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Abstract

The yeast vacuolar membrane protein Ycflp and its mammalian counterpart, MRP1, belong to the
ABCC subfamily of ATP-binding cassette (ABC) transporters. Genetic evidence suggests that the
yeast casein kinase 20, Ckalp, negatively regulates Ycflp function via phosphorylation of Ser251
within the N-terminus. In this study we provide strong evidence that Ckalp regulates Ycflp
function via phosphorylation of Ser251. We show that the CK2 holoenzyme interacts with Ycflp.
However, genetic analysis suggests that only Ckalp is required for Ser251 phosphorylation; as
deletion of CKAL significantly reduces Ser251 phosphorylation in vivo. Furthermore, purified
recombinant Ckalp phosphorylates an Ycflp-derived peptide containing Ser251. We also
demonstrate that Ycflp function is induced in response to high salt stress. Induction of Ycflp
function strongly correlates with reduced phosphorylation of Ser251. Importantly, Ckalp activity
in vivo is similarly reduced in response to salt stress, consistent with our finding that Ckalp
directly phosphorylates Ser251 of Ycflp. We provide genetic and biochemical evidence that
strongly suggests that the induction of Ycflp function is the result of decreased phosphorylation of
Ser251. In conclusion, our work demonstrates a novel biochemical role for Ckalp regulation of
Ycflp function in the cellular response of yeast to salt stress.
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Introduction

Transporters of the ATP-Binding Cassette (ABC) superfamily are expressed in all organisms
from microbes to mammals, and function in the transport of chemically diverse compounds
across cellular membranes (Gottesman & Ambudkar, 2001, Dean, 2005). Recent interest has
focused on the ABCC subfamily of ABC transporters, whose prototype member is the
mammalian multidrug resistance-associated protein 1 (MRP1) also called ABCC1.
Mutations in several members of the ABCC subfamily cause human diseases, including
cystic fibrosis, pseudoxanthoma elasticum, and Dubin Johnson Syndrome, resulting from
mutations in ABCC7 (CFTR), ABCC6 (MRP6), and ABCC2 (MRP2), respectively
(Gottesman & Ambudkar, 2001, Dean, 2005, Cole & Deeley, 2006). In addition,
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overexpression of MRP1 and other ABCC proteins is associated with multidrug resistance in
a variety of tumor cell lines (Cole, et al., 1992, Gottesman & Ambudkar, 2001, Haimeur, et
al., 2004, Dean, 2005).

The ABCC transporters are distinguished from the other subfamily of ABC transporters by
two unique features. First, several transport substrates in the form of glutathione conjugates
or complexes (Borst & Elferink, 2002, Haimeur, et al., 2004). Second, in addition to the
ABC “core” domain composed of two membrane spanning domains (MSDs) and two
nucleotide binding domains (NBDs) (Fig. 1), the ABCCs have a unique and large N-
terminal extension (NTE). The NTE consists of either five additional membrane spans and a
large intracellular loop (“long” ABCC’s) or an extended N-terminal cytosolic domain
(“short” ABCC’s) (Borst & Elferink, 2002, Haimeur, et al., 2004, Paumi, et al., 2009) (Fig.
1). Functionally, the NTE plays a role in protein localization and substrate binding (Bakos,
et al., 2000, Ren, et al., 2001, Fernandez, et al., 2002, Mason & Michaelis, 2002, Qian, et
al., 2002, Westlake, et al., 2003, Westlake, et al., 2005, Ren, et al., 2006, Yang, et al.,
2007).

Substrate specificity, the biochemical properties, and the transcriptional regulation of ABCC
transporters have been relatively well-studied (Wemmie, et al., 1994, Borst & Elferink,
2002, Sharma, et al., 2002, Haimeur, et al., 2004). In contrast, the post-translational
regulation of the ABCCs, has, in general, not been well-characterized. To date, ABCC2
(MRP2) (Minami, et al., 2009), ABCC7 (CFTR) (Cheng, et al., 1991, Chappe, et al., 2003,
Howell, et al., 2004, Chappe, et al., 2005), and the yeast ABCC, Ycflp (Li, et al., 2007,
Smolka, et al., 2007, Albuquerque, et al., 2008) have been shown to be post-translationally
modified. Ycflp, a typical ABCC, contains an NTE, and has been shown to be positively
and negatively regulated via phosphorylation in both the linker region of the ABC core and
the NTE (Eraso, et al., 2004, Li, et al., 2007, Smolka, et al., 2007, Albuquerque, et al., 2008,
Paumi, et al., 2008).

To examine the role of phosphorylation in the regulation of ABCC transporter function, we
are using Saccharomyces cerevisiae. Yeast are a highly tractable system for genetic and
biochemical analysis. The best-studied full-length ABCC subfamily member in yeast is
Ycflp, a homologue of human ABCC1 (MRP1) (Fig. 1) (Szczypka, et al., 1994,Li, et al.,
1996,Li, et al., 1997, Wemmie & Moye-Rowley, 1997,Mason & Michaelis, 2002,Mason, et
al., 2003). Ycflp substrate specificity and function has been shown to be highly homologous
to human MRP1 (ABCC1) (Tommasini, et al., 1996). Unlike MRP1, which is localized to
the plasma membrane and effluxes toxins from the cytosol to the extracellular space, Ycflp
is localized to the vacuolar membrane and transports substrates into the vacuole lumen
thereby effectively sequestering them from cytosolic targets (Szczypka, et al., 1994,Li, et
al., 1996,Paumi, et al., 2009). Ycflp was initially characterized as a protein required for
cadmium resistance in yeast and was later shown to be required for the detoxification of a
broad range of cellular toxins including heavy metal complexes (cadmium, lead, mercury,
arsenic), oxidants (diamide), and endogenous toxins (Szczypka, et al., 1994,Li, et al.,
1996,Chaudhuri, et al., 1997,Li, et al., 1997,Ghosh, et al., 1999,Pascolo, et al.,
2001,Gueldry, et al., 2003,Song, et al., 2003,Jungwirth & Kuchler, 2006). Recent evidence,
from multiple laboratories, suggests that post-transcriptional regulation of Ycflp is an
important regulatory mechanism of transporter function (Wemmie, et al., 1994,Sharma, et
al., 2002,Eraso, et al., 2004,Paumi, et al., 2007,Paumi, et al., 2008).

Several phosphoproteomic studies within yeast have shown that Ycflp is phosphorylated
(Chi, et al., 2007, Smolka, et al., 2007, Albuguerque, et al., 2008). The goal of these
previous studies was to identify phosphorylation changes within the context of the entire
yeast proteome. Three of the aforementioned studies identified Ser251, which is within the

FEMS Yeast Res. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pickin et al.

Page 3

LO (Fig. 1), as a major phosphorylation site. In addition, multiple phosphorylation sites
within the linker domain were identified (Li, et al., 2007, Smolka, et al., 2007, Albuquerque,
et al., 2008). Genetic evidence suggests that Ckalp, which is the yeast homolog of human
CK2a, negatively regulates Ycflp function via phosphorylation of Ser251 (Paumi, et al.,
2008). However, the functional significance of Ckalp-dependent phosphorylation and thus
regulation of Ycflp remains unclear. Here we demonstrate that Ycflp function is induced in
response to salt stress via the attenuation of Ckalp-dependnet phosphorylation of Ycflp at
Ser251.

