268C+D326N) and
Mpk1(Y268C+Y238F) were not able to res-
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mpk1A cells from caffeine stress (Figure 3,
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phorylation makes the CD domain and the
DEF pocket rigidly stable, and hence D326
or Y238 can be mutated without signifi-
cant effects on the activity. In mkk1Amkk2A
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Plasmid: Plasmid:
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(1) Empty vector (1) Empty vector
(2) Mpk1 (WT) (2) Mkkl1

Mpkl (WT)
(3) Mpk1 (Y268C) (3) Mpkl (WT)
(4) Mpk1 (D326N (4) Mpkl (Y268C)
upkl( ) (5) Mpk1 (D326N)

(5) Mpk1 (Y268C+D326N)
(6) Mpkl (Y268C+Y238F)

(6) Mpk1 (Y268C+D326N)
(7) Mpkl (Y268C+Y238F)

FIGURE 3: Mpk1(Y268C) and Mpk1(Y268A) rescue mpk14 and mkk14mkk2A cells even when
mutated in their TEY motif. (A) mpk1A and (C) mkk14Amkk2A cells expressing the indicated
Mpk1 molecules were plated at five dilutions on plates containing YPD supplemented with
15 mM caffeine (left) or plates without caffeine (YNB(-URA); right). Western blot analysis with
the indicated antibodies was performed on protein lysates prepared from (B) mpk14 and

(D) mkk14mkk2A cells expressing the indicated Mpk1 molecules. (E, F) Mpk1(Y268C+D326N)
and Mpk1(Y268C+Y238F) rescue mpk14 (E) but not mkk14mkk2A (F) cells.

in their TEY motif (T190A and Y192F), so that they could not be cata-
lytically activated at all, either by MEKs or via autophosphorylation.
As expected, when expressed in mpk1A or mkk1Amkk2A cells,
Mpk1(T190A+Y192F) molecules did not support proliferation of
these cells in the presence of caffeine (Figure 3, A, row 5, and C,
row 6). However, Mpk1(T190A+Y192F+Y268C) and especially
Mpk1(T1920A+Y192F+Y268A) were able to rescue mpklA and
mkk1Amkk2A cells from caffeine stress (Figure 3, A, rows é and 7,
and C, rows 7 and 8; note controls in Figure 3, B and D), although
less efficiently than the parental mutants Mpk1(Y268C) and
Mpk1(Y268A). This suggests that the ability of the Mpk1 variants car-
rying mutations in Tyr-268 to execute biological functions is only par-
tially dependent on activation of catalysis. The mutants function
quite efficiently without catalytic activation by phosphorylation of
the TEY motif. These results, together with the results with the pro-
teins carrying the K54R+Y268C/A mutations, strengthen the possi-
bility that mutations in Tyr268 stabilize a conformation that promotes
biological functions of the protein, primarily via noncatalytic
activities.

The observation that TEY phosphorylation was not required for
the functionality of Mpk1(Y268C) and Mpk1(Y268A) led us to test
whether intact binding sites of regulators and substrates are
required. This was done by combining the Y268C mutation with

Volume 27  September 1, 2016

cells, stabilization of these structural ele-
ments relies on the Y268C mutation alone,
and it is therefore more sensitive to
mutagenesis.

Insertion of equivalent mutations to
mammalian Erk1 and Erk2 imposes
loss-of-function effects on their
catalytic activity and biological
functions
A large number of yeast proteins have or-
thologues in mammals, and in many cases,
structure—function and regulatory aspects
are faithfully conserved (Engelberg et al.,
2014). As a result, many interesting mutations have similar effects on
the yeast and mammalian orthologues (Engelberg et al., 1989,
2014). This is particularly common in functionally interchangeable
proteins such as Mpk1 and Erk2. Indeed, the R68S mutation that
was identified in Mpk1 as a gain-of-function mutation has similar
effects on the mammalian Erk1 and Erk2 proteins (Levin-Salomon
et al., 2008; Smorodinsky-Atias et al., 2016). However, inserting mu-
tations equivalent to the Y268C/A mutations of MPK1 to Erk1 and
Erk2 did not create MEK independence. Furthermore, not only did
Erk1(Y280C/A) and Erk2(Y261C/A) manifest no intrinsic activity, but
their MEK-dependent activity was lower than that of Erk1(WT) and
Erk2(WT), as assayed in vitro with purified proteins (Levin-Salomon
et al., 2008; Figure 4, A and B). MEK1-phosphorylated Erk1(Y280C)
showed only 11.5% of the activity manifested by MEK1-phosphory-
lated Erk1(WT) (Figure 4A), and MEK1-phosphorylated Erk2(Y261C)
showed only 48% of the activity manifested by MEK1-phosphory-
lated Erk2(WT) (Figure 4B). Similarly, MEK1-phosphorylated
Erk1(Y280A) and Erk2(Y261A) proteins showed only 33.3 and 57%
of the activity of MEK1-phosphorylated Erk1/2(WT), respectively
(Figure 4, A and B).

