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ABSTRACT Perturbations in endoplasmic reticulum (ER) homeostasis, a condition
termed ER stress, activate the unfolded protein response (UPR), an intracellular net-
work of signaling pathways. Recently, we have shown that protein kinase Kin1 and
its paralog, Kin2, in the budding yeast Saccharomyces cerevisiae (orthologs of micro-
tubule affinity-regulating kinase in humans) contribute to the UPR function. These Kin ki-
nases contain a conserved kinase domain and an autoinhibitory kinase-associated 1
(KA1) domain separated by a long undefined domain. Here, we show that Kin1 or Kin2
protein requires minimally a kinase domain and an adjacent kinase extension region
(KER) for UPR function. We also show that the functional mini-Kin2 protein is pre-
dominantly visualized inside the cells and precipitated with the cellular membrane
fraction, suggesting its association with the cellular endomembrane system. Further-
more, we show that transphosphorylation of the Kin1 residue T302 and the analo-
gous Kin2 residue T281 within the activation loop are important for full kinase activ-
ity. Collectively, our data suggest that, during ER stress, the Kin kinase domain is
released from its autoinhibitory KA1 domain and is activated by transphosphoryla-
tion.
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n eukaryotic cells, the endoplasmic reticulum (ER) is an intracellular organelle where

approximately one-third of cellular proteins fold and mature by sequential action of
multiple molecular chaperons (1, 2). Matured proteins are then distributed to other
internal organelles, plasma membrane, and/or extracellular space (3). Many of these
regular functions are challenged when cells encounter several abiotic and biotic stress
conditions, including starvation, hypoxia, and pathogen infections (4). These stress
conditions may alter the cellular protein folding processes, causing accumulation of
unfolded proteins inside the ER, a state termed ER stress (4). To alleviate ER stress and
to maintain protein homeostasis (proteostasis), cells activate a network of signaling
pathways collectively called the unfolded protein response (UPR) (5, 6). In mammalian
cells, the UPR signaling pathway has been shown to be initiated by three ER-resident
proteins, Ire1 (inositol-requiring enzyme 1) (7-9), PERK (protein kinase RNA-like ER
kinase) (10), and ATF6 (activating transcription factor-6) (11), whereas in yeast cells, only
Ire1 signals the UPR (12).

Each of these ER-resident proteins (Ire1, PERK, and ATF6) contains an ER lumenal
domain that senses the ER stress and a cytoplasmic domain that transmits the ER stress
signal to cytoplasmic transcriptional activators as follows. Ire1 initiates the UPR signal
by cleaving an intron from the translationally repressed HACT mRNA in budding yeast
(13-16), bZIP74 in rice (17), bZIP60 in thale cress (18), and XBP1 mRNA in mammalian
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cells (19, 20). Exons of HACT mRNA are joined by tRNA ligase RIg1 (21), whereas RtcB
ligates exons of XBP1T mRNA (22). The matured HACT, bZIP74, bZIP60, or XBPT mRNA
then yields functional Hac1/bZip74/bZip60/Xbp1 protein. In parallel, PERK phosphoryl-
ates the translation initiation factor 2« (elF2«), leading to activation of the transcription
factor Atf4 (23, 24). Unlike Ire1 and PERK, Atf6 itself transmits the stress signal while
moving from the ER to the Golgi apparatus, where its transcriptional regulatory domain
is activated and released. Collectively, transcription factors Hac1/Xbp1, Gen4, Atf4, and
Atf6 activate the expression of several stress response genes that increases the protein
folding capacity of the ER.

Along with the UPR, another stress relief mechanism, termed ER-assisted degrada-
tion (ERAD), operates within cells in order to detect and eliminate the unfolded or
misfolded proteins. During ERAD, misfolded or unfolded proteins are specifically ret-
rotranslocated to the cytoplasm for subsequent ubiquitylation and degradation by the
26S proteasome (25-27). Finally, both UPR and ERAD operate together to maintain ER
proteostasis. However, these UPR and ERAD models cannot explain sufficiently how
several newly discovered UPR-related proteins (e.g. SIt2 mitogen-activated protein
[MAP] kinase in yeast cells [28] and human p85« regulatory subunit of the phospho-
inositide 3 [PI3]-kinase [29, 30]) contribute to ER proteostasis. These discoveries indicate
that a highly dynamic and complex UPR network exists to modulate ER proteostasis.
Recently, we have shown that high-copy-number protein kinase gene KINT or its
paralog, KIN2, restores the defective ER-stress response associated with a mutation at
the 3’ untranslated region (3'-UTR) of HACT mRNA in the budding yeast Saccharomyces
cerevisiae (31). Previously, Elbert and coworkers showed that high-copy-number KINT or
KIN2 suppresses the growth defect associated with mutations in several secretory
proteins, including mutations in secretory/vacuolar pathway components Sec1 and
GTPase Cdc42 (32). Thus, it appears that both Kin1 and Kin2 participate in the control
of cellular protein homeostasis, likely by engaging the UPR or by modulating the
secretory pathways by unknown mechanisms. Indeed, a very limited number of studies
have been done on how Kin kinases contribute independently or additively to either
pathway.

Kin1 and Kin2 are members of a family of Ser/Thr kinases consisting of microtubule
affinity-regulating kinase (Mark) in humans (33), Par1 (partitioning-defective 1) in worm
(34), and Kin1 in fission yeast (35). Kin1/Kin2/Mark/Par1 kinases are known to play
important roles in cell polarity (34, 36-38), exocytosis (32), and/or ER stress responses
(31). Each protein contains a conserved kinase domain (KD) and an autoinhibitory
kinase-associated 1 (KA1) domain separated by a long spacer or undefined domain (Fig.
1A) (31). The kinase domain has been shown to play important roles in overall Kin
kinase function either in the secretory pathway (32) or in the ER stress response
pathway (31). Thus, it appears that Kin kinases contribute to both secretory and UPR
signaling pathways, most likely by constituting an independent signaling cascade or by
augmenting the available avenues by which cells adapt to ER stress or secretory
demand. However, it is not yet clearly known how Kin kinase domains are activated and
how these kinases transmit the secretion or ER stress signal to downstream effector
molecules. Here, we show that Kin1 and Kin2 proteins minimally require a KD and an
adjacent kinase extension region (KER) for their function both in vivo and in vitro. We
also show that the functional mini-Kin2 protein is predominantly localized within the
cytoplasm and precipitated with the cellular membrane fraction, suggesting its asso-
ciation with the cellular endomembrane. Furthermore, we provide in vivo and in vitro
evidence that the Kin2 residue Thr-281 and Kin1 residue Thr-302 within a flexible loop,
also known as the activation loop, are phosphorylated in trans to activate its kinase
domain function.

RESULTS

Both Kin1 and Kin2 proteins require minimally a KD and a KER in adapting to
ER stress. Protein kinase Kin2, or its N-terminal region (residues 1 to 526), has been
shown to be sufficient to suppress the growth defects of several secretory mutants (32).
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FIG 1 Kin1 and Kin2 proteins require a kinase extension region (KER) for their kinase function. (A) The
schematic representation of Kin1 and Kin2 proteins. Both Kin1 and Kin2 are tagged with a Flag epitope
(circle) at the N terminus and expressed from a weak CYC1 promoter containing a galactose-inducible
upstream activator sequence (UAS). The kinase domain, long spacer (dashed line), newly defined KER, and
kinase-associated 1 (KA1) domain are indicated. Numbers on the top indicate amino acid residues for
Kin1 and Kin2. (B) Analysis of yeast cell growth. A kin1A kin2A strain containing a vector plasmid (null)
or expressing a wild-type Kin2 from the native promoter [P . Kin2-(1-1147)] or CYCT promoter
[PcycqKin2-(1-1147)] were grown, serially diluted, spotted, and grown on synthetic dextrose medium,
dextrose plus tunicamycin (an ER stress inducer) medium, and galactose medium. kinTA kin2A strains
expressing truncated Kin2 proteins from the CYCT promoter [Pcyc,Kin2-(94-510) and Pcy,Kin2-(94-500)]
were also tested for their growth on the dextrose, tunicamycin, and galactose media. (C) Schemes for the
proposed role of Kin2 and its substrate phosphorylation. On the dextrose medium (scheme 1), Kin2
expresses at a low level, leading to a low level of phosphorylation of its substrate and resistance to
tunicamycin. On the galactose medium (scheme II), Kin2 expresses at a high level, which phosphorylates
its own substrate as well as other unknown proteins promiscuously at a high level, leading to a lethal
phenotype. (D) Analysis of Kin2 protein expression. Whole-cell extracts were prepared from yeast cells
containing a vector plasmid or indicated Kin2 derivatives (residues 94 to 510 and 94 to 500) and
subjected to SDS-PAGE, followed by Western blot analyses using anti-Flag (to detect Kin2) and anti-Pgk1
(to determine the loading control) antibodies. (E) Analysis of yeast cell growth. A kinTA kin2A strain
expressing full-length Kin1 from its natural promoter [P,,,..,.Kin1-(1-1064)] and its indicated derivatives
from the CYCT promoter [P.yc,Kin1-(115-430) and P.,,Kin1-(115-515)] were grown, serially diluted,
spotted, and grown on dextrose and tunicamycin media. (F) Analysis of Kin1 protein expression.
Whole-cell extracts were prepared from yeast cells containing a vector plasmid or the indicated Kin1
derivatives (residues 115 to 430 and 115 to 515) and subjected to Western blot analyses using anti-Flag
(to detect Kin1) and anti-Pgk1 (to determine the loading control) antibodies.

Recently, we also showed that Kin2 is actively involved in the UPR (31), suggesting that
Kin2 plays pleotropic roles in cellular functions. To gain mechanistic insight into how
Kin2 contributes to the UPR, we initially determined its optimum length and the relative
importance of its constituent domains in ER stress response. We made several Kin2
constructs that lacked the DNA sequences encoding either N-terminal or C-terminal
residues (Fig. 1A). Effects of residue deletions were then tested by a functional com-
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plementation approach. In this approach, each truncated Kin2 construct was intro-
duced in a kinTA kin2A strain from a weak CYC1 promoter containing a galactose-
inducible upstream activator sequence (Gal-UAS). The resulting strains were then grown
on the medium containing dextrose (to test the functional effect when the candidate
protein was expressed at a basal level), dextrose plus 2.0 ug/ml tunicamycin (to test the
functional effect when the candidate protein was expressed at a basal level under a
condition of ER stress), or galactose (to test the functional effect when the candidate
protein was expressed at a high level).