In this study, we examine the mechanism and functional significance of the negative
regulation of Ycflp as mediated by Ckalp.. Our results suggest that Ckalp negatively
regulates Ycflp function solely through the direct phosphorylation of Ser251. To this end,
we show that each of the subunits of CK2 (Ckalp, Cka2p, Ckblp, and Ckb2p) physically
interact with Ycflp. However, genetic and biochemical studies suggest that phosphorylation
of Ycflp at Ser251 requires only Ckalp. Taken together these results support the previous
findings from Paumi et. al. 2008 that originally demonstrated the negative regulation of
Ycflp by Ckalp via direct phosphorylation of Ser251 (Paumi, et al., 2008). In extension, we
now provide novel evidence for a role of Ycflp in the cellular response to salt stress. Ckalp
activity is shown to be attenuated in response to high salt, which results in the decline in
Ckalp-dependent phosphorylation of Ser251 within Ycflp and thus increases Ycflp
function. Further, we provide genetic and biochemical evidence that strongly suggests that
induction of Ycflp function in response to salt stress is indeed the result of decreased
phosphorylation of Ser251. In conclusion, this work provides evidence that regulation of
Ycflp function via Ckalp plays an important role in cell stress response and implicates a
similar role of human CK2a in regulating human MRP1 function in response to salt or other
possible cell stresses.

Materials and Methods

Materials

All materials for Fmoc solid phase synthesis were purchased from Advanced Chemtech
(Louisville, KY) and used without additional purification. The ATPyS was purchased from
Roche Applied Science (Indianapolis, IN), and the [y-32P] adenosine triphosphate was
purchased from Perkin Elmer (Wellesley, MA). All additional chemicals were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used without further purification.

Yeast Strains, Media, and Growth Conditions

Yeast strains used in this study are listed in Table 1. Standard drop-out media (SC) was
prepared as previously described (Burke, 2000). The plates used for the cadmium spot tests
were prepared by adding cadmium (CdSQOy,) at the indicated concentrations in SC medium
immediately before pouring plates as described (Mason & Michaelis, 2002,Mason, et al.,
2003). Cultures were grown at 30°C unless otherwise noted.

The GST-Ckalp expressing strains, CP164 and CP181, were created by standard
homologous recombination as described by Longtine et. al (Longtine, et al., 1998). In brief,
the YCF1-TAP expressing strain (CP156) and non-expressing control strain (CP59) was
purchased from Open Biosystems and confirmed by colony PCR analysis. The KanMX6-
Pcal GST fusion sequence was PCR amplified (using primers with 60 base pairs of
homology to either the promoter region up to the ATG start codon (forward primer) or the
ATG start codon + 57 bp downstream (reverse primer) of CKA1) from pFA6a-KanMX6-
PcaL-GST and was subsequently gel purified and transformed into CP156 and CP59.

FEMS Yeast Res. Author manuscript; available in PMC 2011 November 1.
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Plasmids used in this study are listed in Table 2. Phosphorylation site mutants of Ycflp were
created in the starting plasmid pCP58 [2u YCF1-GFP URA3] using standard PCR-mediated
mutagenesis followed by homologous recombination as described previously (Burke, 2000).
Briefly primers were designed to make site specific mutations that would result in the
phosphorylation site (almost exclusively serines) being changed to an alanine. Using a
standard two-step PCR-mediated mutagenesis protocol for yeast (Burke, 2000), PCR
products were generated containing the site specific mutations flanked by 200-300 base
pairs of YCF1 homology on both the 5" and 3’ ends. These PCR products and linearized/
gapped pCP58 were gel purified and subsequently transformed into CP60. Single colonies
containing mutant “healed” pCP58were selected on SC-URA plates. Plasmid were purified
from yeast and sequenced to confirm the correctness of each mutation. PCR-mediated
mutagenesis followed by homologous recombination resulted in the creation of pCP83,
pCP84, pCP85, pCP94, pCP95, and pCP96 (YCF1 mutant plasmids Ser869Ala, Ser903Ala,
Ser914Ala, Ser870Ala, Ser872Ala, and Ser873Ala, respectively).

Growth Inhibition by Cadmium

Growth inhibition by CdSO4 and NaCl was monitored by spot tests as previously described
(Mason & Michaelis, 2002, Mason, et al., 2003, Paumi, et al., 2007, Paumi, et al., 2008).
Briefly, cells were grown overnight to saturation in SC-dropout media, subcultured at a
1:5000 dilution in the same medium and grown overnight to an ODggg of ~1.0. The
overnight culture was diluted to an ODggq of 0.1, which in turn was diluted in 10-fold
increments. Aliquots (4 pL) of each 10-fold dilution were spotted onto SC-dropout plates or
S-GAL plates containing no drug (vehicle alone), 30 uM, 50 uM, or 200 uM CdSO4 and
incubated for 2 or 4 days, respectively.

Synthesis and Purification of the Ser251 phosphospecific antibody, Ycflp-Ser251-P

The synthesis and purification of the Ycflp-Ser251-P phosphospecific antibody was created
by Open Biosystems. In brief, a small peptide containing the Ycflp-Ser251 CK2 consensus
site, in a non-phosphorylated and a non-hydrolizable form (CKLPRNFSSEELSQ and
CKLPRNF(pS)SEELSQ, respectively), were synthesized using standard techniques, and
conjugated to KLH. Two rabbits were injected with the phosphorylated version of the
synthetic peptide over a 90 day period (Open Biosystems 90 day protocol). Serum was
collected at 3 separate times (Day 0, Day 45, and Day 90) and shipped. The specificity of
each aliquot was tested by immunoprecipitation and western blotting for Ycflp. One rabbit
was found to produce Ycflp specific antibodies. Serum containing Ycflp-specific antibody
was then subjected to negative affinity chromatography as per Open Biosystems standard
protocol, and the resulting purified eluent was shipped. The eluent was tested for specificity
against the Ycflp WT protein and the Ser251Ala mutant at various dilutions (a test of
linearity against serial dilutions of WT and the Ser251Ala mutant) and found to be specific
for phosphorylation at Ser251 at a 1:500 dilution. Flow through from the negative selection
by affinity chromatography was retained and resulted in an Ycflp specific antibody (a-
Ycflp) that is not sensitive to the phosphorylation state of Ser251.

Western blotting and Co-immunoprecipitation Analysis of V5, GFP, and TAP- tagged

proteins

Cell extracts were prepared and western blots of WT and mutant Ycflp were performed as
previously described (Wemmie & Moye-Rowley, 1997) with the following modifications:
50 mL of cells grown in log phase to an ODggg of 0.8 to 1.0 ODggg units were harvested and
resuspended in 100 uL of RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1% NP-40,
and 0.5% deoxycholate) containing 1% SDS and fresh protease inhibitors (Roche Complete
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protease inhibitor cocktail, PMSF (1uM), and pepstatin A (5 pg/ml)) and broken with glass
beads (10x 1 min vortexing and 1 min on ice). Following bead-beating, 900 pL of RIPA
buffer plus protease inhibitors without SDS was added and the broken cells were microfuged
at 2000 rpm for 5 minutes at 4°C to remove debris. The protein concentration in the
supernatant was measured by Bradford Assay. For standard western blot analysis, 12.5 pg of
total protein was solubilized in an equal volume of 2x SDS-PAGE sample buffer (50 mM
Tris-HCI pH 6.8, 8 M urea, 0.1 mM EDTA, 15% SDS, 0.01% bromophenol blue, and 150
mM DTT added fresh), frozen overnight, and subsequently incubated at 37°C for 1 hour
prior to SDS-PAGE and transfer to nitrocellulose. For western blot analysis of GFP-tagged
Ycflp from total protein extracts, membranes were blocked with 1% BSA for 1 hour and
then incubated overnight with primary monoclonal mouse anti-GFP (1:1000) (Roche),
monoclonal anti-V5 (1:5000) (Invitrogen) or monoclonal mouse anti-beta actin (1:5000)
(Abcam), washed 3x times with TBST, and then incubated with the respective secondary
antibody, sheep anti-mouse (1:2000). For TAP tagged Ycflp, blots were probed with 1:1000
a-TAP (Open Biosystems) and for immunoprecipitations, cell lysates in RIPA containing
Ycflp-TAP were incubated with human a-1gG beads directly overnight. Alternatively,
immunoprecipitations of Ycflp were probed with the anti-Ycflp-Ser251-P phosphospecific
antibody (1:500) and an anti-rabbit secondary (1:5000). Protein was visualized using the
chemiluminescent reagent (Denville Scientific) and quantitated using Adobe Photoshop
(Miller, 2007, Luhtala & Parker, 2009).