We further tested the effect of combining the Tyr-280/Tyr-261
mutations with the R84S/R65S mutation. Whereas equivalent
combinations lead to a significant synergism in Mpk1 (Figure 2A,
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on their catalytic properties. (A, B) Catalytic activity of purified recombinant Erk1/2 carrying
mutations at Tyr-280/Tyr-261 was monitored with or without preincubation with active MEK1
using [y-32p]ATP and MBP as substrates. Reaction mixtures were spotted on filter papers and

quantified. Activity of MEK1-activated Erk2(WT) was defined as 100%. In parallel, a sample from
each reaction was subjected to SDS-PAGE, stained with Coomassie brilliant blue, and exposed

to x-ray film. (C) Purified recombinant Erk2 proteins were subjected to Western blot analysis
using antibodies that react with Erk1/2 proteins phosphorylated at their TEY motif (aypErk),

antibodies that react with phosphorylated Tyr (opTyr) or Thr (opThr) residues, and antibodies that
react with Erk (atErk). (D) The autophosphorylation capabilities of the purified Erk2 variants were
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rows 6 and 7), combining these mutations
in Erks had a negative effect. Mutating the
Tyr-280/Tyr-261 residues in Erk1(R84S) and
Erk2(R65S) reduced both the intrinsic cata-
lytic activity and the MEK-dependent activ-
ity of these active variants, as assayed in vi-
tro with myelin basic protein (MBP) as a
substrate (Figure 4, A and B). We also tested
whether Erk2(Y261A) and Erk2(Y261C)
gained any autophosphorylation capabili-
ties. Western blot analysis with anti—phos-
pho-Thr and anti—phospho-Tyr showed that
these proteins, just like Erk2(WT), have a
negligible autophosphorylation capability
(Figure 4C). Direct measurement of auto-
phosphorylation capability as assessed by
incorporation of a 32POy group from [y-3%p]
ATP confirmed this notion (Figure 4D). Fi-
nally, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis of these
mutants showed that~90% of Erk2(Y261C/A)
and Erk2(WT) molecules were unmodified at
their TEY motif. On the other hand, relevant
peptides derived from Erk2(R65S) and
Erk2(R65S5+Y261C/A) were mainly phos-
phorylated on the Tyr-185 residue (Figure
4E). Erk2(R65S) was also phosphorylated,
although at a low level (2% of the peptides),
on Thr-183, and this level was even lower in
Erk2(R65S+Y261C/A) (Figure 4E).

In summary, the very same mutations
that endowed gain-of-function properties
(catalytic and biological) on Mpk1 were de-
structive for the catalytic activity of Erk1 and
Erk2.

The loss-of-function effects of mutating
Tyr-280/Tyr-261 in Erk1/2 are also
manifested in mammalian and yeast
cells

Whereas the loss-of-function effects of the
Tyr-280/261 mutations in Erk1/2 were ob-
served in vitro using purified proteins, the
gain-of-function effects of the equivalent
mutations in Mpk1 were manifested in vivo
in yeast cells. The possibility remains, there-
fore, that the Erk mutant would also mani-
fest gain-of-function properties in living cells
of mammals or yeast. However, when we

assessed by incubating the proteins in a
kinase assay mixture with [y-*2p]ATP and no
other substrate. Reactions were terminated at
the indicated time points, separated by SDS—
PAGE, stained with Coomassie brilliant blue,
and exposed to an x-ray film. (E) Summary of
results obtained from LC-MS/MS analysis of
the indicated purified recombinant proteins.
LC-MS/MS analysis was performed on
proteins that underwent an
autophosphorylation reaction.
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FIGURE 5: Mutating Tyr280/Tyr-261 in Erk1/2 causes loss-of-function effects on their biological
properties in mammalian cells. (A, B) pCEFL vectors carrying cDNAs encoding the indicated
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Erk1 (A) or Erk2 (B) molecules, a control empty vector, or vectors encoding Ha-Ras(V12) or