As shown in Fig. 1B, the kinTA kin2A strain containing a vector plasmid grew on
dextrose medium (row 1) but did not grow on medium containing an ER stress inducer,
tunicamycin (row 1). The same strain grew on tunicamycin medium when the vector
plasmid expressed full-length Kin2 protein from its native promoter [Fig. 1B, P, ,.,.Kin2-
(1-1147), row 2] or from the weak CYCT promoter [Fig. 1B, Pcyc;Kin2-(1-1147), row 3].
Western blot analysis showed that the expression of Kin2 protein from the native or
CYC1 promoter was extremely low or undetectable (data not shown). However, the low
level of Kin2 expression from either promoter was sufficient to promote growth on the
medium containing tunicamycin, likely by phosphorylating its substrate at a low level
(Fig. 1C, scheme |, dextrose). Here, we used the promoter CYCT containing an upstream
Gal-UAS activator (i.e., Gal-UAS - CYCT) to measure the activity of Kin2 kinase. The
advantage of the Gal-UAS system is that Kin2 protein can be expressed at a relatively
high level simply by replacing dextrose with galactose in the culture medium for a few
hours (see Materials and Methods). These strategies overcome the Kin2 detection
problems associated with its low expression and facilitate the determination of the
expression levels of different Kin2 isoforms.

Like a full-length Kin2 protein (residues 1 to 1147), a truncated derivative containing
residues 94 to 510 [i.e., Kin2-(94-510)] was able to complement the Kin1 and Kin2
double null strain, thus promoting growth on the tunicamycin medium (Fig. 1B,
tunicamycin, compare rows 1 and 4). We also observed that further deletion of as few
as 15 residues from the N-terminal end of Kin2-(94-526) [i.e., Kin2-(110-526); data not
shown] or 10 residues from the C-terminal end of Kin2-(94-510) [i.e., Kin2-(94-500)]
completely abrogated yeast growth on the tunicamycin medium (Fig. 1B, tunicamycin,
row 5). Western blot analyses showed that the expression of the Kin2-(94-500) deriv-
ative was ~2-fold lower than the expression of Kin2-(94-510) (Fig. 1D, Western, com-
pare lanes 2 and 3 and ratio of Kin2 to Pgk1), suggesting that growth defects were not
due to a major change in protein expression and that Kin2 residues 500 to 510 play an
important role in stabilizing and/or integrating the protein structure. Collectively, our
data suggest that both Kin2-(94-500) and Kin2-(110-526) constructs produced nonfunc-
tional proteins, and Kin2 residues 94 to 510 were minimally required for its normal
function.

To further confirm our results, we grew the kinTA kin2A yeast strain harboring the
full-length Kin2 or its derivatives on galactose medium (Fig. 1B, galactose). We observed
that yeast cells expressing full-length Kin2 [i.e., Kin2-(1-1147)] grew on the galactose
medium (Fig. 1B, galactose, row 3), whereas cells expressing a truncated Kin2 protein
[i.e., Kin2-(94-510)] did not grow on the galactose medium (Fig. 1B, galactose, row 4).
We interpret our results in light of a proposed model (Fig. 1C, scheme Il, galactose). The
KD of the full-length Kin2 is associated with its C-terminal KA1 domain, as reported
earlier (32), resulting in an inhibition of its KD function and a normal growth phenotype
on galactose medium. In contrast, KD of the truncated Kin2-(94-510) protein is free from
such inhibition, which can readily phosphorylate its substrate and promiscuously
phosphorylate other cellular proteins at a high level, thereby inhibiting cell growth (Fig.
1C, scheme I, galactose). We also observed that cells expressing the truncated Kin2-
(94-500) or Kin2-(110-526) protein grew on galactose medium (Fig. 1B, galactose, row
5, and data not shown). We deduce that Kin2-(110-526) or Kin2-(94-500) derivative lacks
kinase activity, likely due to the absence of a few N-terminal or C-terminal residues
normally required for its kinase domain that folds into a correct conformation and/or
associates with a protein complex in order to be functional inside the cell. Collectively,
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FIG 2 Two distinct regions within the KER control Kin2 kinase function. (A) Comparison of KER sequences in Kin1 and Kin2
proteins. Protein sequences of Kin1 and Kin2 were pairwise aligned. From the sequence alignment, the KER residues of Kin1
(residues 407 to 517) and Kin2 (residues 386 to 520) are shown. Between the two sequences, the conserved residues are
shown by letters and the identical residues are shown by plus signs. The putative KER subdomains | and Ill are shown by
boxes. (B) Analysis of yeast cell growth. (Left) The kin1A kin2A deletion strains expressing the indicated Kin2 derivatives
were tested for growth on dextrose and tunicamycin media. (Right) Schematic representation of Flag epitope (circle)-
tagged Kin2 deletion constructs. The kinase domain (KD) and KER (solid line) are shown. The dashed line indicates that the
region is deleted. The number indicates residue numbers within the protein. (C) Analysis of Kin2 protein expression.
Whole-cell extracts from the indicated yeast cells (as described for panel B) were subjected to SDS-PAGE, followed by
Western blot analyses using anti-Flag and anti-actin (Act1) antibodies. The Flag-tagged Kin2 protein bands are indicated
by asterisks. (D) The relative expression of Flag-Kin2 protein deletion mutants. The protein band intensities of Flag-tagged
Kin2 and Act1 were measured using ImageJ software. The ratios of Flag-Kin2 and Act1 are represented in a bar diagram.

these data further confirm that Kin2 residues 94 to 510 are minimally required for its
kinase function.

The BLAST search of Kin2 residues 94 to 510 showed that residues 100 to 380, as
expected, had significant homology (31% identities, 52% positives, and 12% gaps) with
a classical protein kinase domain of protein kinase A (PKA) with a conserved Lys-128
(K128) in the VAIK motif and a catalytic Asp-248 (D248) in the HRD motif (39). In
contrast, residues 380 to 510 had no detectable homology to any conserved protein
domain family except with residues 425 to 515 of Kin1 protein (Fig. 2A). Thus, it appears
that residues 386 to 510 in Kin2 or residues 407 to 515 in Kin1, here referred to as the
KER, play an important role in kinase domain function. We next determined the relative
importance of KER in Kin1 protein.

We made two truncated Kin1 constructs expressing (i) Kin1 residues 115 to 430,
containing only the KD, and (ii) the Kin1 residues 115 to 515, containing both the KD
and KER domain. Both Kin1-(115-430) and Kin1-(115-515) constructs were introduced in
a kinTA kin2A strain (Fig. 1E). The resulting strains were tested for their growth on
dextrose and tunicamycin media (Fig. 1E). As shown in Fig. 1E, the kinTA kin2A strain
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containing a vector plasmid was unable to grow on tunicamycin medium (row 1) but
was able to grow on the same medium when the vector plasmid harbored the
full-length KINT gene [i.e., Kin1-(1-1064)] under its native promoter (row 2). The kin1A
kin2A strain also grew on the tunicamycin medium when it expressed a truncated Kin1
protein composed of residues 115 to 515 [i.e., Kin1-(115-515)] from a weak CYCT
promoter containing the Gal-UAS activator (Fig. 1E, row 4, and F, Western, lane 3).
However, the kinTA kin2A strain was unable to grow on the tunicamycin medium when
it expressed a truncated Kin1 protein consisting of residues 115 to 430 [i.e., Kin1-(115-
430)] (Fig. 1E, tunicamycin, row 3, and F, Western, lane 2). Indeed, Western blot analysis
showed that the expression of Kin1-(115-430) derivative was ~3-fold more than the
expression of Kin1-(115-515) (Fig. 1F, Western, compare lanes 2 and 3). However, these
data suggested that the growth defect was due to expression of a nonfunctional Kin1
kinase domain. From these results, it appeared that Kin1 residues 115 to 515, like Kin2
residues 94 to 510, were minimally required for its function. Here, we refer to the
mini-functional Kin1 and Kin2 proteins as Kin1™i"i (i.e., Kin1 residues 115 to 515) and
Kin2mini (j.e., Kin2 residues 94 to 526), respectively.

Two distinct regions in Kin2-KER control Kin2™iri function. Pairwise alignment of
Kin1 and Kin2 protein sequences revealed that Kin1 residues 463 to 482 had little
homology with Kin2 residues 442 to 462 (30% identities) (Fig. 2A). It also revealed that Kin1
lacked 23 residues corresponding to Kin2 residues 464 to 485 (Fig. 2A). Based on these
findings, we proposed that KER of Kin2 was composed of three separate subdomains: KER-I
(residues 386 to 440), KER-II (residues 440 to 480), and KER-IIl (residues 480 to 510). Further,
BLAST search with the small peptide sequences of each subdomain revealed that KER-I
showed partial protein sequence homology with the ubiquitin-associated (UBA) domain of
several proteins, including a human autophagy protein, Nbr1 (40), and a human Kin2
ortholog, Mark3 (41). This computational analysis suggested that the KER-I subdomain
adopts a UBA-like domain, and KER-Il and -lll subdomains might play an unknown role in
kinase domain function. We investigated the relative physiological importance of the
proposed subdomains by deletion analyses.

A series of deletion mutants were created by systematically removing each KER
subdomain from the Kin2mini protein. As shown in Fig. 2B (right), we generated three
Kin2mini constructs by consecutively deleting DNA sequences encoding 40 residues
from the C-terminal end [e.g., Kin2-(94-480), Kin2-(94-440), and Kin2-(94-400)] and two
Kin2mini constructs by deleting DNA sequences encoding 40 residues from the internal
region [e.g., Kin2mini-A(400-440) and Kin2mini-A(440-480)]. Each of these derivatives was
then introduced into a kinTA kin2A strain, and the resulting strains were tested for their
growth on dextrose and dextrose plus tunicamycin media (Fig. 2B). As shown in the Fig.
2B, yeast cells containing Kin2mini-A(440-480), like Kin2™mini, grew on tunicamycin me-
dium (tunicamycin, rows 4 and 6), suggesting that Kin2mini-A(440-480) expressed a
functional protein. In contrast, yeast cells containing the Kin2-(94-480), Kin2-(94-440),
Kin2-(94-400), and Kin2mini-A(400-440) alleles were unable to grow on tunicamycin
medium (Fig. 2B, tunicamycin, rows 1, 2, 3, and 5). Western blot analysis showed that
each of those Kin2 deletion derivatives were expressed in yeast cells (Fig. 2C, Western,
lanes 1, 2, and 3), albeit at various levels and at an exceptionally low level for
Kin2mini-A(400-440) protein (Fig. 2C, lane 5, and D, comparative ratio analyses of Kin2
and Act1 protein bands). These data suggested that growth defects were not due to a
major lack of protein expression but to expression of nonfunctional proteins. From
these results, it appears that Kin2 residues 440 to 480 (i.e., KER-II) play a redundant role,
whereas residues 400 to 440 (i.e., KER-I) and 480 to 526 (i.e., KER-Il) separately modulate
the Kin2mini function either by stabilizing the closed conformation of the KD, as
observed in typical kinases, including the human Mark3 (41), or by controlling the
catalytic activity of the KD, as observed in Ca?*/calmodulin-dependent protein kinase
1(42).