Co-immunoprecipitation were performed as described previously (Paumi, et al., 2007) with
the following modifications. Strains were grown overnight in a 500 mL volume to an ODgqq
of 0.8. Cells were collected by centrifugation, washed once with dH,0, and subjected to
lysis by bead beating as previously described (Paumi, et al., 2007). One mg of protein was
immunoprecipitated with 25 pL of anti-1gG agarose beads (Sigma) overnight at 4°C or
alternatively overnight with 30 uL of anti-Ycflp in combination with 30 uL of Protein A/G
beads (Santa Cruz Biotechnology). After overnight incubation, beads were washed 4x with
ice cold IP Lysis Buffer containing a complete set of protease inhibitors. The washed beads
were then resuspended in an equal volume of SDS-PAGE Sample buffer, heated at 65°C for
10 minutes, and then subjected to SDS-PAGE and western blot analysis. For western
blotting, membranes were blocked with 3% BSA for 1 hour, incubated overnight with anti-
TAP (1:1000) (Open Biosystems), anti-GST (1:200) (Open Biosystems), anti-V5 (1:5000)
(Invitrogen), anti-Ycflp (1:500), or anti-Ycflp-Ser251-P (1:500) and subsequently probed
with anti-mouse or anti-rabbit secondary (1:5000) for 1 hour. Chemiluminescence (Denville
Scientific) was used for protein detection.

In vitro Ycflp-mediated transport assay

Yeast vacuoles were isolated and purified essentially as previously described (Roberts, et
al., 1991, Paumi, et al., 2007), and Ycflp-dependent transport was assayed by measuring the
amount of the radiolabeled Ycf1p substrate, [3H]-estradiol-p-17-glucuronide ([3H] E2B17G),
transported from outside to inside the vesiculated vacuoles. Transport assays were
conducted as previously described (Paumi, et al., 2007) with minor modification as follows:
100 pL reaction volumes containing 4 mM of either NaATP or NaAMP-PCP; 10 mM
MgCly; 5 uM gramicidin-D; 10 mM creatine phosphate and 16 units/mL creatine kinase; 50
mM KCI; 400 mM Sorbitol; 25 mM Tris-Mes (pH 8.0); and the Ycf1p substrate [3H]-
estradiol-17-glucaronide (Amersham, Piscataway, NJ) at a concentration of 400 uM.
Reactions were initiated by the addition of 1-2 ug of purified vacuoles, incubated at 25°C
for 5 or 10 minutes, and stopped by the addition of 1 mL of ice cold stop buffer (400 mM
sorbitol and 3 mM Tris/Mes (pH 8.0)). Vacuoles were collected on 0.22 um GV filters
(Millipore) via vacuum manifold and washed. Disintegration per minute was measured (,the
amount of Ycflp levels were determined by western blotting (to normalize to protein level),
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and transport was reported as nmoles of substrate ([2H]-E»17G) sequestered within the
vacuoles per mg of total protein over 10 minutes (Paumi, et al., 2007).

Synthesis of Synthetic Peptides

All peptides were assembled by Fmoc solid phase peptide synthesis (SPPS) on a TETRAS
peptide synthesizer (CreoSalus; Louisville, KY). In brief, the peptides were synthesized
using Wang resins substituted with the first amino acid. Amino acid deprotection and
coupling then followed standard methods to extend the peptide sequence as designed. Biotin
was incorporated at the N-terminus via standard coupling with the exposed carboxylic acid
functionality. Upon completion of assembly, the resin was washed with DMF, MeOH and
CH>Cls, and then dried. The peptide was cleaved from the resin by gentle mixing of the
resin with a mixture of 6% phenol, 4% ddH,0, 90% trifluoroacetic acid for 5 h and the resin
was filtered away. The peptides were precipitated by the addition of cold diethyl ether and
dried under vacuum. The crude peptide was purified by reversed phase HPLC (ddH,0/
AcCN, 0.5% TFA) and MALDI-TOF confirmed the mass of each of the peptides: (PKA-
AcBr, [M+H], calc 2082.19, found 2082.62, calculated mass and experimentally determined
mass match and confirm the synthesis of the crude peptide). Peptide synthesis yielded 5
peptides for use in the recombinant Ckalp, Cka2p, and hCK2a, kinase assays. The 3 peptides
synthesized were biotin-Ahx-RRRADDSDDDDDK (Control), biotin-Ahx-LPRNFSSEELS
(Ycflp-Ser251 peptide, Ser251 is underlined), and biotin-Ahx-LPRNFASEELS (Ycflp-
Ser251Ala peptide, Ala251 is underlined). Electrospray mass spectrometry confirmed the
mass of each peptide.

Recombinant purification of Ckalp and Cka2p and Kinase Assays

In vitro kinase assays were used to examine the ability of recombinant Ckalp and Cka2p to
phosphorylate synthetic short peptides derived from Ycflp containing the Ser251 consensus
sequence. Yeast strains expressing His tagged Ckalp and Cka2p (CP174 and CP176,
respectively) were gifts from M.S. Szczypka and H. Riezman (Schaerer-Brodbeck &
Riezman, 2003, Kubinski, et al., 2007). Recombinant Ckalp and Cka2p were purified by
single step affinity chromatography or two step affinity chromatography as previously
described (Kubinski, et al., 2007). In brief, cells were grown to an ODgggnm 0f 0.8-1.0 and
cells were harvested by centrifugation at 3000 x g. Cell pellets were washed 2x with ice cold
ddH,0 and subsequently resuspended in lysis buffer (10 mM HEPES pH 7.6, 150 mM
NaCl, 5 mM MgClI2, 1 % Triton X-100, and PI’s (Protease Inhibitor cocktail complete from
Roche, Pepstatin A, and Fresh PMSF). Cells were lysed by repeated bead beating. Cell
lysates were spun at 500 x g for 10 min to precipitate the cellular debris. The supernatant
was incubated overnight at 4°C with Bio-Rad profinity nickel affinity chromatography resin
(Bio-Rad, Hercules, CA). Post overnight incubation, resin was washed 4x with lysis buffer
and kinases were eluted (in 0.5 mL aliquots) by addition of lysis buffer containing 500 mM
immidazole. Eluates were subjected to SDS-PAGE and coomassie staining was used to
evaluate protein purification. Eluates containing the highly enriched recombinant kinases
were then either subject to dialysis buffer (50 mM Tris HCI pH 7.5, 200 mM NacCl) in the
case of Ckalp or subject to further purification by size-exclusion chromatography and
subsequent dialysis in the case of Cka2p (Kubinski, et al., 2007).