Mek(EE) were introduced into HEK293 cells. At 48 h posttransfection, cells were exposed to
50 ng/ml EGF for 10 min and harvested. Protein lysates prepared from these cells were analyzed

by Western blot analysis, using antibodies that specifically recognize phospho-Erk or the

relevant tag (His-Erk1 or HA-Erk2). (C) NIH3T3 cells transfected with the indicated vectors were
allowed to grow in the presence of G-418 to high density and reach confluence. Continuation of
proliferation and appearance of foci was monitored. Cells were fixed and stained with crystal
violet 4 wk after transfection. We estimate that the following number of foci appear when 1 pg
of plasmid is introduced into the cells: ~500 foci with a plasmid carrying Ha-ras(V12), ~60 with a
plasmid carrying ERK1(R84S), ~10 with a plasmid carrying MEK(EE), and 0 with plasmids carrying

ERK1(R84S + Y280C) or ERK1(R84S + Y280A).
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expressed the Erk1 and Erk2 mutants in
HEK293T cells, we found that, as in the in
vitro assays, the proteins carrying a mutation
in Y280/Y261 had no intrinsic autophos-
phorylation ability and that proteins mu-
tated in Y261 had a significantly lower phos-
phorylation level even after exposure to
EGF (compared with that of Erk2(WT)).
Moreover, mutating these residues in
Erk1(R84S) and Erk2(R65S) abolished the
spontaneous activity of these active variants
in HEK293T cells (Figure 5, A and B). We
also tested all mutants in NIH3T3 cells. This
experiment is of particular importance be-
cause we recently observed that Erk1(R84S)
can transform NIH3T3 cells (Smorodinsky-
Atias et al., 2016), raising the question of
whether combining the Y280C and Y280A
mutations would increase its oncogenic ca-
pabilities (analogous to the effect of com-
bining these mutations in Mpk1; Figure 2A,
rows 6 and 7) or instead impair these capa-
bilities, as suggested by the in vitro assays
(Figure 4, A and B). The results of this assay
showed that Erk1(R84S+Y280C) was not ca-
pable of inducing oncogenic transformation
in NIH3T3 cells (Figure 5C), demonstrating
that the loss-of-function effect of the
Y280C/A mutations is manifested in living
cells too.

The foregoing results further strengthen
the notion that the same mutations in
Mpk1 and Erk1/2 in a highly conserved do-
main have opposite effects on the proteins.
A possible explanation for this paradoxical
observation is that the cellular environment
affects the behavior of the mutants in addi-
tion to the effect of the mutation itself. It
could be, for example, that within the yeast
cell, Mpk1(Y268C) and Mpk1(Y268A) mani-
fest gain-of-function properties because
they are associated with some allosteric
effector(s). Therefore the mammalian Erks
carrying these mutations may also show
gain-of-function effects in yeast. Because
the mammalian Erk2 can functionally re-
place Mpkl to some extent, allowing
mpk14 cells to proliferate, although slowly,
in the presence of caffeine (Levin-Salomon
et al., 2009; Figure 6A, row 3), we could
directly test whether Erk2(Y261C) and
Erk2(Y261A) can also support proliferation
of mpk1A4 cells on caffeine. We found that
Erk2(Y261C) and Erk2(Y261A) did support
some proliferation of the cells in the
presence of caffeine, similar to Erk2(WT)
(Figure 6A, rows 5 and 6), and were effi-
ciently phosphorylated at their activation
loop when expressed in mpkl1A cells
(Figure 6B, lanes 5 and 6). In the course of
these experiments, however, we found that
mammalian Erk2(WT) could also rescue
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DISCUSSION
- - - - - i
atiA Enzymes possess unusual capabilities to en-
w W - _w-- hance the rates of catalysis of specific reac-

tions. The rates of a catalyzed reaction are
FIGURE 6: Mutating Tyr-280/Tyr-261 in Erk1/2 causes loss-of-function effects on their activity  5_17 orders of magnitude higher than the
in l)(/eas'c ;:ellsl. (A) mpk1IA ord(C) 1:nkkc'liAlmkaA yeaTt cells expressing the indi;:ated mzmmilian rates of a noncatalyzed reaction (Kraut,
Erk2 molecules were plated at five dilutions on plates containing YPD supplemented wit M
15 mM caffeine (left) or plates without caffeine (YNB(-URA); right). Western blot analysis with 1988; Miller and Wolfenden, 2002).
the indicated antibodies was performed on protein lysates prepared from (B) mpk14 cells or
(D) mkk1Amkk2A cells expressing the indicated Erk2 molecules. In B and D, asterisk marks
the position of Mpk1 and double asterisks mark the position of Erk2. (E-G) When inserted
into a truncated Mpk1 molecule that is very similar to Erk2 (Mpk1Q364), the Y268C and the also affect the fate of cells and organisms via
R68S mutations do not render it intrinsically active but also do not abolish its standard mechanisms that do not use their catalytic
activity. capabilities. For example, various enzymes