KER-I sequences of Kin1 and Kin2 are partially similar to the UBA-like domain
sequences of human Mark3 and Nbr1 proteins. The UBA-like domain in Mark3 has been
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shown to bind the N-terminal lobe of the kinase domain (41), implicating it in having
a role in integrating and stabilizing the kinase domain. The UBA-like domain in Nbr1
appears to be a negative regulator of Nbr1 function, where an alanine mutation of the
conserved leucine residue (i.e., L954) impairs the binding of ubiquitin (40). However, the
spatial arrangement of three constituent a-helices in the Mark3-UBA domain is different
from the spatial arrangement of three constituent helices in the Nbr1-UBA domain (41).
Thus, it is still uncertain how KER-I functions independently and/or additively with other
domains in the same protein in order to regulate its kinase domain function. While
dimerization and activation at the membrane is a common intermediate for many
kinases, including Src family kinase (43), it is reasonable to assume that Kin2-KER plays
an important role in membrane anchorage and/or dimerization, likely by associating
with other membrane-binding factors.

Kin2mini js an endomembrane protein. Tibbetts and coworkers have shown that
Kin kinases precipitate with the membrane fraction (44), indicating that Kin kinases are
associated with the plasma and/or organelle membranes. Previously we have shown
that, under conditions of ER stress, both green fluorescent protein (GFP)-Kin2 and
GFP-Kin22KAT fusion proteins were predominantly visualized as discrete dots within the
cytoplasm (31). Recently, Yuan et al. showed that the GFP-fused full-length Kin2 protein
is localized at sites of polarized growth within the bud neck/tip (45). They also show
that the GFP-Kin2-(1-526) fusion protein is localized at the bud tip (45). Based on those
observations, they propose that two distinct regions in Kin2 protein determine its
localization. Thus, it was reasonable to assume that the functional Kin2™ii js a
membrane-anchoring protein, and we investigated the cellular localization of Kin2mini
protein.

We generated a GFP2-Kin2™ini fusion protein construct under the Kin2 native
promoter in which the coding sequence of a monomeric A206K green fluorescence
protein, GFP2 (46), was inserted at the N-terminal end of the Kin2™ini protein coding
sequence. The GFP2-Kin2mini fusion protein, like the wild-type Kin2™ini protein, com-
plemented the kinTA kin2A strain and allowed yeast cells to grow on the tunicamycin
medium (data not shown), suggesting that GFP2-Kin2™ini was a functional protein. The
GFP2-Kin2mini fusion protein then was introduced into a strain lacking a transmem-
brane protein, Ste2 (i.e., ste2A strain). The ste2A strain containing GFP2-Kin2™ini was
retransformed with a plasmid expressing the Ste2-YFP (yellow fluorescent protein)
fusion protein (46). The ste2A strain coexpressing both GFP2-Kin2™ini and Ste2-YFP was
used for imaging studies by a two-photon microscope in the presence and absence of
an ER stressor, dithiothreitol (DTT) (see Materials and Methods). As expected, more than
60 to 70% of cells showed the YFP signals at the edge of cells because of the membrane
localization of Ste2 protein (Fig. 3A). The same cells predominantly showed the GFP2
signals inside the cytoplasm (Fig. 3A). Moreover, we observed that overall GFP2 signal
was 60% stronger when cells were treated with DTT (Fig. 3B). Thus, our data suggested
that Kin2mini Jocalizes predominantly inside the cytoplasm.

To determine whether or not Kin2mini protein was associated with cellular endo-
membrane, we then prepared the whole-cell extract from a kinTA kin2A strain express-
ing Flag-Kin2mini and separated soluble and insoluble fractions by centrifugation at
20,000 X g (see Materials and Methods). Both soluble and insoluble fractions were
subjected to SDS-PAGE and Western blot analysis using an anti-Flag antibody to detect
Flag-Kin2 protein, an anti-Hac1 antibody to detect a soluble cytoplasmic protein, and
an anti-Kar2 antibody to detect an ER-resident and membrane-associated chaperone.
As expected, the majority of Hac1 protein was detected in the soluble fraction, whereas
the majority of Kar2 was detected with the insoluble fraction (Fig. 3C, lane 2). A small
fraction of Kar2 was also observed in the soluble fraction (Fig. 3C, lane 3), suggesting
that a fraction of Kar2 protein was released from the membranes and/or the centrifu-
gation at 20,000 X g partially precipitated the cellular membranes. Interestingly, we
observed that the majority of Kin2™mini protein was separated with the insoluble
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FIG 3 Kin2mini js likely associated with cellular endomembrane. (A) GFP2-fused Kin2™ini protein is
visualized inside the cells. (Top) Open reading frame of GFP2 and Kin2™in fused and expressed from the
Kin2 native promoter. (Lower) GFP2-fused Kin2mini protein was expressed in a ste2A cell harboring an
Ste2-YFP fusion protein. The GFP and YFP signals were detected by two-photon microscopy and are
shown by arrows. (B) Quantification of relative expression of GFP2 signals. The relative expression of
GFP2 signal in the presence (+) and absence (—) of an ER stressor, DTT, was measured as described in
Materials and Methods. The average intensities * weighted errors are represented as arbitrary units. (C)
Kin2mini protein associates with the membrane fraction. Yeast cell extract containing the Flag-tagged
Kin2mini protein was separated by centrifugation as soluble and insoluble membrane fractions (see
Materials and Methods). Both fractions were subjected to SDS-PAGE and Western blot analysis using an
anti-Flag antibody to detect Kin2, anti-Hac1 antibody to detect soluble protein, and anti-Kar2 antibody
to detect an insoluble ER membrane-resident protein. (D) Triton X-100 partially solubilizes Kin2mini
protein from the membrane fraction. Yeast cell extract containing the Flag-tagged Kin2™mini protein was
separated as soluble and insoluble membrane fractions. The insoluble fraction was mixed with 0.5 or 1%
Triton X-100 to solubilize the membrane-bound proteins. The pellet (P) and supernatant (S) fractions
were separated by centrifugation and subjected to SDS-PAGE and Western blot analysis using an
anti-Flag antibody to detect Kin2 protein.

fractions along with the Kar2 protein (Fig. 3C, upper, lanes 2 and 3). These data suggest
that Kin2mini js a membrane-associated protein.

To rule out the possibility that the membrane association was not a result of
deposition of Kin2 inclusion bodies on the membrane, we treated the membrane
fraction containing Kin2™int with 0.5 or 1% Triton X-100 to the break the lipid-lipid and
lipid-protein interactions and to solubilize the membrane proteins. The soluble proteins
were then separated from the pellet by centrifugation at 20,000 X g. Both soluble and
pellet fractions then were subjected to Western blot analysis. In the Western blot, we
observed a significant amount of Kin2 protein in the 0.5% or 1% Triton X-100 solubi-
lized fraction (Fig. 3D, lanes 5 and 7), suggesting that Kin2™ini protein was associated
with membrane, not precipitated as an inclusion body. Taken together, our data
suggest that Kin2min, like full-length Kin2, is an endomembrane kinase.

Activation loop phosphorylation is important for kinase activity of Kin2mini,
The Saccharomyces Genome Database (SGD) shows that protein kinases Kin1 and Kin2
are phosphorylated at more than 30 serine, threonine, and tyrosine residues (some of
which are common in both proteins), indicating that these kinases are regulated by a
complex mechanism involving auto- and/or transphosphorylation. Here, we investi-
gated how the phosphorylated residues regulated the Kin2 kinase function. Initially, we
determined how many of these reported residues were phosphorylated in the Kin2mini
protein under conditions of ER stress. Thus, we purified Kin2™" protein from cells
grown under conditions of ER stress and analyzed protein phosphorylation by mass
spectrometry. The mass spectral analysis identified three major phosphorylated pep-
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tides with phosphorylated residues S151 (peptide 1), Y275 and T281 (peptide 2), and
S328 and S329 (peptide 3) (see Materials and Methods).

Typically, the standard mass spectrometry analysis may detect peptides that are
phosphorylated at low stoichiometry, which may be meaningless. Indeed, many studies
have reported that many mapped phosphorylation sites have little or no effect on
physiological function or phenotype. Therefore, it is simply not productive to mutate all
phosphorylation sites and test their impact. We assume that if any phosphorylation site
is physiologically important, it should be detected in both Kin1 and Kin2 proteins. Thus,
we compared the reported phosphorylation sites between Kin1 and Kin2 proteins and
identified only 18 phosphorylated residues common in both proteins. Among these 18
residues, two are mapped at the N terminus of the kinase domain (residues S24 and
T26), five at the kinase domain (residues S151, Y275, T281, S328, and S329), and 11 at
the undefined domain (residues T577, T608A, S609, S612, T629, S663, S706, S714,
$1020, T1031, and T1037).

To determine how the putative 18 phosphorylated residues influenced Kin2 kinase
function, we initially focused our studies on the Kin2™ini protein. These residues were
mutated to nonphosphorylatable alanine (singly or in combination), and mutated
proteins were expressed in the kinTA kin2A strain. We found that mutations of 11
residues at the regulatory domain by alanine in a single protein (i.e., Kin2-11Ala) did not
affect the ability of full-length Kin2 to support cell growth on the tunicamycin medium
(data not shown). We also found that a single mutation of residue S151 or double
mutation of residues $328 and $329 within the kinase domain by alanine in the Kin2mini
protein (i.e., Kin2mni-S151A or Kin2mini-S328A,5329A) did not impair yeast cell growth
on the tunicamycin medium (data not shown). These data suggest that phosphorylated
residues S151, S328, S329, T577, T608A, S609, S612, T629, S663, S706, S714, S1020,
T1031, and T1037 have insignificant impact on the ER stress response.