Kinase assays were carried-out using a modification of the Sigma-Aldrich Biotin-substrate
tagged method. In brief, radiometric assays were performed in 50 mM Tris-HCI (pH 7.5), 10
mM MgCly, 0.5 mM DTT, 100 ng/mL BSA, 100 uM ATP, 2 uL of [32P]-y-ATP (10 Ci/
mmole) (Perkin Elmer, Waltham, MA), and 200 mM NacCl using 250 puM biotinylated
synthetic peptide (varying concentration of peptide for Michaelis-Menten kinetic analysis)
as the substrate in a 100 pL reaction volume (This sentence needs restructured and clarified).
Reactions were initiated by the addition of 1.6 pg of Ckalp enzyme and carried-out for
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varying amounts of time (0, 1, 2, 5, and 10 min) or a fixed time of 5 minutes at 30°C.
Reactions were stopped by the addition of 4 pL of 0.5 M EDTA and 4 uL of 250 mg/mL
avidin (Thermo Scientific-Pierce Protein Division, Rockford, II). After addition of the stop
solution the reactions were incubated for 5 minutes. After the 5 minute incubation, the
terminated reaction aliquots were added to 30 kDa spin column (Pall Scientific, East Hills,
NY), spun at 14,000 rpm for 5 min, and subsequently washed 2x with 100 uL wash solution
(0.5 M Phosphate, 0.5 M NaCl, pH 8.5). Spin columns were submerged directly into
scintillation vials containing 12 mL of scintillation cocktail and cpms of the phosphorylated
peptides were counted via a Perkin Elmer scintillation counter. All experiments were
normalized to a zero time point, performed in triplicate, and results were reported as nmoles
of phosphorylated peptide formed per minute (or per 5 minutes) of reaction per milligram of
recombinant protein.

Measurement of Ycflp-dependent vacuole sequestration of MCB-SG and ade2A-
associated red pigment accumulation

To measure Ycflp function in vivo, Ycflp-dependent formation of the ade2A-associated red
pigment was measured as previously described (Paumi, et al., 2007). Red pigment
accumulation was measured on a 730 UV/VIS Spectrometer (Beckman-Coultier, Brea, CA,
USA) and normalized to total protein. Results are reported as Relative Red Pigment
accumulation per mg of total protein. The red pigment accumulation assay was performed in
triplicate. Similarly, monochlorobimane (MCB)-glutathione formation and Ycflp-dependent
sequestration was analyzed as previously described (Gulshan, et al., 2009). MCB is not itself
fluorescent until conjugated to GSH, upon which it is immediately sequestered into the
vacuole by Ycflp. Cells were treated with MCB (Sigma-Aldrich, St. Louis, MO) as
previously reported and analyzed by fluorescent microscopy (Li, et al., 1996, Gulshan, et
al., 2009). Analysis was done on three separate samples and pooled until a total of 200 cells
were counted.

Fluorescence Microscopy

Results

To examine the localization of Ycflp-GFP fusion proteins, cells were grown overnight to
saturation in minimal media and then subcultured at a 1:1000 dilution in minimal medium
and grown overnight to an ODggg of ~0.7. Cells were examined at 100X magnification on
poly-lysine-coated slides using an Olympus BX512F equipped with fluorescence (EXFO X-
cite 120 Fluorescence Illuminating System) and Nomarski optics. Images were captured
with a QImaging Qicam Fast 1394 camera and digitally documented using Q-Capture Pro
software (Paumi, et al., 2007, Paumi, et al., 2008).

Ckalp-dependent phosphorylation at Ser251 exclusively regulates Ycflp function

Genetic evidence suggests that Ckalp negatively regulates Ycflp function via
phosphorylation at Ser251 (Paumi, et al., 2008). However, it is possible that Ckalp may
phosphorylate and thus regulate Ycflp function through additional sites. Recently, three
different groups have conducted phosphopeptide specific LC\MS\MS analysis of the entire
yeast proteome in an effort to identify global phosphorylation changes under a variety of
stresses (L, et al., 2007, Smolka, et al., 2007, Albuquerque, et al., 2008). Each group
identified multiple phosphorylated peptides derived from Ycflp within their initial control
screens. A phosphopeptide containing Ser251 was found and other phosphopeptides
identified eight additional sites (Ser869, Ser870, Ser872, Ser873, Ser903, Ser908, Thr911,
and Ser914) within the linker domain of Ycflp (Li, et al., 2007, Smolka, et al., 2007,
Albuquerque, et al., 2008). The phosphorylation sites at Ser908 and Thr911 were previously
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identified and characterized to be required for complete Ycflp function (Li, et al., 1996, Li,
et al., 1997, Eraso, et al., 2004).

To rule out the possibility that Ckalp is regulating Ycflp function through the
phosphorylation of Ser251 and/or one or more sites within the linker domain, we compared
the function of Ycflp phospho-blocking alanine mutations (at Ser251 and the potential
phosphorylation sites within the linker domain) to wild type (WT). We measured the activity
of each mutant by cellular growth and biochemical Ycflp-dependent transport assays (Fig.
2A and 2D). Previously, Eraso et. al. has shown that mutation of Ser908 and Thr911 to
alanine resulted in decreased growth on cadmium and decreased Ycflp-dependent transport
activity (Eraso, et al., 2004). Therefore, we restricted our work to the other six
uncharacterized phosphorylation sites, Ser869, Ser870, Ser872, Ser873, Ser903, and Ser914.

To determine the ability of linker domain phosphorylation site mutants to grow on cadmium,
we spotted 10-fold dilutions of each strain onto agar plates containing a range of cadmium
concentrations (0, 50, and 200 uM) and allowed the strains to grow for varying lengths of
time. We expected that if a phosphorylation site plays a role in Ckalp-dependent Ycflp
regulation then the corresponding alanine mutant would grow similar to the Ser251Ala
Ycflp mutant, which displays increased growth on cadmium compared to WT (Fig. 2A,
compare rows 1 and 3). Our results showed that none of the strains expressing the 6
phosphorylation site mutants had increased growth as compared to WT (Fig. 2A, compare
rows 1 to 4-9). Additionally, we found the strain expressing Ycflp-Ser903Ala has a
decreased ability to grow on cadmium (Fig. 2A, compare rows 1 and 8), a phenotype similar
to that of the Ycflp-Ser908Ala, Ycflp-Thr911Ala, and the Ycflp-Ser908Ala, Thr9l1Ala
double mutant(Eraso, et al., 2004). It is worth noting that Ycflp-Ser873Ala and Ycflp-
Ser914Ala have a very minimal, yet notable, increased resistance to the low concentration of
cadmium (50uM) (Fig. 2A, 2" column, compare rows 1 and 7 and 1 and 9). If
phosphorylation of Ycflp-Ser873 and Ycflp-Ser914 play role in negatively regulating
Ycflp function similar to Ycflp-Ser251, then we would expect that the alanine mutants
would have increased resistance to high concentration of cadmium (200uM) as compared to
WT, similar to Ycflp-Ser251Ala (Fig. 2A, 3 column, compare rows 1 and 7 and 1 and 9).
However this is not the case and therefore suggests a more subtle phenotype that may be
important under conditions not tested here. To confirm that our growth assay results were
not due to mislocalization of the transporter, we tagged each mutant at the C-terminus with
GFP and confirmed their correct localization to the vacuole rim similar to WT Ycflp (Fig.
2B, compare panel 1 to panels 2-7).