This power underlies the ability of en-
zymes to carry out the processes of life. It is
becoming apparent, however, that enzymes
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that function in signal transduction cascades have an additional ac-
tivity, mainly as DNA-binding proteins involved in transcriptional
regulation (Alepuz et al., 2001; Zeitlinger et al., 2003; Pokholok
et al.,, 2006; Hu et al., 2009; Rodriguez and Crespo, 2011). Other
enzymes may function as scaffold molecules (Pbs2, Ste5, Mek, PI3K)
or stabilizers of large protein complexes (Cdc25) in addition to their
catalytic activities (Engelberg et al., 1990; Posas and Saito, 1997;
Posas et al., 1998; lyer et al., 2005; Taylor et al., 2013). Noncatalytic
activities have also been proposed for Mpk1 and its pseudokinase
paralogue, Mlp1. These enzymes activate the transcription regula-
tor Swi4/Swi6 (SBF; Kim et al., 2008). Because Mlp1 does not have
any phosphotransfer activity, it is clear that its effect on SBF is medi-
ated solely via the interaction with Swi4, one of the subunits that
form SBF. Similarly, Mpk1 molecules carrying the kinase-dead (K54R)
mutation are also capable of activating SBF (Kim et al., 2008). Of
importance, although the catalytic activity of Mpk1 and Mlp1 is not
required for SBF activation, both proteins must be phosphorylated
to execute it. Mpk1 also functions as a transcriptional elongation
factor via its interaction with one of the subunits of the Paf1C elon-
gation complex (Kim and Levin, 2011).

Here we showed that Mpk1 molecules carrying a mutation in
Tyr-268 executed the entire downstream biological function, using
mechanisms that do not require activation of catalysis or the cata-
lytic Lys-54 residue. It could be therefore that the noncatalytic activi-
ties of Mpk1, such as activation of SBF, transcription elongation, and
activities not yet defined, are sufficient to allow proliferation under
cell wall stress. This notion readily explains why these mutants are
independent of MEKs. The possibility remains that Mpk1(Y268C/
A+K54R) and Mpk1(Y268C/A+T190A+Y192F) still possess some re-
sidual catalytic activity that contributes to their biological activity. It
is difficult to detect low levels of catalytic activity and unequivocally
determine whether it is involved in inducing the biological pheno-
type. Based on the known effects of the K54R and the T190A+Y192F
mutations on the protein’s catalytic properties, we believe that the
existence of residual catalytic properties is an unlikely explanation.
Further, given the destructive effect of the mutations in Tyr-280/261
of Erk1/2, it seems inconceivable that the Y268C/A mutations would
enforce on Mpk1 a catalytically active conformation in which K54,
T190, and Y192 are dispensable. We believe that it is likelier that
Mpk1(Y268C/A+K54R) and Mpk1(Y268C/A+T190A+Y192F) are in-
active as kinases or manifest at most marginal phosphotransfer ac-
tivities. It should be emphasized that although Mpk1(Y268C/
A+K54R) and Mpk1(Y268C/A+T190A+Y192F) molecules are bio-
logically active, they rescue mpk14 and mkk14Amkk2A cells less ef-
ficiently than Mpk1(Y268C/A). This implies that their catalytic activity
does play a role in their biological effect. Thus the power of the
mutants relies on a combination of catalytic and noncatalytic effects.
Their noncatalytic activity suffices to allow certain growth rates on
caffeine, and only when combined with the catalytic activity is the
full effect of the mutations manifested.

Although eukaryotic protein kinases have been thoroughly stud-
ied, critical structure—function aspects of their activity and regulation
are still not understood. In the case of the Erk molecules, these mat-
ters have been addressed comprehensively via classical biochemis-
try and genetic approaches, crystal structures, nuclear magnetic
resonance, and hydrogen—deuterium exchange MS analysis (Zhang
et al., 1994; Canagarajah et al., 1997; Robinson et al., 2002; Lee
et al., 2004; Kinoshita et al., 2008; Peti and Page, 2013). These stud-
ies pointed to the importance of Tyr-261 in Erk2. Tyr-261, together
with other residues, undergoes a significant reorientation upon acti-
vation/phosphorylation of Erk2 (Canagarajah et al., 1997; Lee et al.,
2004) and functions as one of the foundations of the hydrophobic
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cavity that serves as the binding domain of substrates that possess
a DEF motif (Robinson et al., 2002; Lee et al., 2004; Shin et al.,
2010). In addition, an intact Tyr-261 is essential for MEK1 binding
(Robinson et al., 2002).