We next focused on residues Y275 and T281 in the Kin2 protein, which are mapped
within a flexible loop (also known as the activation loop) located between the con-
served DFG and APE motifs (47). Residues corresponding to Y275 and T281 in Kin2 are
residues Ser296 (5296) and Thr302 (T302) in Kin1 (Fig. 4A). To determine the physio-
logical relevance of Y275 or T281 phosphorylation, we individually mutated each one
to alanine, generating Kin2mini-Y275A and Kin2mini-T281A constructs in the Gal4-UAS
hybrid system. Kin2mini-Y275A and Kin2mini-T281A constructs were separately intro-
duced in a kinTA kin2A strain. The resulting strains were then tested for growth on
dextrose, tunicamycin, and galactose media. As shown in Fig. 4B, cells expressing
Kin2mini-Y275A (row 5), like wild-type Kin2™ini (row 2), grew on the tunicamycin
medium but did not grow on the galactose medium (row 5). Similarly, cells expressing
Kin2mini-T281A grew on the tunicamycin medium (Fig. 4B, tunicamycin, row 6). How-
ever, cells expressing Kin2mini-T281A grew moderately on galactose medium (Fig. 4B,
galactose, row 6). These growth phenotypes suggested that Kin2mini-Y275A and
Kin2mini-T281A expressed functional kinases, the alanine mutation of Y275 or T281 did
not impair the kinase activity, and the phosphorylation at either residue played an
insignificant role under physiological conditions. Alternatively, phosphorylation sites
may act in combinatorial mechanisms, phosphorylation at Y275 might compromise the
loss of phosphorylation at T281, or vice versa.

To test these possibilities, we mutated both residues Y275 and T281 to alanine
in a single protein, generating a Kin2mini-Y275A,T281A mutant. We also mutated
both residues Y275 and T281 to glutamate in order to generate phosphomimetic
substitutions (i.e., Kin2mini-Y275A,T281E and Kin2mini-Y275E,T281A). These Kin2mini-
Y275A,T281A, Kin2mini-Y275E,T281A and Kin2mini-Y275A, T281E mutants were then
separately expressed in a kinTA kin2A strain. We observed that the kinTA kin2A
cell expressing Kin2mini-yY275A,T281A mutant protein, like kinase-dead mutants
Kin2mini-K128R (K128 is the Lys of the VAIK motif) and Kin2mini-D248A (D248 is the
catalytic Asp of the HRD motif), did not grow on the tunicamycin medium (Fig. 4B,
tunicamycin, compare rows 3, 4, and 7, and C, Western, lanes 3, 4, and 7) but grew
on the galactose medium (Fig. 4B, galactose, compare rows 3, 4, and 7). These data
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FIG 4 Activation loop phosphorylation is important for Kin2™min kinase activity. (A) Comparison of the
activation loop sequences of Kin1 and Kin2 kinases. The activation loop sequences of Kin1 (residues 287
to 313) and Kin2 (residues 267 to 292) were aligned. The phosphorylated residues are indicated on the
top for Kin2 or on the bottom for Kin1. (B) Analysis of yeast cell growth. The kinTA kin2A deletion strains
containing a vector plasmid (null) or expressing wild-type Kin2mini (WT) and its indicated derivatives were
tested for growth on dextrose, tunicamycin, and galactose media. Kinase activity is indicated by plus
(active) or minus (inactive) signs. (C) Analysis of Kin2 protein expression. Whole-cell extracts prepared
from the yeast cells indicated in panel B were subjected to SDS-PAGE, followed by Western blot analyses
using anti-Flag and anti-Pgk1 antibodies. The relative expression levels (ratio of Flag-Kin2 and Pgk1
protein band intensities) are indicated at the bottom.

suggested that Kin2mini-Y275A,T281A expressed a nonfunctional protein, similar to the
catalytically inactive Kin2-K128R and Kin2-D248A mutants. Interestingly, we observed
that the kinTA kin2A cells expressing the Kin2mini-Y275E,T281A or Kin2mini-Y275A,T281E
mutant protein, like the wild-type Kin2mini, grew on the tunicamycin medium (Fig. 4B,
tunicamycin, rows 2, 8, and 9, and C, Western, lanes 2, 8, and 9) and exhibited a lethal
phenotype on the galactose medium (Fig. 4B, galactose, compare rows 2, 8, and 9).
These in vivo data suggested that Kin2miri-Y275E, T281A and Kin2™miri-Y275A,T281E
expressed active kinases in which glutamate substitutions for Y275 and T281 mimicked
the active phosphorylated state. Taken together, these data suggested that activation
loop phosphorylation is important for Kin2mini kinase activity.

Activation loop phosphorylation is important for full kinase activity of Kin2.
We next investigated the importance of activation loop phosphorylation in a full-length
Kin2 protein. A kin1A kin2A strain was separately transformed with an empty vector and
the same vector bearing a wild-type (WT) KIN2 gene under its native promoter. Indeed,
we engineered the KIN2 gene to express a Flag epitope at its N-terminal end. Trans-
formants were streaked on both dextrose and tunicamycin media (Fig. 5). As shown in
Fig. 5, transformants with the vector plasmid were able to grow on the dextrose
medium but were unable to grow on the tunicamycin medium. However, the kin1A
kin2A cells containing the same plasmid bearing a Flag-tagged Kin2 gene were able to
grow on both dextrose and tunicamycin media (Fig. 5A). These data suggested that the
Flag tag at the N-terminal end of Kin2 protein had no impact on its kinase function. We
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FIG 5 Activation loop phosphorylation is required for full Kin2 kinase function. (A) Analysis of yeast cell
growth. The kinTA kin2A deletion strains containing a vector plasmid (null) or the same vector plasmid
bearing wild-type Flag-Kin2 (WT) or its indicated derivatives were streaked on dextrose (upper) and
tunicamycin (lower) media. Cells were then grown at 30°C for 48 h. (B) Analysis of Kin2 kinase activity in
vitro. Whole-cell extracts (~10 mg) were prepared from the kinTA kin2A deletion strains expressing
wild-type Flag-Kin2 (WT) and the indicated Kin2 derivatives mixed with anti-Flag M2-agarose beads. The
Flag-tagged Kin2 proteins were precipitated, washed with kinase buffer, and mixed with a-casein (0.5
wg) and [y->3PJATP (1 uCi). The reaction mixture was then mixed with 2X SDS dye, heated at 90°C for
1 min, centrifuged, and loaded on SDS-PAGE. The gel was stained, dried, and autoradiographed; top. The
a-casein protein bands are shown in the middle panel. Incorporation of 33P into a-casein was determined
by the relative band intensities and is shown as a bar diagram in the bottom panel.

next mutated the catalytic residue Asp-248 of Flag-Kin2 protein, generating a kinase-
inactive Kin2-D248A mutant. We also mutated the phosphorylated residues Y275 and
T281 to generate several activation loop mutants (e.g., Kin2-Y275A, Kin2-T281A, Kin2-
Y275A-T281A, Kin2-Y275E-T281A, and Kin2-Y275A-T281E). These Kin2 mutants were
separately introduced in the kinTA kin2A strain, and the resulting strains were tested for
growth on both dextrose and tunicamycin media (Fig. 5A).

As shown in Fig. 5A (lower), the kinTA kin2A strain containing a kinase-inactive
Flag-Kin2-D248A mutant was sensitive to tunicamycin, like the strain containing a
vector plasmid, whereas the kinTA kin2A strain containing the Flag-Kin2-Y275A-T281E
mutant was resistant to tunicamycin, like the strain containing wild-type Flag-Kin2. The
resistance to tunicamycin was reduced when the kinTA kin2A cells contained a Flag-
Kin2-Y275A or Flag-Kin2-T281A mutant (Fig. 5A). This tunicamycin resistance was
noticeably further reduced when the kinTA kin2A cells contained a Flag-Kin2-Y275A-
T281A or Flag—Kin2-Y275E-T281A mutant. We were unable to detect the Flag-Kin2
protein by Western blotting in the whole-cell extract containing 100 ug of total protein,
likely due to its low expression from the native promoter (data not shown). However,
the obvious ER stress-resistant growth phenotype suggested that the kinase domain
function was important to activate the ER stress response, and the activation loop
phosphorylation was important for full Kin2 kinase activity. Moreover, we found that
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the tunicamycin-resistant phenotypes of kinTA kin2A cells containing the Flag-Kin2-
Y275A-T281E derivative were comparable to those of cells containing wild-type Flag-
Kin2 (Fig. 5A, tunicamycin, lower). These data suggested that phosphorylation at
residue T281 plays a major role in kinase domain function.

To further confirm that the activation loop phosphorylation was important for the
full kinase activity of Kin2, we performed in vitro kinase assays. Approximately 10 mg of
total cellular proteins from the kinTA kin2A cells expressing Flag-Kin2-WT, Flag-Kin2-
D248A, or Flag—Kin2-Y275A-T281A were immunoprecipitated by anti-Flag M2-agarose.
The immunoprecipitated proteins were washed with 2X kinase buffer and mixed with
a-casein (0.5 pg) and [y-33P]JATP (1 uCi per reaction mixture) essentially as described
previously (48). After 30 min, 2X SDS dye was added to the reaction mixture to quench
the kinase reaction. The reaction mixture was then heated at 90°C for 1 min and loaded
in an SDS-PAGE gel to separate the a-casein- and M2-agarose-precipitated proteins.
The gel was stained to visualize the a-casein protein (Fig. 5B, middle, stain), dried, and
autoradiographed (Fig. 5B, 33P).