In order to determine the effect that each phosphorylation site mutation has on Ycflp
function, we conducted in vitro transport assays as described in the Materials and Methods
(Fig. 2D). Transport activity was normalized to protein expression (Fig. 2C). We reasoned
that if a phosphorylation site plays a role in Ckalp-dependent regulation of Ycflp function
then mutation of the site to alanine would result in increased transporter activity as
compared to WT, an effect similar to that of the Ycflp-Ser251Ala mutant (Fig. 2D, compare
lane 2 to 3) (Paumi, et al., 2008). In comparison, vesiculated vacuoles derived from strains
expressing the linker domain phosphorylation site mutants did not have increased Ycflp-
dependent transporter activity similar to the Ycflp-Ser251Ala mutant vacuoles (Fig. 2D,
compare lane 3 to lanes 4-9). The transport activity of vacuoles derived from strains
expressing the linker domain phosphorylation mutants, Ycflp-Ser869Ala, Ycflp-
Ser870Ala, Ycflp-Ser873Ala, and Ycflp-S914Ala, are, in fact, similar to that of vacuoles
derived from a WT strain (Fig. 2D, compare lane 2 to lanes 4,5,7, and 9). The activity of
Ycflp-Ser872Ala and Ycflp-Ser903Ala, is less than that of WT (Fig. 2D, compare lane 2 to
lanes 6 and 8). The phenotype of Ycflp-Ser872Ala and Ycflp-Ser903Ala is similar to the
phenotype shown here for the double mutant Ycflp-Ser908Ala, Thr911Ala and the
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phenotype previously reported for the single mutants Ycflp-Ser908Ala and Ycflp-
Thr911Ala, and the double mutant Ycflp-Ser908Ala, Thr911Ala (Eraso, et al., 2004).
Together these results suggest that Ser869, Ser870, Ser872, Ser873, Ser903, and Ser914,
within the linker region, do not play a role in Ckalp-dependent negative regulation of Ycflp
function.

Ckalp is required for the phosphorylation of Ycflp-Ser251 in vivo

Although the study by Paumi et. al. 2008 provides substantial support for direct
phosphorylation of Ycflp by Ckalp, the direct phosphorylation of Ser251 by Ckalp has yet
to be confirmed. To determine if indeed Ckalp does regulate Ycflp function via direct
phosphorylation of Ser251, a phosphospecific antibody to Ser251 was synthesized, Ycflp-
Ser251-P (see Materials and Methods). To test the specificity of our antibody, WT Ycflp
and Ycflp-Ser251A were immunoprecipitated and subjected to western blot analysis with
anti-Ycflp-Ser251-P (Fig. 3A). Anti-Ycflp-Ser251-P clearly recognized WT and was
unable to recognize the band corresponding to Ycflp-Ser251A. This result suggests that the
a-Ycflp-Ser251-P phosphospecific antibody is specific for phosphorylated Ycflp-Ser251.
To determine if deletion of the Ckalp gene eliminates phosphorylation at Ser251, as
suggested by Paumi et. al. 2008, immunoprecipitations of Ycflp from both a WT and ckalA
strain were subjected to western blot analysis with anti-Ycflp-Ser251-P (Fig. 3B). Our
experiments revealed that deletion of ckalA results in near complete elimination of Ser251
phosphorylation in vivo. These results suggest phosphorylation of Ser251 plays an important
role in the mechanism by which Ckalp-negatively regulates Ycflp function.

To determine if Ckalp-dependent phosphorylation of Ser251 is regulated in part by
phosphorylation sites within the linker region of Ycflp immunoprecipitations of each of the
phosphorylation mutants (Fig. 2) were subjected to western blot analysis with the anti-
Ycflp-Ser251-P antibody (Fig. 3C). We reasoned that if the linker domain phosphorylation
sites are involved in Ckalp-dependent regulation of Ycflp, then mutation of the site(s)
should result in altered phosphorylation of Ser251. To this end, our experiment revealed that
phosphorylation of Ser251 is not altered by mutation of phosphorylation sites within the
linker domain. However, we found one exception, the double mutant Ser908Ala, Thr911Ala.
It has been previously shown that phosphorylation of Ycflp-Ser908,Thr911 is required for
Ycflp transport activity and an Ycflp-Ser908Ala, Thr911Ala mutant is a dominant mutation
over the Ser251Ala mutation (Eraso, et al., 2004,Paumi, et al., 2008). Our finding suggests
that the phosphorylation at Ser908 and Thr911 may be required for complete Ckalp-
dependent phosphorylation of Ser251 and Ckalp regulation of Ycflp function.

Ckalp, Cka2p, Ckb1lp, and Ckb2p directly interact with Ycflp

Ckalp was first identified as an interacting partner of Ycflp using the integrated membrane
yeast two hybrid (IMYTH) assay. This result was never confirmed but was supported by a
number of in vivo and in vitro experiments that showed that Ckalp functionally interacted
with Ycflp (Paumi, et al., 2008). As is the case for most kinases, the interaction of a kinase
with a substrate is very transient. The transient nature of kinase/substrate interactions, in
combination with the relatively low cellular levels of many kinases, makes confirmation of
kinase-protein interactions by traditional co-immunoprecipitations without overexpression
of the kinase quite difficult.

For a secondary analysis of the Ckalp and Ycflp physical interaction, we performed a co-
immunoprecipitation analysis. To increase our chances of seeing a possible interaction we
utilized a chromosomally TAP-(Tandem Affinity Purification)tagged version of Ycflp
available through Open Biosystems. We used this strain to create a YCF1-TAP, GST-CKA1
double tag strain for subsequent co-immunoprecipitation analysis (described in Materials

FEMS Yeast Res. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pickin et al.

Page 10

and Methods), a similar strain was made expressing GST-Ckalp alone for use as a control.
Ckalp was N-terminally fused to GST and expressed under the control of a galactose
inducible promoter to increase the overall expression levels. We confirmed that both Ckalp
and Ycflp were properly tagged and expressed by western blot analysis (Fig. 4A). Co-
immunoprecipitation experiments were carried-out as described in the Materials and
Methods. We treated equal amounts of cell lysates from all three strains with 1gG agarose
beads to capture Ycflp-TAP and any binding partners. Analysis of lysates prepared by this
method revealed that in the strain expressing both the Ycflp-TAP and GST-Ckalp tagged
proteins, Ckalp was present after immunoprecipitation of Ycflp (Fig. 4B, lane 2). This
result was not due to non-specific binding as shown by the co-immunoprecipitation of
lysates derived from a GST-Ckalp alone or an Ycflp-TAP alone strain (Fig. 4B, lane 1 and
3). Together with the iIMYTH results, our data provide further supporting evidence that
Ycflp and Ckalp interact in vivo.

It has long been appreciated that CK2 has both a regulatory subunit and a catalytic subunit
(Poole, et al., 2005). The catalytic subunit can exist as a heterodimer of CK2a, (Ckalp) and
CK2a’' (Cka2p) or as a homodimer of either protein bound to a regulatory dimer, CK2
(Ckblp) and CK2p’ (Ckb2p) in yeast (Domanska, et al., 2005, Poole, et al., 2005, Kubinski,
etal., 2007). A number of recent studies have shown that CK2 specificity is in part dictated
by the composition of the catalytic dimer (Domanska, et al., 2005, Berkey & Carlson, 2006,
Kubinski, et al., 2007). These studies suggest that CK2a and CK2a' substrate specificity is
overlapping yet distinct (Domanska, et al., 2005, Berkey & Carlson, 2006, Kubinski, et al.,
2007). Therefore, the composition of the catalytic dimer and the ratio of the different
possible CK2 dimers in the cytosol are likely to dictate what substrates are phosphorylated.

To determine if the other subunits of the CK2 holoenzyme interact with Ycflp, we
performed a similar set of co-immunoprecipitation experiments for Cka2p, Ckb1p, and
Cbk2p as we did for Ckalp (described above), however it is important to note that the
Cka2p, Ckblp, and the Ckb2p proteins were expressed from a plasmid rather than from the
chromosome. This was done to ensure that we would have the best chances of identifying an
interaction with Ycflp. Total protein expression analysis confirmed that indeed all three
proteins are expressed (Fig. 4C). Our results showed that all three of the CK2 holoenzyme
subunits, Cka2p, Ckb1lp, and Ckb2p, interact with Ycflp (Fig. 4D). These results suggest
that the CK2 holoenzyme does indeed interact with Ycflp.