Here we added new roles to this residue, not in binding of sub-
strates and regulators, but in two other aspects of Erk’s functions.
One is an important role in catalysis per se, and the other is a critical
role in suppressing the noncatalytic activity of Mpk1. The latter notion
is strongly supported by the finding that mutating Tyr-268 rendered
Mpk1 intrinsically active, independent of intact K54, T190, and Y192.
Its role in catalytic activity was disclosed by the observation that in
mammalian Erk1/2, mutating Tyr-280/261 resulted in proteins with a
significantly reduced phosphotransfer capability toward MBP. An in-
tact Tyr-280/261 was further found to be critical for the MEK-indepen-
dent catalytic activity of Erk1(R84S) and Erk2(R65S) in vitro and in cell
lines. It is thus critical for both MEK-independent (autophosphoryla-
tion-mediated) and MEK-dependent catalysis. We believe that the
effect on MBP phosphorylation observed in these mutants is a direct
effect on catalytic properties and not a result of reduced binding to
the substrate, because MBP does not have a DEF motif. The equiva-
lent mutations had a dramatic effect on Mpk1 activation as well, but
it was a positive effect, as reflected by the increased autophosphory-
lation activity of Mpk1(Y268C) and Mpk1(Y268A) in yeast cells.

A model that can consolidate all observations, at least for Mpk1,
may suggest that binding of substrates or other proteins (e.g.,
Mek1) to Tyr-268 imposes allosteric changes in several domains:
1) the activation loop, 2) the catalytic sites (analogous to the effect
of binding of substrates to the CD domain; Zhou et al., 2006), and
3) domains important for noncatalytic activities. Mutating Tyr-268
may partially mimic such allosteric effects.

Mpk1 and mammalian Erks are highly conserved, structurally and
functionally (Herskowitz, 1995; Gustin et al., 1998; Posas et al.,
1998; Widmann et al., 1999; van Drogen and Peter, 2001; Levin-
Salomon et al., 2009). In particular, five of the residues that form the
Erks’ DEF pocket, (Tyr-231, Leu-235, Met-197, Leu-198, and Tyr-261)
are identical in Mpk1, and the sixth residue, Leu-232, is Val in Mpk1.
Thus this domain would be expected to execute similar functions. It
is therefore not clear why the equivalent mutations have opposite
effects on Mpk1 and Erk1/2.

MATERIALS AND METHODS

Yeast strains and media

The Saccharomyces cerevisiae strains used in this study were
mkk1A/mkk2A (BY4741; Mat a; his3A1; leu2A0; met15A0;
ura3A0; YPL140c::kanMX4; mkk1::LEU2; Levin-Salomon et al.,
2008), mpkl1A (BY4741;, Mat a; his3A1; leu2A0; met15A0;
ura3A0; YHRO030c::kanMX4; obtained from the European
Saccharomyces cerevisiae Archive for Functional Analysis,
Frankfurt, Germany), and pbs2Aste7AmkkTAmkk2A (BY4741;
Mat a; his3A1; leu2A0; met15A0; ura3A0; YJL128c::kanMX4;
ste7::LEU2; mkk1::HygromycinB; mkk2::HIS3; Levin-Salomon
et al., 2009). Yeast cultures were maintained on YPD (1% yeast
extract, 2% Bacto Peptone, 2% glucose with or without 15 mM
caffeine) or on the synthetic medium YNB(-URA) (0.17% yeast
nitrogen base without amino acids and NH4(SOy),, 0.5% am-
monium sulfate, 2% glucose, and 40 mg/l adenine, histidine,
tryptophan, lysine, leucine, and methionine).

Cell cultures and transfection procedures

NIH3T3 cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS), 0.044 M sodium hydrogen carbonate, strepto-
mycin, and penicillin (Beit-Haemek, Israel). HEK293T cells were
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Primer name

Primer sequence

ERK1(Y280C)_F
ERK1(Y280C)_R
ERK2(Y261C)_F
ERK2(Y261C)_R
ERK1(Y280A)_F
ERK1(Y280A)_R
ERK2(Y261A)_F
ERK2(Y261A)_R
MPK1(Y268A)_F
MPK1(Y268A)_R
MPK1(T190A+Y192F)_F
MPK1(T190A+Y192F)_R
MPK1(D326N)_F
MPK1(D326N)_R
MPK1(Y238F)_F
MPK1(Y238F)_R