As shown in the Fig. 5B, a number of phosphorylated protein bands, with molecular
masses ranging from 42 to 150 kDa, appeared in the reaction mixture containing WT
Flag-Kin2 (lane 3), suggesting that Flag-Kin2 (molecular mass of Kin2 is 128.36 kDa) or
other kinases (if any) are autophosphorylated or they in turn phosphorylated other
proteins in the immunoprecipitates. We also observed that a-casein was phosphory-
lated ~10-fold more in the reaction mixture containing the WT Flag-Kin2 protein than
the reaction mixture containing the kinase-inactive Flag-Kin2-D248A protein (Fig. 5B,
compare lanes 2 and 3, and lower). Flag-Kin2-D248A is an inactive kinase, suggesting
that a low level of phosphorylation in a-casein occurs by unknown kinases present in
the immunoprecipitates. Moreover, we observed significant a-casein phosphorylation
in the reaction mixture containing the Flag-Kin2-Y275A-T281A (Fig. 5B, lane 1) mutant,
suggesting that Y275A and T281A mutations in a single protein did not completely
abolish the kinase domain function. The relative phosphate incorporation in a-casein
showed that Flag-Kin2-Y275A-T281A mutant phosphorylated a-casein ~4-fold less
efficiently than WT Flag-Kin2 (Fig. 5B, top and middle compare lanes 1 and 3, and
bottom). We were unable to detect the expression of Flag-Kin2 protein by Western
blotting due to its extremely low expression. Nonetheless, the ability of the Flag-Kin2-
Y275A-T281A mutant to phosphorylate a-casein, albeit less efficiently, suggested that
Flag-Kin2-Y275A-T281A mutant expressed a functional protein with a weaker kinase
activity, and the activation loop phosphorylation was important for the full kinase
activity of Kin2.

Activation loop phosphorylation is important for Kin1™ini kinase activity. The
Kin2 residues Y275 and T281 correspond to Kin1 residues S296 and T302. Thus, we
investigated whether substitution of glutamate for T302 activated the kinase
function of Kin1mini protein. We expressed Kin1mini and its derivatives, Kin1mini-
D269A (kinase-inactive mutant), Kin1mini-S296A, T302A (nonphosphorylatable mu-
tant), Kin1mini-S296A,T302E, and Kin1miri-S296E,T302A (phospho-mimetic mutants),
in a kinTA kin2A strain (Fig. 6A). As shown in Fig. 6A, the kinTA kin2A strain
containing a vector plasmid was unable to grow on the tunicamycin medium (row 1)
but was able to grow on the same medium when the vector plasmid contained a WT
KINT™ini gene (row 2). The kinTA kin2A strain containing the Kin1mini-S296A,T302E
mutant, like WT Kin1mini, was able to grow on the tunicamycin medium (Fig. 6A,
tunicamycin, compare rows 2 and 5). In contrast, the kinTA kin2A strain containing the
Kin1mini-D269A, Kin1™ini-S296A,T302A, or Kin1™mini-S296E,T302A mutants, like the vector
control, was unable to grow on the tunicamycin medium (Fig. 6A, tunicamycin, rows 1,
3, 4, and 6). Western analysis showed that all of the mutant proteins were expressed at
levels comparable to those of the WT, except Kin1™ini-S296A,T302E (Fig. 6B, Western,
lanes 1 to 6), suggesting that Kin1mini-D269A, Kin1mini-S296A,T302A, and Kin1mini-
S296E,T302A mutants expressed nonfunctional kinases. These data further suggested
that Kin1mini-S296A,T281E expressed an active kinase in which the glutamate substi-
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FIG 6 Activation loop phosphorylation is important for Kin1mini kinase activity. (A) Analysis of yeast cell
growth. The kinTA kin2A deletion strains containing a vector plasmid (null) or expressing wild-type
Flag-Kin1 (WT) and the indicated derivatives were tested for their growth on dextrose and tunicamycin
media. Kinase activity is indicated as plus (active) or minus (inactive) signs. (B) Analysis of Kin1 protein
expression. Whole-cell extracts from the yeast cells indicated in panel A were subjected to SDS-PAGE,
followed by Western blotting using anti-Flag and anti-Pgk1 antibodies.

tution for T302 mimicked a phosphorylated residue. It should be noted that the
phosphomimetic substitution at the Kin1 residue S296 (i.e., Kin1™mini-S296E,T302A),
unlike the Kin2 residue Y275 (i.e., Kin2mini-Y275E,T281A) (Fig. 4B, tunicamycin, row 8),
was unable to promote growth on the tunicamycin medium (Fig. 6A, tunicamycin, row
6). These observations suggest that the glutamate substitution S296E did not mimic the
phosphorylated state or that phosphorylation of S296 had only a minor role for Kin1
kinase activity. Taking these findings together, it appears that phosphorylation of T302
in Kin1 or the corresponding T281 in Kin2 is important for full Kin1 or Kin2 kinase
domain function.

Phosphorylation of residue T302 in Kin1 or T281 in Kin2 occurs in trans. Most
protein kinase domains remain in an inactive state and are activated when cells need
them. The inactive-to-active transition in most cases requires phosphorylation within its
activation loop (49). Phosphorylation of the activation loop can occur by itself (i.e.,
autophosphorylation) or may occur via other kinases (i.e., transphosphorylation) or
both (50). To determine how T281 phosphorylation occurs in cells, two catalytically
inactive kinase mutants (i.e., Kin2miri-D248A and Kin2mini-K128R) were expressed in a
kinTA kin2A strain (Fig. 7A), and then we examined the phosphorylation status of the
T281 residue. Western blot analysis showed that expression of Kin2mini-K128R (Fig. 7A,
lower, lane 3) and Kin2 mini-D248A (Fig. 7A, lower, lane 4) was almost similar to that of
wild-type Kin2™mini protein (Fig. 7A, lower, lane 2). It should be noted that kinase-inactive
Kin2mini-K128R and Kin2 mini-D248A proteins migrated faster than the respective wild-
type protein (Fig. 7A, lower, compare lanes 2, 3, and 4) for unknown reasons. Interest-
ingly, however, we observed that the residue T281 was phosphorylated in both
Kin2mini-K128R and Kin2™mini-D248A kinase-inactive proteins (Fig. 7A, Western, upper,
lanes 3 and 4). We also observed that the level of T281 phosphorylation in Kin2mini-
K128R or Kin2mini-D248A (more prominent) was much lower than that in the Kin2mini
protein (Fig. 7A, upper, compare lanes 2, 3, and 4). A low level of T281 phosphorylation
in Kin2mini-K218R and Kin2min-D248A can be interpreted by their susceptibility to
dephosphorylation by unknown phosphatases, as suggested by Cameron et al. based
on their similar observations with protein kinase C (51). Alternatively, the decreased
T281 phosphorylation in the kinase-defective mutants may arise from different degrees
of compromised autophosphorylation in the K128R and D248A mutants. The phos-
phorylation of T281 residue in kinase-dead mutants suggested that T281 phosphory-
lation occurred in a trans mechanism by an upstream kinase.

To determine that Kin2mini-K128R was an inactive kinase, we induced the expression
of Flag-Kin1™mini, Flag-Kin2mini, and Flag-Kin2mini-K128R proteins in yeast Saccharomyces
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FIG 7 Phosphorylation of Kin2-T281 or Kin1-T302 occurs in trans. (A) The residue T281 is phosphorylated
in kinase-dead mutants. Whole-cell extracts from the yeast cells expressing the wild-type Kin2™mii or its
derivatives, as indicated in panel A, were subjected to SDS-PAGE, followed by Western blotting using
T281 phosphospecific and anti-Flag antibodies. (B) In vitro kinase assays. Partially purified ScKin1miri,
ScKin2mini, and ScKin2mini-K128R proteins were mixed with a-casein in a kinase reaction buffer containing
[y-33P]ATP. The reaction mixture was quenched after 20 min by addition of 3X SDS dye and resolved by
gel electrophoresis. The gel was stained to see protein bands (lower), dried, and then subjected to
autoradiography to detect the incorporation of 33P in a-casein. (C) The recombinant EcGST-Kin2mini-
T281E protein phosphorylates a-casein in vitro. Partially purified recombinant EcGST-Kin2™ini (WT) or
EcGST-Kin2mini-T281E protein was subjected to in vitro kinase assay using [y->3P]JATP and a-casein as a
substrate. The EcGST-Kin2™n and a-casein protein bands are shown in the lower panel, whereas
phosphate (33P) incorporation in the respective a-casein and EcGST-Kin2™ini proteins is shown in the
upper panel. The asterisk indicates an unwanted protein band bound with the GST-Kin2™min protein. (D)
The recombinant EcGST-Kin1™min-T302E protein phosphorylates a-casein in vitro. Partially purified re-
combinant EcGST-Kin1™in (WT) or EcGST-Kin1mini-T302E protein was subjected to in vitro kinase assay
using [y-33PJATP and a-casein as a substrate. The EcGST-Kin1™in and a-casein protein bands are shown
in the lower panel, whereas phosphate (33P) incorporation in the respective a-casein and EcGST-Kin1mini
proteins is shown in the upper panel.

cerevisiae cells by galactose (see Materials and Methods). The recombinant proteins in
Saccharomyces cerevisiae (referred to as ScKin1mini, ScKin2mini, and ScKin2mini-K128R)
were partially purified by anti-Flag M2-agarose and subjected to in vitro kinase assays
using a-casein as a substrate. We observed that the purified ScKin1™mini or ScKin2mini
readily phosphorylated a-casein (Fig. 7B, upper, 33P, lanes 1 and 2). However, an
extremely low level of a-casein phosphorylation was observed when we used
ScKin2mini-K128R mutant protein (Fig. 7B, upper, 33P, lane 3). As shown in Fig. 4B, the
Kin2mini-K128R mutant did not allow the kinTA kin2A cells to grow on the tunicamycin
medium (Fig. 4B, row 3). Thus, it appeared that the low level of a-casein phosphory-
lation was due to the presence of another kinase in the partially purified Kin2mini-K128R
protein. Collectively, these data confirm that ScKin2mini-K128R is an inactive kinase.
We further confirmed that T281 phosphorylation occurred in a trans mechanism by
in vitro kinase assay (see Materials and Methods). Initially, we made glutathione
S-transferase (GST)-fused full-length Kin2 and Kin2™mini protein constructs to express
full-length Kin2 (Kin2f!) and Kin2mini (residues 94 to 526) proteins in Escherichia coli.
However, an extremely small amount of protein was expressed from either construct.
Thus, we further engineered the GST-Kin2mini-94-526 construct to make a GST-Kin2-
(60-526)-A40-AKI construct (D1386) (Table 2) in which 34 residues were added at the
N-terminal end of GST-Kin2mini-94-526 protein and the protease-labile residues 440 to
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480 (i.e., 40 residues in the KER-Il region) and 136 to 165 (i.e., 30 residues in the kinase
domain referred here to as the kinase insert [KI]) were deleted. Interestingly, we
observed that, like the Kin2mini protein, the Kin2-(60-526)-A40-AKI protein was able to
activate the UPR in the kinTA kin2A cells (data not shown), suggesting that Kin2-(60-
526)-A40-AKI was a functional protein. Moreover, we observed that protein expression
in E. coli from the GST-Kin2mini-(60-526)-A40-AKI construct was significantly improved.