Suppression of Ycflp function by Ckalp does not require Cka2p, Ckblp, or Ckb2p

Interestingly, Cka2p, Ckb1, or Ckb2 were not identified as interacting partners for Ycflp
using iIMYTH (Paumi, et al., 2008). However, our results above suggest the possibility that
the intact CK2 holoenzyme is required for Ckalp-dependent regulation of Ycflp. To
determine if Cka2p, Ckb1p, and Ckb2p functionally interact with Ycflp, we examined how
deletion of cka2A, ckblA, and ckb2A affects Ycflp-dependent resistance to cadmium in vivo
by dilution spot test growth assays and by Ycflp-dependent in vitro transport activity assays
(Fig. 5).We reasoned that if Cka2p, Ckb1p, or Ckb2p play a role in the negative regulation
of Ycflp by Ckalp then a strain deleted for any of the three proteins would phenotypically
be similar to a ckalA strain and would have increased resistance to cadmium compared to
WT (Fig. 5A, compare row 1 and 2, and 1 and 3), however this was not the case. Deletion of
cka2A increases strain sensitivity to cadmium over that of a WT strain and deletion of ckb1A
and ckb2A has no effect on strain sensitivity to cadmium (Fig. 5A, compare row 1 and 4,
row 1 and 5, and row 1 and 6). This result suggests that Ckalp does not require Cka2p,
Ckb1p, or Ckb2p function to regulate Ycflp activity in vivo. Further, since CK2
holoenzyme assembly requires both Ckb1p and Ckb2p (Kubinski, et al., 2007), this result
suggests that Ckalp alone is sufficient to negatively regulate Ycflp function.
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To determine if deletion of cka2A, ckb1A, and ckb2A directly affects the transport activity of
Ycflp we carried-out in vitro transport assays as described above and in the Materials and
Methods. Transport activity was normalized to Ycflp expression (Fig. 5B). We reasoned
that if Cka2p, Ckblp, or Ckb2p played a role in Ckalp-dependent regulation of Ycflp
activity, then vesiculated vacuoles derived from a cka2A, ckb1A, and ckb2A strain would
have increased Ycflp-dependent transport activity as compared to WT, similar to that of
vacuoles derived from a ckalA strain (Fig. 5C, compare lane 2 and 3). However, similar to
our growth assay findings, this is not the case. VVacuoles derived from a cka2A strain have
slightly less activity than vacuoles derived from a WT strain and vesiculated vacuoles from
ckb1A and ckb2A had similar transport as WT (Fig. 5C, compare lanes 2 and 4, 2 and 5, and
2 and 6, respectively). This result is in agreement with the results from our growth analysis
and strongly suggests that Cka2p, Ckb1p, and Ckb2p are not required for the suppression of
Ycflp function by Ckalp.

Ckalp is sufficient to phosphorylate Ser251 in vitro

Our results confirm the physical interaction of Ckalp with Ycflp and support the claim that
Ckalp negatively regulates Ycflp function via the direct phosphorylation of Ser251.
Mutation of all the identified phosphorylation sites in the Ycflp linker region did not result
in increased growth on cadmium or increased Ycflp-dependent transport activity as is the
case for the Ser251Ala or ckalA strains. Together, these studies suggest that Ckalp
negatively regulates Ycflp function solely via the direct phosphorylation of Ser251. To
determine if this is the case, we carried-out a series of kinase assays with recombinant
Ckalp and Cka2p as described in the Materials and Methods. Kinase assays were performed
in the presence of a known substrate that has been optimized for human CK2
phosphorylation, a peptide derived from Ycflp containing Ser251, and a control Ycflp
peptide containing the Ser251Ala mutation. Results of these experiments are shown in Fig.
6A. Incubation of Ckalp and Cka2p in the presence of radiolabeled ATP resulted in the
phosphorylation of the control peptide (Fig. 6A, lanes 1 and 2) suggesting that our
recombinant proteins are functional. Incubation of each kinase with the peptide derived from
Ycflp containing the Ser251 phosphorylation site revealed that both Ckalp and Cka2p can
phosphorylate Ser251 but Ckalp phosphorylates the peptide about 9 times more efficiently
(Fig. 6A, lanes 3 and 4, respectively). Kinase assays conducted in the presence of the Ycflp-
Ser251Ala-derived peptide showed no Cka2p-dependent phosphorylation and negligible
Ckalp activity (Fig. 6A, lanes 6 and 5, respectively). Together these results suggest Ckalp
negatively regulates Ycflp function via the direct phosphorylation of Ser251 and support
our previous results that show that Cka2p is not required for Ckalp-dependent Ycflp
regulation.

To determine the kinetics of Ckalp-mediated Ycflp-Ser251 peptide phosphorylation we
conducted kinase assays with recombinant Ckalp in the presence of varying concentrations
of either the Ycflp-Ser251 peptide or the CK2 control optimized peptide substrate.
Michaelis-Menten analysis showed that Ckalp has a Km of 46 uM and a Vmax of 0.12
pmoles/min/mg for the control peptide (Fig. 6B, dashed line) and a Km of 245 uM and a
Vmax 0.65 umoles/min/mg for the Ycflp-Ser251 peptide (Fig. 6B, solid line). The Km and
Vmax for Ckalp with the control peptide are in agreement with previously published CK2a
kinase assays and confirms that Ckalp is functioning properly an in accordance with
previous study findings (Marin, et al., 1994). Collectively, our results indicate that Ckalp
phosphorylates Ser251 in vivo.

Ckalp regulation of Ycflp is attenuated in response to salt stress

In a recent study, Soufi et. al. conducted a global analysis of the yeast osmotic stress
response by quantitative proteomics and found peptides corresponding to Ycflp-Ser251
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(Soufi, et al., 2009). A comparison of the control, untreated sample with that of the high
salt-treated sample suggested that phosphorylation of Ycflp-Ser251 is decreased in response
to salt stress (Soufi, et al., 2009). To determine the cellular role of the suppression of Ycflp
by Ckalp in response to salt stress, we characterized the effect of salt stress on Ycflp-
Ser251 phosphorylation status and Ycflp function (Fig. 7 and 8). Interestingly, previous
studies have reported a role for CK2 in the regulation of a cellular response(s) and the
regulation of cellular resistance to salt stress (Kanhonou, et al., 2001, Hermosilla, et al.,
2005, Chiang, et al., 2007). Therefore, we determined whether Ycflp function is
upregulated in response to salt stress via attenuation of Ckalp-dependent phosphorylation of
Ser251.