5-GAGACTGTAGGCAGTTTCGGGCCTTCATG-3’
5-CATGAAGGCCCGAAACTGCCTACAGTCTC-3
5-GCTAGAAACTGTTTGCTTTCTCTCCCGCAC-3’
5-GTGCGGGAGAGAAAGCAAACAGTTTCTAGC-3’
5-GAAGCCCCGAAACGCCCTACAGTCTCTGCCC-3
5-GGGCAGAGACTGTAGGGCGTTTCGGGCCTTC-3"
5-GCTAGAAACGCTTTGCTTTCTCTCCCGCAC-3’
5-GTGCGGGAGAGAAAGCAAAGCGTTTCTAGC-3’
5-GGTTCTAAAAATGTTCAGGACGCCATACATCAATTAGG-3
5-CCTAATTGATGAATGGCGTCCTGAACATTTTTAGAACC-3’
5- CAGTCAATTTTTGGCGGAGTTCGTGGCCACTAGATGG-3"
5-CCATCTAGTGGCCACGAACTCCGCCAAAAATTGACTG-3’
5-CTATATGGCATGATCCAGCTAACGAACCTGTGTGTAGTG-3’
5-CACTACACACAGGTTCGTTAGCTGGATCATGCCATATAG-3'
5-CTTCAAAGGAAAGGATTTCGTTAATCAATTGAATC-3’
5-GATTCAATTGATTAACGAAATCCTTTCCTTTGAAG-3’

TABLE 1: Primers sequences used in site-directed mutagenesis reactions.

cultured in the same medium supplemented with 10% FBS, 0.017
M sodium hydrogen carbonate, 1 mm sodium pyruvate, strepto-
mycin, and penicillin. All cells were incubated at 37°C and 5% CO,.
HEK293T cells were plated 24 h before transfection at 1.5 x 10
cells per 3-cm plate or 8 x 10* cells per 10-cm plate. Medium was
changed to half the volume ~2 h before transfection. HEK293T
cells were transfected with 2 pg of cDNA (pCEFL plasmids) for 24 h
using the calcium phosphate method (Kingston et al., 2003),
washed with phosphate-buffered saline, and provided with fresh
medium with or without 50 ng/ml EGF for 10 min. Then cells were
lysed by addition of 80-ul sample buffer containing 10% glycerol,
3% SDS, 0.2 M Tris, pH 6.8, 5% B-mercaptoethanol, and phenol
blue dye, followed by 10 min of boiling at 100°C. NIH3T3 cells
were transfected using Trans|T-X2 System (Mirus, Madison, WI) ac-
cording to the manufacturer’s protocol.

Foci formation assay

Approximately 1.5 x 10* NIH3T3 cells were plated on a 3-cm plate,
transfected with the relevant plasmid, and selected for the presence
of the plasmid by incubation with 1 mg/ml G-418. Four weeks after
transfection, cells were fixed with 100% MeOH for 20 min, stained
with 4% crystal violet dye for 5 min, and photographed.

Plasmids

Plasmids carrying the mutants ERK1(R84S), ERK1(Y280C),
ERK2(R65S), ERK2(Y261C), MPK1(R68S), MPK1(Y268C), MPK1(K54R),
and MPK1(K54R+Ré8S), as well as the short MPK1(Q364), have
been described (Levin-Salomon et al., 2008; Smorodinsky-Atias
et al., 2016). New mutations were introduced as to be described.
For mammalian expression systems, pCEFL vector (Invitrogen,
Carlsbad, CA) containing ERK1(WT), ERK1(R84S), ERK2(WT), or
ERK2(R65S) with ERK1 N-terminally tagged with the hexahistidine
(6His) and ERK2 N-terminally tagged with the hemagglutinin (HA)
sequence (YPYDVPDYA) served as the template for site-directed
mutagenesis for the mutations ERK1(Y280A), ERK2(Y261A),
ERK1(R84S+Y280C/A), and ERK2(R65S+Y261C/A) using the
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Stratagene QuikChange kit (Agilent), according to manufacturer’s
instructions. All cDNAs were verified via DNA sequencing. Prim-
ers used for the mutagenesis are shown in Table 1. The pET15b
(Addgene) vectors containing the Erk variants were used for pro-
tein expression and purification.