We then made two mutants of GST-Kin2mini-(60-526)-A40-AKI protein: GST-Kin2mini-
(60-526)-A40-AKI-T281E (D1347) and GST-Kin2mini-(60-526)-A40-AKI-Y275E (D1942) (Ta-
ble 2). GST-Kin2mini-(60-526)-A40-AKI, GST-Kin2mini-(60-526)-A40-AKI-T281E and GST-
Kin2mini-(60-526)-A40-AKI-Y275E were expressed in E. coli. The recombinant proteins in
E. coli (referred here to as EcGST-Kin2™mini, EcGST-Kin2mini-T281E, and EcGST-Kin2mini-
Y275E) were purified and mixed with the a-casein or histone in a kinase reaction buffer
containing [y-33PJATP (1 uCi per reaction). The reaction mixture was then resolved by
SDS-PAGE, and the incorporation of 33P in «-casein or histone (data not shown) was
detected by autoradiography (Fig. 7C). A robust phosphorylation of a-casein or histone
(data not shown) was observed in a reaction mixture containing GST-Kin2mini-T281E
protein (Fig. 7C, lane 2) but not in the reaction mixture containing EcGST-Kin2mini (Fig.
7C, lane 1) or EcGST-Kin2mini-Y275E (Fig. 7C, lane 3). These data suggested that
recombinant GST-Kin2™mini-T281E was an active kinase, whereas the recombinant
EcGST-Kin2mini and EcGST-Kin2mini-Y275E proteins were inactive kinases, likely due to
lack of activating T281 phosphorylation. Collectively, our data suggest that glutamate
substitution for T281, but not Y275, mimicked the phosphorylated state, thereby
activating its kinase function.

We also determined by an in vitro kinase assay that T302 phosphorylation in Kin1
occurred by a trans mechanism. Initially, we made a GST-fused Kin1™ini protein con-
struct to express the Kin1mini protein in E. coli. However, the GST-Kin1™ini construct
produced an extremely small amount of protein. Thus, we deleted the protease-labile
Kl region (residues A177 to 1205) and expressed the GST-Kin1mini-AKl and GST-Kin1mini-
AKI-T302E proteins. It should be noted that both Flag-tagged Kin1™mini-AKI and Kin1mini-
AKI-T302E, like Kin1mini, were able to activate the UPR in the kinTA kin2A cells (data not
shown), suggesting that Kin1™ini-AKI was a functional protein kinase. Moreover, we
observed that protein expression in E. coli from the GST-Kin1™in-AKI construct was
significantly improved. The recombinant proteins in E. coli (referred to as ECGST-Kin1min
and EcGST-Kin1mini-T302E) were purified and subjected to in vitro kinase assays as
described above. We observed that recombinant EcGST-Kin1™iri was unable to phos-
phorylate a-casein (Fig. 7D, lane 2), likely due to a lack of activating T302 phosphory-
lation. However, consistent with the EcGST-Kin2mini-T281E protein (Fig. 7C, lane 2),
EcGST-Kin1mini-T302E readily phosphorylated a-casein (Fig. 7D, lane 3). These data
suggested that the glutamate substitution for T302 mimicked the phosphorylated
state, thereby activating its kinase function. Taken together, our data suggest that
phosphorylation of T281 in Kin2 or T302 in Kin1 occurs by a trans mechanism.

Glutamate substitution of T281 restores the defective ER-stress response as-
sociated with a mutation at the HAC7 3'-UTR. Since Kin kinase function has been
implicated in Hac1-mediated UPR, we investigated the effect of active Kin2mini-T281E
protein in Hac1l expression from HACT mRNA. HACT mRNA consists of a short 5’-UTR,
two exons (exon1 and exon2) separated by an intron, and a long 3’-UTR (52). It has
been shown that an intramolecular interaction between the 5’-UTR and intron blocks
translation initiation (14, 53), thereby rendering HACT mRNA translationally silent (Fig.
8A). Under conditions of ER stress, HACT mRNA associates with an ER-resident endo-
nuclease, Ire1, that cleaves out the intron, thus releasing the translational block (14, 53).
Recently, we have shown that a conserved sequence element (5'-G;,0UUGG; ,,-3') at
the 3’-UTR makes a significant contribution to translocation, splicing, and translation of
HACT mRNA (31). In other words, we have shown that mutations of two consecutive
guanine nucleotides (G, 45 and G,,,,) at the 3'-UTR reduce the UPR induction due to
defects in both splicing and translation of HACT mRNA, and these splicing and
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FIG 8 Thr-281 phosphorylation is required to suppress the defective alleles of HACT mRNA. (A) Schematic
representation of HACT mRNA. The cap, 5’- and 3’-UTRs (dotted lines), exons, intron (solid line), and
polyadenine (An) tail are shown. The intron has been shown to interact with its 5'-UTR. A conserved
element at the 3'-UTR (i.e., 5'-G;,,0UUGG;,,-3') is shown. (B and C) Analysis of yeast cell growth. A
hac1A kinT1A deletion strain was transformed with the indicated HACT or KIN2 alleles. Transformants were
then tested for growth on dextrose and tunicamycin media. (D) Analysis of Hac1 protein expression.
Whole-cell extracts from the yeast cells indicated in panel C were subjected to SDS-PAGE, followed by
Western blotting using an anti-Hac1 antibody. Nonspecific bands are indicated as loading controls. The
relative amount of Hac1 protein (molecular size of 26.89 kDa) was estimated as a ratio of each protein
band density (ImageJ software) to the lane’s loading control.

translation defects can be restored by overexpressing the protein kinase Kin1 or Kin2
(31).

In order to provide further direct in vivo evidence that glutamate substitution of the
residue T281 could activate the kinase domain, we investigated the impact of Kin2mini-
T281E mutant protein on Hac1l-mediated UPR. The Kin2mini-T281E mutant protein was
overexpressed in the kinTA haclA yeast strain containing a HACT-GG;,,45_,,CC allele.
The resulting strains were then tested for their growth on the tunicamycin medium. As
shown in Fig. 8B, yeast cells expressing a HAC1-GG,,,5_,,CC allele grew more slowly on
the tunicamycin medium than cells expressing a wild-type HACT allele (tunicamycin,
compare rows 2 and 3). The slow growth in cells was visibly more normal when Kin2mini
or Kin2mini-Y281A,T281E, but not Kin2mini-Y281A,T281A, was overexpressed from a
high-copy-number vector (Fig. 8C). Western analysis showed that restoration of growth
was correlated with higher levels of Hac1 protein expression (Fig. 8D, Western, compare
lanes 2 and 4). These genetic and biochemical data collectively suggest that T281
phosphorylation within the activation loop of Kin2 is important for expression of Hac1
protein.

DISCUSSION
Protein kinases Kin1 and Kin2 belong to a family of serine/threonine kinases that has
been shown to coordinate cellular exocytosis as well as the ER-stress response. How-
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ever, it is not known how Kin kinases are activated and how they transmit stress signals
to the downstream components. Here, we investigated the molecular events that lead
to activation of the Kin kinase domain under conditions of ER stress. We show that both
Kin1 and Kin2 proteins minimally require a kinase domain (KD) and a short adjoining
kinase extension region (KER) for their function (Fig. 1). We refer these mini-functional
Kin1 and Kin2 proteins as Kin1mini and Kin2mini, respectively. We further demonstrate
that Kin2-KER is composed of two distinct subdomains (KER-I and KER-IIl) separated by
a spacer of at least 40 amino acids (Fig. 2). The computational analyses suggest that
KER-I folds and functions like an UBA-like domain by unknown mechanisms, likely
maintaining the integrity of the kinase domain, as shown in the nonfermenting
(Snf1)-related kinase (54).

Typically, most protein kinase domains are kept in an inactive state by means of an
intramolecular interaction(s) mediated by its own domain or an intermolecular inter-
action(s), mediated by another subunit(s), or both (55). For example, the KA1 domain
in Kin kinases functions as an autoinhibitory domain (32), whereas a regulatory subunit
of PKA inhibits its kinase activity (56). The inactive kinase domain must be activated in
order to perform its physiological function. Inactive-to-active transition requires release
of the KD from its own domain or subunit or both. However, in many cases the isolated
kinase domain is not functional. For example, we did not find any measureable Kin
kinase activity when the isolated KD of Kin1 (residues 115 to 430) or Kin2 (residues 94
to 380) was expressed in yeast cells or when the purified kinase domain was subjected
to an in vitro kinase assay using a-casein or histone as a substrate (data not shown). For
the kinase activity, Kin kinases required at least an adjoining extension region (i.e., KER)
outside the kinase domain. However, the structural and functional role of KER is not yet
clear. Most likely, KER increases the stability of protein by promoting a specific intra-
molecular interaction, binds a specific partner protein that activates the kinase domain,
and/or targets the protein to a specific cell compartment.

Both Kin1 and Kin2 are shown to be phosphorylated proteins. Thus, it appears that
each one is regulated by a complex mechanism involving auto- and/or transphosphor-
ylation. Mutational analyses of several phosphorylated residues revealed that the
substitution of phosphomimetic glutamate for the Kin1 residue T302 or the Kin2
residues Y275 and T281 bypassed the requirement of phosphorylation in Kin1™i or
Kin2mini proteins (Fig. 4 and 6). The Kin1 residue T302 or Kin2 residues Y275 and T281
are mapped within the activation loop of the kinase domain. Activation loop phos-
phorylation followed by kinase domain activation is a recurrent theme in protein
kinases (57). Interestingly, we found that the Kin2 residue T281 was phosphorylated in
the Kin2mini-K128R and Kin2mini-D248A kinase-inactive mutants (Fig. 7). Furthermore,
we found that the bacterially expressed and purified GST-Kin1 or GST-Kin2 protein was
unable to phosphorylate a-casein, likely due to the lack of activating T302 or T281
phosphorylation. Consistent with this, we observed that the glutamate substitution of
the residue T302 in GST-Kin1 and T281 in GST-Kin2 protein led to phosphorylation of
a-casein (Fig. 7). Collectively, these data suggest that phosphorylation of residue T302
in Kin1 or T281 in Kin2 occurs in a trans mechanism.