To begin, we determined the phosphorylation status of Ycflp-Ser251 in cells treated with
0.5 M NaCl as compare to untreated control cells (Fig. 7A) as described in the Materials and
Methods. In agreement with the results obtained from Soufi et. al., phosphorylation of
Ser251 is dramatically reduced (within 20 minutes) in response to high concentrations of salt
as compared to untreated controls (Fig. 7A) (Soufi, et al., 2009). The decrease in Ycflp-
Ser251 phosphorylation in response to salt stress is responsive to the concentration of salt as
phosphorylation decreases from OM to 0.25M NaCl (Supp. Fig. 1) at which salt stress
mediated reduction in the phosphorylation of Ser251 appears to hit a maximum. This result
suggested that Ycflp-Ser251 phosphorylation may be reduced via a change in Ckalp
expression, localization, and/or function. To determine if phosphorylation of Ycflp-Ser251
plays a role in the general regulation of Ycflp in response to cell stress, we examined
Ycflp-Ser251 phosphorylation after treatment with 50uM cadmium for 1hr (described in
detail in the Materials and Methods) (Supp. Fig. 2). These results showed that cadmium
treatment does not alter Ycflp-Ser251 phosphorylation status, but does increase Ycflp
expression. This change in expression of Ycflp post cadmium treatment is in agreement
with what has been previously reported (Li, et al., 1997) and suggests that regulation of
Ycflp-Ser251 via phosphorylation by Ckalp is not a general response to all cell stressors. In
future experiments aimed at determining the cellular signals that are upstream of Ckalp we
will examine more closely the role of Ckalp-mediated regulation of Ycflp function via
phosphorylation of Ser251 under multiple combinations of cellular insults. Therefore, we
examined Ckalp expression in response to salt stress and found that expression of Ckalp
was not altered (Fig. 7B). To determine if a change if Ycflp-Ckalp protein interaction is
responsible for the reduction in Ser251 phosphorylation, we carried-out Ycflp co-
immunoprecipitation experiments. To ensure interaction specificity, we immunoprecipitated
endogenously expressed Ycflp from a yeast strain expressing a V5 tagged version of Ckalp
from its endogenous promoter with an Ycflp specific antibody (Fig. 7C). Subsequently, as
shown in Fig. 7D, we determined that the Ycflp-Ckalp interaction was identical in both
untreated and salt-treated cells. Therefore, we examined Ckalp function in response to salt
stress (Fig. 7E). Our in vitro kinase assays that were carried-out with extracts derived from
both untreated and 0.5 M NaCl-treated cells shows that Ckalp activity is reduced by about
60% in response to salt stress (Fig. 7E). Together these results suggest that Ycflp-Ser251
phosphorylation is decreased in response to salt stress due to attenuated Ckalp function.

Importantly, our findings that the activity of Ckalp is reduced, not only correlated with a
decrease in Ycflp-Ser251 phosphorylation but also with an increase in Ycflp function (Fig.
8A and 8C). Here we show, by microscopy, that Ycflp-dependent vacuole accumulation of
a known substrate, monochlorobimane-glutathione (MCB-SG), is increased (evident by an
increase in fluorescence within the vacuoles of treated cells versus control untreated cells,
Fig. 8A). In addition, the Ycflp-dependent red pigment accumulation associated with the
ade2A mutant is similarly increased in response to salt stress (Fig. 8C). It is important to
note that although Ycflp is responsible for a majority of ade2A-associated red pigment
accumulation, the vacuole ABCC transporter, Bptlp, plays a minor role in red pigment
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accumulation (Sharma, et al., 2002) and may account for a small fraction of the increased
red pigment accumulation after salt treatment. Taken together these results suggest
thatYcflp function is induced in response to high salt concentrations in a Ckalp-dependent
manner. To determine if indeed the increase in red pigment accumulation and the increased
in vacuolar sequestration of MCB-SG was indeed due to decreased Ycflp function due to
decreased Ser251 phosphorylation we expressed WT Ycflp, Ycflp-Ser251Ala, and Ycflp-
Ser251Glu mutants in strains deleted for ycf14 ade24 and ycfl4 respectively. We reasoned
that if the increase in red pigment and MCB-SG in the vacuole is due to increased Ycflp
function via decreased phosphorylation of Ser251, and not another mechanism, then cells
expressing Ycflp-Ser251Glu should not have increased accumulation of either compound in
response to salt stress and should mimic untreated WT cells (Fig. 8B and 8D), indeed this is
the case for Ycflp-Ser251Glu expressing cells. Further, expression of Ycflp-Ser251Ala
should mimic salt treated WT cells in both salt treated and untreated culture (Fig, 8B and
8D), and here too, this is the case for Ycflp-Ser251Ala. These results suggest that Ycflp
function is induced in response to salt stress via decreased phosphorylation of Ser251, a
result of decreased Ckalp activity. Based our results we expected an ycf1A strain to be more
sensitive to salt stress than a WT strain and similarly a ckalA and an ycf1A ckalA would all
have increased sensitivity to salt stress. However this turned out to not be the case, as spot
tests for cell growth of WT, ycfl1A, ckalA, and ycf1A ckalA strains showed no differences at
high concentrations of salt (Supp. Fig. 3). Although our results do not show a direct role for
Ycflp in cellular resistance to salt stress, the results implicate an underlying role for Ycflp
in the cellular response of yeast to high salt.

Discussion

The ABCC transporter Ycflp is critical for the detoxification of heavy metals in yeast. One
of our long-term goals is to understand how Ycflp activity is regulated. Recent studies with
Ycflp have shown that Ser251 in LO is a site of phosphorylation and mutation of Ser251 to
alanine results in increased transport function in vivo and in vitro (Chi, et al., 2007, Smolka,
et al., 2007, Paumi, et al., 2008, Chi, 2007 #8). Further genetic evidence suggests that Ycflp
function is negatively regulated by the yeast CK2a subunit, Ckalp, via phosphorylation of
Ser251 (Paumi, et al., 2008). However, it remains unclear what the role of Ckalp-dependent
regulation of Ycflp plays in cellular metabolism and response to cell stressors. In the work
presented here, we address this key issue and present evidence that strongly suggests that
Ckalp regulation of Ycflp function is important in the cellular response to salt stress
suggesting a new underlying role for Ycflp in cellular resistance to high salt concentration.

In the present study we provide evidence that Ckalp-dependent regulation of Ycflp function
does not require or is regulated via phosphorylation sites within the linker domain of Ycflp.
Indeed if phosphorylation sites within the linker domain played a role in regulating Ckalp-
mediated attenuation of Ycflp function then individual alanine mutants would behave
similarly to the Ser251Ala mutant phenotypically, but this is not the case (Fig. 2).
Expression of alanine mutants for each of the linker domain (Fig. 1) phosphorylation sites
did not result in increased strain resistance to high concentrations of cadmium or increased

Y cflp-dependent transport activity (Fig. 2B and D). It is important to note however that
Ycflp-Ser873Ala and Ycflp-Ser914Ala have a subtle increase in resistance over that of WT
at low concentration of cadmium. This subtle increased resistance to cadmium is not
recapitulated at the higher concentration of cadmium and does not correlate with an increase
in transporter function, which suggests that it may be the result of a nonspecific effect or that
the differences we see at the low concentration is an experimental artifact. This subtle
difference will be more closely examined in future studies. In addition we examined the
possibility that phosphorylation within the linker region regulated Ckalp phosphorylation of
Ser251. To this end, we synthesized a phosphospecific antibody for Ycflp-Ser251 and
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showed that linker domain phosphorylation sites do not alter Ycflp-Ser251 phosphorylation
status with the exception of the Ycflp-Ser908Ala, Thr911Ala double mutant (discussed
below). Importantly, we show that deletion of ckalA almost completely eliminates Ser251
phosphorylation in vivo. Thus, Ckalp does appear to negatively regulate Ycflp function
solely through the phosphorylation of Ser251, as indicated by Paumi et. al. in JBC, 2008.
We acknowledge the possibility that some level of control of Ycflp function may be
mediated by Ckalp-dependent phosphorylation of additional unidentified sites. However,
this seems unlikely since the Ser251Ala mutant results in a remarkably similar phenotype to
the ckalA deletion which almost completely eliminates Ser251 phosphorylation (Fig. 3A
and B).