For expression of Mpkl and Erk2 variants in yeast, we
used the pAES426 vector (Friedmann et al, 2006).
PAES426-HA-MPK1(Y268A), PAES46-HA-MPK1(R68S+Y268A),
PAES426-HA-MPK1(T190A+Y192F), pAES426-HA-MPK1(Y268C+
D326N), pAES426-HA-MPK1(Y268C+Y238F), pAES426-HA-
MPK1Q364(Y268C), and pAES426-HA-MPK1Q364(R68S) were
obtained via site-directed mutagenesis using the Stratagene
QuikChange kit, according to manufacturer’s instructions. Primers
used for the mutagenesis are shown in Table 1. pAES426-
HA-MPKT(WT) and pAES426-HA-MPK1(R68S), respectively, served
as templates (Levin-Salomon et al, 2008). pAES426-HA-
MPK1(R68S+Y268C) was obtained by subcloning the gene segment
carrying the Y268C mutation from pAES426-HA-MPK1(Y268C)
(Levin-Salomon et al., 2008) into pAES426-HA-MPK1(R68S) (Levin-
Salomon et al., 2008) via restriction/ligation using the Sacl and
Notl restriction enzymes. pAES426-HA-MPK1(K54R+Y268C),
PAES426-HA-MPK1(K54R+Y268A),  pAES426-HA-MPK1(K54R+
R68S+Y268C), and pAES426-HA-MPK1(K54R+R68S+Y268A) were
constructed by restriction/ligation of the K54R-mutation contain-
ing region from pAES426-HA-MPK1(K54R) (Smorodinsky-Atias
et al, 2016) into pAES426-HA-MPK1(Y268C), pAES426-HA-
MPK1(Y268A), pAES426-HA-MPK1(R685+Y268C), or pAES426-
HA-MPK1(R68S+Y268A), respectively, using the Sall and Sacl
restriction enzymes. pAES426-HA-MPK1(T190A+Y192F) was
obtained via site-directed mutagenesis using the Stratagene
QuikChange kit as well. pAES426-HA-MPK1(WT) served as the
template. Primers used for the mutagenesis are shown in Table 1.
PAES426-HA-MPK1(T190A+Y192F+Y268C) and pAES426-HA-
MPK1(T190A+Y192F+Y268A) were constructed by restriction/
ligation of the T190A+Y192F-mutation containing region from
PAES426-HA-MPK1(T190A+Y192F) into pAES426-HA-MPK1(Y268C)

Molecular Biology of the Cell



and pAES426-HA-MPK1(Y268A), respectively, using Sall and Sacl
restriction enzymes.

For expressing mammalian ERK2 in yeast, pAES426-HA-ERK2
vectors were constructed by subcloning the HA-ERK2 gene, either
WT or mutant, from pCEFL-based plasmids (described here earlier;
Smorodinsky-Atias et al., 2016) into pAES426 (Friedmann et al.,
2006) vector via restriction/ligation using the Hindlll and Notl re-
striction enzymes.

Spot assay of yeast cells

Yeast cultures were grown in YNB(-URA) liquid medium to mid loga-
rithmic phase (ODggp of 0.5). Five serial 10-fold dilutions were pre-
pared, starting at an ODygg of 0.4 (approximate concentrations 107,
106, 10°, 104, and 10% cells/ml). We spotted 5 pl from each dilution
at 30°C for 6 d on YPD plates supplemented with 15 mM caffeine or
plates containing YNB(-URA) medium.

Preparation of yeast cell lysates

Cell cultures (12 ml) were grown on YNB(-URA) to an ODggg of
0.4-0.6. Cultures were pelleted and resuspended in 10 ml of 20%
trichloroacetic acid. Samples were pelleted again and resuspended
in 200 pl of 20% trichloroacetic acid at room temperature (25°C). We
added 400 mg of glass beads and vortex-mixed each sample twice
for 8 min. Supernatants were transferred to new Eppendorf tubes,
and glass beads were rinsed twice with 200 pl of 5% trichloroacetic
acid. After centrifugation, pellets were resuspended in 100 pl of 2x
Laemmli sample buffer, followed by addition of 50 pl of 1 M Tris
base. Samples were vortexed for 30 s and boiled for 3 min before
centrifugation. The supernatant was used.

Western blotting

We separated 100 ng of recombinant proteins, 30 pg of protein ly-
sates prepared from mammalian cells, or 45 ug of lysates prepared
from yeast cells by SDS-PAGE and subsequently transferred them
to a nitrocellulose membrane. After incubation of the membrane
with the appropriate antibodies (Table 2), specific proteins were vi-
sualized using an enhanced chemiluminescence detection reagent.

Protein expression and purification
Erk variants were expressed and purified as previously described
(Levin-Salomon et al., 2008).