The Kin kinase domain shows a significant homology with the kinase domain of Snf1
(sucrose nonfermenting 1) in yeast and the AMPK (AMP-activated protein kinase)-
related kinase Mark in humans. Snf1 is phosphorylated and activated by a group of
three upstream kinases, Sak1, Tos3, and ElIm1 (58), whereas Mark is phosphorylated and
activated by an upstream kinase LKB1 complex (59). Thus, we examined the phosphor-
ylation status of T281 residue in a yeast strain lacking all three kinases, Sak1, Tos3, and
EIm1. No change in T281 phosphorylation was observed in the triple deletion strain
(data not shown), suggesting that none of these kinases are involved in T281 phos-
phorylation. Additionally, we performed an in vitro kinase assay with the recombinant
Kin2 protein and LKB1 complex purified from human cells. No phosphorylation of T281
in Kin2 protein was observed (data not shown). Collectively, these data suggest that
T281 phosphorylation is mediated by a currently unknown kinase, which is likely
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FIG 9 Proposed model for the activation of Kin kinase domain. During ER stress, unfolded proteins
accumulate in the ER lumen and titrate the ER-resident protein Kar2 bound to the kinase/RNase Ire1 (left),
resulting in dimerization, oligomerization, and activation of Ire1 proteins. The active Ire1 transmits the
stress signal to HACT mRNA, leading to its translation, which in turn activates expression of UPR genes
involved in accelerating the protein-folding processes. In yeast cells, the canonical Ire1 pathway is likely
synergistically activated by protein kinases Kin1 and Kin2 (right). Kin1 and Kin2 kinases are likely
associated with the cellular endomembrane and/or at the cytoplasmic face of the plasma membrane.
They remain in an inactive state by an intramolecular interaction between the kinase domain (KD) and
the kinase-associated 1 (KA1) domain. During stress, the KD is released from the KA1 domain and is
phosphorylated in trans by an upstream kinase. Active Kin2 then phosphorylates an unknown substrate
(Subs-P) that synergistically activates the Ire1 pathway or independently transmits the stress signal to the
nucleus to activate the UPR genes.

unrelated to human LKB1 or Sak1/Tos3/Elm1. Moreover, it is not known how an active
Kin1 or Kin2 kinase transmits the signals by phosphorylating the downstream targets.

Recently, it was shown that the extreme C-terminal end of human Mark3, consisting
of the motif KA1 and a short upstream region (referred to here as the KA1Mark3 domain),
could drive GFP to the cellular membrane (60), suggesting that the KA1 motif plays a
role in targeting the protein to the membrane. The bioinformatics analysis showed that
KA1Marks s strikingly analogous to the extreme C-terminal 90 residues of Kin1 or Kin2
protein, which includes the KA1 motif (data not shown; the analogous KA1 domain of
Kin2 is referred to as the KA1Xin2 domain). Like KA1Mark3 we also found that the KA1Kin2
domain could target Kin2 to the plasma membrane (data not shown). From these
results, it appears that Kin2 was associated with membranes where both KER and KA1
domains play important roles in membrane association.

Based on our data, together with the published results, we propose a model for Kin
kinase domain activation and how Kin kinases coordinate with the Ire1 pathway to
activate the ER stress response (Fig. 9). During ER stress, unfolded proteins in the ER
lumen titrate the chaperone Kar2 bound to Ire1 (61), resulting in activation of both
kinase and RNase domains of Ire1 through dimerization, oligomerization, and phos-
phorylation (62, 63). The active Ire1-RNase then cleaves the intron from HACT mRNA,
thereby releasing its translational block. Hacl protein activates the expression of
several protein-folding enzyme and chaperone genes. In parallel, the membrane-
associated protein kinases Kin1 and Kin2 are activated by releasing their kinase domain
from the autoinhibitory KA1 domain and by phosphorylating in trans within the

December 2018 Volume 38 Issue 23 e00266-18

Molecular and Cellular Biology

mcb.asm.org 18


https://mcb.asm.org

Transphosphorylation of Protein Kinases Kin1 and Kin2 Molecular and Cellular Biology

TABLE 1 Yeast strains used in this study

Yeast strain Genotype Reference or source
WT (BY4741) MATa his3-A1 leu2-A0 met5-A0 ura3-A0 Research Genetics
kin1A kin2A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 kinl:natMX kin2:kanMX Anshu et al. (31)
hac1A kin1A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 hacl:natMX kin1:kanMX Anshu et al. (31)
ste2A strain MATa leu2-3,112 ura3-52 his3-A1 trp1 ste2:leu2 sst1-A5 Stoneman et al. (46)

activation loop by an upstream kinase. Active Kin kinase then synergistically or inde-
pendently activates the UPR pathway by unknown mechanisms.

Previously we have shown that, under conditions of ER stress, both GFP-Kin2 and
GFP-Kin22KAT fusion proteins were predominantly visualized as discrete dots within the
cytoplasm (31). We also found that Kin2mini protein associates with endomembrane
when cells are under ER stress (Fig. 3). Recently, Yuan et al. showed that Kin2 is
predominantly located at the bud tip/neck (45). Thus, it appears that association of Kin2
with the membrane regulates its kinase function, and the membrane association varies
depending upon the cellular conditions. Still, molecular events leading to association of
Kin kinases with endomembrane in specific cellular responses remains to be estab-
lished. Moreover, roles of Kin kinases in ER proteostasis raise some intriguing questions.
For instance, how, when, and in what context do Kin kinases sense and transduce the
ER stress signal? How do Kin kinases coordinate with the Ire1 pathway to produce an
optimum UPR?

MATERIALS AND METHODS

Chemicals, reagents, and antibodies. All chemicals and reagents were purchased from commercial
suppliers Sigma-Aldrich, Acros Organics, and Fisher Scientific (USA) unless otherwise noted. Restriction
enzymes were purchased from NEB (New England BioLabs, USA). Protein assay reagent was obtained
from Bio-Rad (USA).

Anti-Flag antibody was purchased from Sigma (F-3165). Anti-Pgk1 was purchased from Thermo
Fisher Scientific, USA (459250). Antiactin was purchased from Santa Cruz, USA (sc-47778). Anti-GST was
purchased from Invitrogen (13-6700). We raised a polyclonal antibody against the recombinant Hacl
protein from Thermo Fisher Scientific (USA). We raised an antibody against a T281 phospho-specific
peptide (RKQLHpTFCGS [pT, phopshorylated threonine]) from GenScript, USA.

Yeast strains and growth conditions. Yeast cells were grown and cultured at 30°C on a standard
liquid YPD (yeast extract-peptone-dextrose containing 1% yeast extract, 1% peptone, and 2% glucose)
and/or SC (synthetic complete containing 1.44 g/liter yeast nitrogen base without amino acids, 5 g/liter
ammonium sulfate, amino acid supplement, and 2% glucose) medium or on a standard solid YPD or SC
medium (containing 2% agar).

To monitor cell growth on a solid SC-uracil medium (SC medium without uracil) containing tunica-
mycin (2.0 pg/ml), the following methods were used. Cells were suspended in sterile water and diluted
to an optical density at 600 nm (ODy,,) of ~0.5. The cells then were serially diluted to 10~', 10-2, and
10-3. Samples (5 pl) of each dilution were spotted on the solid medium and incubated at 30°C for 48 h.
The yeast strains used in these studies are listed in Table 1.

Bacterial strains and plasmids. Standard gene cloning and genetic engineering techniques were
used for gene mutations and generation of plasmids. All constructs were verified by DNA sequencing.
Four standard plasmids were used in this study: (i) D1 (pRS313), a low-copy-number HIS-marked plasmid;
(i) D8 (pRS426), a high-copy-number URA3-marked 2u plasmid; (iii) D18 (pEMBLyex4), a high-copy-
number URA3-marked 2u plasmid for yeast protein expression; and (iv) D1163 (pGEX-2T-TEV), a bacterial
expression vector. The plasmids used in this study are listed in Table 2.

Purification of Kin1 or Kin2 protein from yeast and bacteria. The kin1A kin2A yeast cells
containing the URA3-marked plasmid expressing a Flag-tagged Kin1 or Kin2 protein were grown
overnight in liquid SC-uracil medium. The overnight culture was resuspended in fresh medium to give
an ODy,, of ~0.1 and grown further until the OD,, reached ~0.8 to 1.0. Cells were then harvested and
grown for another 8 h in liquid SGR-uracil (synthetic complete medium containing 10% galactose and 2%
raffinose supplemented with required nutrients without dextrose and uracil). Cells were harvested and
the Flag-tagged recombinant protein was purified by Flag M2-agarose slurry (M8823; Sigma, USA) using
the standard protocol.