Paper-spotted kinase assay

To activate the recombinant Erk variants, 1 pg of a purified recombi-
nant 6His-tagged Erk protein and 10 ng of recombinant active
MEK?1 (14-429; Upstate Biotechnology, Lake Placid, NY) were used.
The final reaction conditions were 100 mM NaCl, 35 mM Tris-Cl, pH
8, 15 mM MgCl,, 5 mM 2-glycerolphosphate, 0.2 mM Na3VO,, 0.02
mM dithiothreitol (DTT), T mM ethylene glycol tetraacetic acid, and

Antibody name Manufacturer
Anti-phospho-Erk  Cell Signaling, Boston, MA (4377)

Anti-Erk Cell Signaling (9102)

Anti-Mpk1 Santa Cruz Biotechnology, Dallas, TX (SC6803)

Anti-polyhistidine  Sigma Aldrich (H1029)

Anti-actin MP Biomedical, Santa Ana, CA (691000)
Anti-CDC2 Santa Cruz Biotechnology (SC-53)
Anti-HA Roche, Basel, Switzerland (11-867-423001)

TABLE 2: Antibodies used in this study.
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100 uM ATP. The activation reactions proceeded for 30 min at 30°C
and were terminated by placement on ice.

The kinase assays were initialized by the addition of 45 pl of
reaction mixture to 5 pl of 0.04 ug/ul activated Erk enzyme. The
final reaction conditions were 20 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 8.0, 0.1 mM benzamidine, 10 mM
MgCly, 25 mM 2-glycerolphosphate, T mM Na3VOy, 0.1 mM di-
thiothreitol, 0.5 pg/pl MBP (M1891; Sigma-Aldrich, St. Louis, MO),
0.1 mM ATP, and 0.1 pCi of [y-32P]ATP. The kinase reactions pro-
ceeded for 15 min at 30°C and were terminated by the addition of
50 pl of 0.5 M EDTA, pH 8 (250 mM final), and placement on ice.
After reaction termination, aliquots of 85 pl from each well were
spotted onto 3 x 3-cm Whatman No. 3MM paper squares and
briefly air-dried. Each square was rinsed four times with 10% tri-
chloroacetic acid and 3% sodium pyrophosphate (10 ml/square)
for 1.5 h (each time) and twice with 100% ethanol (4 ml/square) for
20 min each time and air-dried. The radioactivity of each square
was counted using a scintillation counter running a 32P Cherenkov
program. Experimental points were triplicates. In addition, Laem-
mli sample buffer was added to 15 pl of each reaction. All samples
were boiled at 100°C for 5 min and separated on 15% SDS-PAGE.
The gel was exposed to film.

Autophosphorylation assay

One microgram of a purified recombinant 6His-tagged Erk protein
was incubated in Erk activating buffer lacking MEK1. The autophos-
phorylation reactions proceeded for 5 and 15 min at 30°C and were
terminated by placement on ice and addition of Laemmli sample
buffer. All samples were boiled at 100°C for 5 min and separated on
10% SDS-PAGE. The gel was exposed to film.

Capillary LC/MS-MS analysis for identification

of phosphorylation sites

One microgram of protein from each autophosphorylated Erk
sample was trypsin digested and desalted on disposable re-
versed-phase column (C18 Micro Tip Column; Harvard Apparatus,
Holliston, MA). The samples were first brought to a concentration
of 8 M urea and 100 mM ammonium bicarbonate. Next 45 mM
DTT was added to a final concentration of 2.6 mM, and the sam-
ples were incubated for 30 min at 60°C with mild agitation. The
samples were cooled to room temperature, and 150 mM iodo-
acetamide was added to final concentration of 8.8 mM for 30 min
at room temperature in the dark. After a fourfold dilution (to 2 M
urea) with water, trypsin was added at a ratio of 1:50 (trypsin to
protein), and the samples were incubated overnight at 37°C. A
second dose of trypsin was given after the overnight digestion,
and the samples were left to continue the proteolysis for an addi-
tional 4 h at 37°C. The samples were then acidified with 2 pl of
0.1% trifluoroacetic acid (TFA) to stop the reaction. Peptide desalt-
ing was carried out by C18 Micro Tip Columns (Harvard Appara-
tus). The Tips were washed with 80% acetonitrile (ACN) and 0.1%
TFA (elution solution), followed by 0.1% TFA (desalting solution).
The samples were loaded in 0.1% TFA on the C18 microcolumns,
and the flowthrough fractions were kept. The tryptic peptides
were desalted with 0.1% TFA and eluted with 80% ACN and 0.1%
TFA. Next the samples were completely dried by vacuum centrifu-
gation and resuspended in 0.1% formic acid for LC-MS/MS on an
OrbitrapXL (Thermo Fisher Scientific, Waltham, MA).
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