BL21(DE3) pLysS E. coli cells containing a plasmid expressing the GST-Kin1 or GST-Kin2 protein
were grown overnight in LB medium. The overnight culture was resuspended in fresh LB medium
to give an ODg,, of ~0.1 and grown further until the OD,, reached ~0.6 to 0.8. Isopropyl-3-p-1-
thiogalactopyranoside (IPTG) then was added to the bacterial culture (final concentration, 0.5 mM) and
grown further for another 16 h at 25°C at 200 rpm/min. Cells were harvested and the recombinant
GST-tagged Kin1 or Kin2 protein was purified by GST-agarose beads (17-0756-01; GE Healthcare, USA)
using the standard protocol.
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TABLE 2 Plasmids used in this study

Plasmid Detail(s) Reference or source
D1 pRS313, low-copy-no. HIS3 vector

D8 PRS426, high-copy-no. URA3 vector

D18 pPEMBLyeX4 expression vector

D197 Kin2 in 2 URA3 vector Patrick Brennwald
D619 Kin1 in pBG1805 expression vector Benjamin Turk
D1163 PGEX-2T-TEV HTa expression vector

D1400 Kin2-(1-1147) in D18 This study
D1129 Kin2-(94-526) in D18 Anshu et al. (31)
D1186 Kin2-(94-400) in D18 This study
D1184 Kin2-(94-440) in D18 This study
D1182 Kin2-(94-480) in D18 This study
D1220 Kin2-(94-526)-A(400-440) in D18 This study
D1191 Kin2-(94-526)-A(440-480) in D18 This study
D1742 Kin2-(94-510) in D18 This study
D1181 Kin2-(94-500) in D18 This study
D1221 Kin2-(94-526)-D248A in D18 This study
D1239 Kin2-(94-526)-Y275A,T281A in D18 This study
D1514 Kin2-(94-526)-Y275A,T281E in D18 This study
D1353 Kin1-KD in D18 This study
D1534 Kin1 (115-515)-Y294F,5S296A,T302A in D18 This study
D1535 Kin1 (115-515)-Y294F,S296A,T302E in D18 This study
D1507 Kin2-(94-526)-K128R in D18 This study
D1386 Kin2-(60-526)-A40, AKI in D1163 This study
D1347 Kin2-(60-526)-A40, AKI, T281E in D1163 This study
D1688 Hac1 WT in D1 This study
D1689 Hacl GG;;43.1144CC in D1 This study
D1459 GFP-Kin2-(1-526) in D8 This study
D1258 GFP-KA1 in D8 This study
D1882 Kin1-(115-430) in D18 This study
D1963 Ste2-YFP in a high-copy-no. TRP1 vector Stoneman et al. (46)
D1237 Kin2-(94-526)-Y275A in D18 This study
D1238 Kin2-(94-526)-T281A in D18 This study
D1570 Kin2-(94-526)-Y275E,T281A in D18 This study
D852 Kin2 in D8 This study
D853 Kin2-D248A in D8 This study
D1950 Kin2-T281A in D8 This study
D1949 Kin2-Y275A in D8 This study
D1946 Kin2-Y275A,T281A in D8 This study
D1947 Kin2-Y275E,T281A in D8 This study
D1948 Kin2-Y275A,T281E in D8 This study
D1968 Kin1-(115-515)-D269A in D18 This study
D1955 Kin1-(115-515)-S296E,T302A in D18 This study
D1942 Kin2-(60-526)-A40, AKI, Y275E in D1163 This study
D1379 Kin1-(58-515)-AKI in D1163 This study
D1380 Kin1-(58-515)-AKI, T302E in D1163 This study

Preparation of whole-cell extract and Western blot analysis. Yeast cells were grown overnight in
a liquid SC-uracil medium. The cells grown overnight were resuspended in a fresh SC-uracil medium to
give an ODg, of ~0.1 and further grown for another 3 to 4 h to reach an OD,,, of ~0.6 to 0.8. Cells were
then harvested by centrifugation at 3,000 rpm for 10 min and resuspended in SGR medium (10%
galactose and 2% raffinose supplemented with required nutrients) and grown further for another 8 h.
Cells at an ODy,,, of approximately 10 were taken, and total cellular proteins were precipitated by adding
200 pl of 100% trichloroacetic acid (TCA) overnight at 4°C. From the TCA-precipitated cellular proteins,
whole-cell extracts (WCE) were prepared as described previously (31). WCEs were separated by SDS-PAGE
and subjected to Western blot analyses with an appropriate antibody. Each Western blot analysis was
repeated at least twice, and representative data are shown.

Mass spectrometric analysis. Yeast cells expressing the Flag-Kin2™mini protein were grown overnight
in a liquid SC-uracil medium. The overnight culture was resuspended in a fresh liquid SC-uracil medium
and grown until the OD,,, reached ~0.8 to 1. Cells were harvested and resuspended in SGR-uracil
medium and grown for 8 h. Tunicamycin (2.0 ng/ml) was added to the culture and grown for another
2 h. Cells were harvested and lysed in a buffer containing 20 mM Tris-HCl, pH 7.5, 500 mM NacCl, 300 mM
NH,SO,, T mM phenylmethylsulfonyl fluoride (PMSF), 1T mM NaF, 15 mM B-glycerophosphate, 1 mM
NaOVa,, 0.1% Triton X-100, and Pierce protease inhibitor tablet (1 tablet for 25 ml buffer). Whole-cell
lysate was prepared by centrifugation at 14,000 rpm for 10 min. Flag M2-agarose slurry (Sigma) was
equilibrated with the same buffer. Whole-cell lysate was incubated with the Flag M2-agarose beads for
1 h. Beads were washed with the same buffer. Flag-Kin2 protein was eluted with the Flag peptide (0.1
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mg/ml). Purified Flag-Kin2 protein was run on SDS-PAGE. The Kin2 protein band was detected by
Coomassie stain. The stained Kin2 protein band was cut and sent to the Madison Mass Spectrometry
Facility, which identified 5 major phosphorylated residues in three peptides by matrix-assisted laser
desorption ionization-tandem time of flight mass spectrometry after in-gel digestion: QHSLPSPKNEpSE
ILER (residues 141 to 156), SNIFDpYRKQLHpPTFCG (residues 270 to 285), and DDENpSpSILHEK (residues
324 to 335).

In vitro kinase assay. The partially purified Kin2 and histone or dephosphorylated form of a-casein
(C6780; Sigma, USA) proteins were mixed with the y-33P-labelled ATP (1 wCi per reaction) in a kinase
reaction buffer (20 mM Tris-HCI, pH 8.0, 50 mM KCl, 25 mM MgCl,, 10% glycerol, 1 mM DTT) for 20 min
at room temperature. The kinase reaction was stopped by 3 SDS dye (NEB). The reaction mixture was
separated by SDS-PAGE. The protein gel was fixed for an hour in a fixing solution (50% methanol and
10% glacial acetic acid), stained for 20 min in a staining solution (0.1% Coomassie brilliant blue R-250,
50% methanol, and 10% glacial acetic acid), and destained overnight in a destaining solution (40%
methanol and 10% glacial acetic acid). The gel was dried and autoradiographed with a phosphorimager
to detect the 33P.

In vivo imaging of yeast cells by a two-photon microspectroscope. The GFP2 and YFP signals
were detected in the ste2A cells expressing Kin2-GFP2 and Ste2-YFP, either separately or together, using
a two-photon microspectroscope comprised of a Nikon Eclipse Ti (Nikon Instruments, Inc., Melville, NY)
inverted microscope stand and a modified OptiMiS scanning/detection head from Aurora Spectral
Technologies (Grafton, WI). Excitation was performed using a mode-locked, pulsed laser (MaiTai; Spectra
Physics, Santa Clara, CA) with wavelengths tunable between 690 nm and 1,040 nm using a line-scan
protocol. Excitation light, shaped in the form of a line, was focused using an infinity-corrected,
Plan-Apochromat, oil immersion objective (100X; numerical aperture of 1.45; Nikon Instruments, Inc.).
The emitted light was collected using the same objective, passed through a transmission grating for
spectral resolution, and detected with a cooled electron-multiplying charge-coupled device camera (iXon
X3 897; Andor Technologies, Belfast, UK). The spatial dimensions of the acquired images were 440 by 300
pixels, and detection bandwidth ranged from 430 to 630 nm with a resolution of 5 nm.

Yeast cells were grown in SC-uracil-tryptophan medium until an OD,,, of ~0.6. The DTT then was
added to the culture medium in order to induce ER stress. Cells (10 ul) expressing only Ste2-YFP was
placed onto glass slides, covered with a coverslip, and scanned with an optical microspectroscope using
a 920-nm light wavelength at 1.1 mW/pixel. Similarly, cells expressing only Kin2-GFP2 were imaged
following excitation using an 800-nm wavelength at 1.11 mW/pixel. The preliminary scans were used to
determine elementary spectra and then used in subsequent analysis of cells coexpressing Ste2-YFP and
Kin2-GFP2, which were imaged by following the same procedure, using a first excitation at 800 nm and
then one at 920 nm at identical power/pixel. Both excitation wavelengths produced the emissions from
both GFP2 and YFP in different proportions, so spectral unmixing of these samples was performed
utilizing a general least-squares algorithm in order to determine the relative abundance of each
spectrum (64). Arbitrary intensity of each elementary spectrum was multiplied by their respective
spectral integral to give the number of photons given off by the fluorophore in a sample. The unmixed
signals were denoted by false colors (yellow to Ste2-YFP and green to Kin2-GFP2), and the resulting
images were overlaid to observe their colocalization. Averages and variances computed for each image
were used to generate final weighted averages and standard errors via standard mathematical proce-
dures.

Membrane fractionation. Yeast cells expressing the Flag-Kin2mni protein from a URA3-marked
plasmid were grown in liquid SC-uracil medium until the OD,, reached ~0.6 to 0.8. Cells were collected
by centrifugation at 3,000 rpm for 10 min, resuspended in SGR-uracil medium, and allowed to grow for
another 4 h. Cells (ODg,, of 10) were harvested and lysed by glass beads in 400 ul of lysis buffer
containing 25 mM Tris-phosphate, pH 6.7, 1T mM B-mercaptoethanol (3-ME), 1 mM PMSF, and 1 protease
tablet per 25 ml buffer. The whole-cell lysate was clarified by centrifugation at 5,000 rpm (2,655 X g) for
10 min at 4°C. The clear supernatant was divided into two separate tubes (150 ul each). The first tube
with 150 ul of lysate was used to precipitate the total soluble and insoluble proteins as follows. A volume
of 37.5 wul of 100% TCA was added and kept on ice for 10 min. Total protein was collected by
centrifugation at 6,000 rpm for 10 min and solubilized in a buffer (40 ul of 1 M Tris-HCI, pH 8.0, and 10
ul of 5X SDS dye) at 90°C. This fraction was considered the input.

The second tube, containing 150 ul of lysate, was further centrifuged at 14,000 rpm (20,817 X g) for
30 min at 4°C in order to pellet the insoluble fraction (the membrane fraction). The supernatant
containing the soluble proteins was then collected in a fresh tube, and total protein was precipitated and
solubilized in a buffer as described above (the soluble protein fraction). The pellet containing the
insoluble membrane fraction was solubilized in a buffer (40 ul of Tris-HCI, pH 8.0, and 10 ul of 5X SDS
dye) at 90°C. The input (1/2), soluble, and insoluble protein fractions were subjected to Western analysis.

The pellet containing the membrane fraction was also solubilized in a buffer (50 mM Tris-HCI, pH 8.0,
and 1 mM DTT) containing 0, 0.5, or 1% Triton X-100. The pellet and supernatant fractions were separated
by centrifugation at 14,000 rpm for 20 min at 4°C. The pellet and supernatant fractions were then
separated by SDS-PAGE and subjected to Western blot analyses using an anti-Flag antibody.
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