Interestingly, our analysis of Ser251 phosphorylation status in the context of linker domain
phosphorylation site mutants revealed that the double mutant of Ser908 and Thr911 does
have an effect on Ser251 phosphorylation status (Fig. 3C); mutation of Ser908 and Thr911
to alanine results in a 60% reduction in Ser251 phosphorylation. This result is consistent
with the fact that a triple mutant of Ser251Ala, Ser908Ala, and Thr911Ala has the identical
phenotype as the Ser908Ala, Thr911Ala double mutant (Paumi, et al., 2008) and supports the
previous finding that the phenotype resulting from the Ser908Ala, Thr911Ala double mutant
is dominant over the increased growth phenotype associated with the Ser251Ala mutant.
One explanation of this finding is that phosphorylation of Ser908 and Thr911 play two roles
in regulating Ycflp function. First, phosphorylation of Ser908 and Thr911 is required for
Ycflp activity, and second, phosphorylation of Ser908 and Thr911 may play a role in the
recruitment of Ckalp to Ycflp. Thus, decreased phosphorylation at Ser908 and Thr911
would result in a reduced ability for Ckalp to associate with Ycflp. Ycflp-Ser872Ala and
Ycflp-Ser903Ala mutants also show decreased activity both in vivo and in vitro (Fig. 2A
and 2D) similar to the Ycflp-Ser908Ala, Thr911Ala mutant. However, the Ycflp-Ser872Ala
and Ycflp-Ser903Ala mutants do not alter the phosphorylation of Ser251. These results
suggest that phosphorylation of Ser872 and Ser903 may regulate Ycflp function and Ckalp-
mediated regulation of Ycflp function via a different mechanism than Ser908 and Thr911.
One possible mechanism is via the regulation of substrate recognition, a mutation that would
be most likely dominant to a Ser251 mutation. This possibility could be quite important to
all ABCC transporters as these sites are semi-conserved. The potential role of the
phosphorylation sites within the linker domain is one of the major focuses of our current
studies. Interestingly, many of the identified Ycflp phosphorylation sites have MRP
homologues (Paumi, et al., 2008). This may suggest that the regulation of the human and
yeast MRPs is very complex involving multiple phosphorylation sites and multiple kinases.

To confirm the previously reported iMY TH results suggesting that Ckalp directly interacts
with Ycflp and to ask if all the subunits of the CK2 holoenzyme interact with Ycflp, we
conducted a number of co-immunoprecipitation experiments with endogenously-expressed
Ycflp-TAP. It is reasonable to believe that if Ckalp interacts with Ycflp, then the entire
holoenzyme complex also interacts with Ycflp. Our studies showed that indeed Ycflp
interacts with all the subunits of the CK2 holoenzyme (Fig. 4). These results in combination
with those previously reported by Paumi et. al. strongly suggests that Ycflp and Ckalp do
physically interact in vivo and that the interaction is not specific to Ckalp, but rather
suggests the possibility that Ckalp can interact with Ycflp as a member of the CK2
holoenzyme. CK2 holoenzyme formation is dependent upon the formation of a Ckb1p and
Ckb2p dimer (Kubinski, et al., 2007). In the absence of Ckb1p and Ckb2p dimer formation
the holoenzyme is inhibited (Kubinski, et al., 2007). The fact that Ycflp is negatively
regulated in the absence of CK2 holoenzyme formation suggests that Ckalp can
phosphorylate Ycflp-Ser251 as a monomer, although our data suggests the possibility that
the Ycflp-Ckalp interaction is strong enough to cause interaction of CK2 and Ycflp.
However, it is important to note that our CK2 holoenzyme-Ycflp interaction analysis is
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based on overexpression of the individual subunits of the CK2 holoenzyme, and thus, the
endogenous interaction requires confirmation.

One potential and very interesting explanation for our CK2 results, especially the
appearance that deletion of Cka2p decreases resistance to cadmium rather than increases
resistance to cadmium similar to deletion of Ckalp (Fig. 5A), is that the Ckalp/Cka2p
heterodimer formation is in competition with Ckalp homodimer formation and the deletion
of Cka2p results in increased Ckalp homodimer formation. The increase in Ckalp
homodimer formation favors Ckalp specific substrates and hence increased Ckalp
regulation of Ycflp function (decrease growth on cadmium and decreased transporter
activity). This model, for the role of Cka2p in Ckalp-dependent Ycflp regulation, explains
our results and suggests a role for Cka2p in regulating Ckalp specific activities of CK2.

To determine if Ckalp alone is truly sufficient to phosphorylate Ycflp-Ser251 we
conducted a series of kinase assays with short peptides derived from Ycflp containing the
Ser251 CK2 consensus site. Our results clearly indicate that recombinant Ckalp can interact
with and phosphorylate Ser251 which supports the model that Ckalp negatively regulates
Ycflp function via phosphorylation of Ser251. However, it is important to note that in vitro
kinase assays are not always a clear indicator of the ability of a kinase to phosphorylate a
site in vivo; however, we have also shown that full phosphorylation of Ser251 in vivo
requires Ckalp (Fig. 3). Therefore, together these results suggest that Ckalp negatively
regulates Ycflp function via direct phosphorylation of Ser251.

The most important finding of this work is the discovery of the potentially new and exciting
role of Ycflp in the cellular response to high salt. Our work suggests that Ycflp function is
upregulated in response to high salt concentration in a Ckalp-dependent manner via
decreased phosphorylation of Ser251 within the NTE of Ycflp. This finding is supported by
previous studies that have demonstrated a role for CK2 in cellular response to salt stress
(Kanhonou, et al., 2001, Hermosilla, et al., 2005). Furthermore, our findings provide
important insight into the possible role for CK2 in regulating the function of the human
ABCC transporters in normal cells and under stressed or disease conditions. For example,
ABCCY7 (CFTR) is regulated by CK2 in vivo and there is evidence to suggest that ABCC7 (a
known CI™ channel) is regulated via a CK2a (Ckalp homologue)-dependent mechanism
involving the protein salt channel, epithelium sodium channel 1 (ENaC1) (Mehta, 2008).
Further, CK2 has been shown to modulate ABCAL activity (Roosbeek, et al., 2004).
Therefore it is reasonable to believe that CK2 may have a role in regulating the function of
many of the ABC transporters.

In conclusion, our results presented here support the important mechanistic role of
phosphorylation in both negatively and positively regulating Ycflp transporter function and
define a novel stress condition and the mechanism by which the CK2a kinase (Ckalp)
regulates Ycflp transporter function. Our future studies will focus on determining the
cellular conditions and signaling pathways necessary for Ckalp-dependent Ycflp
regulation. In addition, we will define the role of Cka2p in regulating Ckalp activity, and
determine if the human CK2a homologue, CSNK2A1, plays a similar role in regulating
human MRP function in response to cellular stress.
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Table |

Yeast strains used in this study

Strain®  Relevant Genotype Reference
cpsob  met3A leu2A ura3A his3A Open Biosystems
CP60 met3A leu2A ura3A his3A ycfl::KanMX Open Biosystems
CP105 ura3A ade2A LEU2 TRP1 YCF1 This Study
CP106 ura3A ADE2 LEU2 TRP1 YCF1 This Study
CP135  metl5A leu2A ura3A his3A ycflA::KanMx [2u YCF1-GFP URA3] This Study
CP136  metl15A leu2A ura3A his3A ycflA::KanMx [2u YCF1-Ser251Ala -GFP URA3] This Study
CP147  metl5A leu2A ura3A his3A ckalA::KanMx Open Biosystems
CP151  met15A leu2A ura3A his3A ckalA::KanMX [2u YCF1-GFP URA3] This Study
CP156  metl5A leu2A ura3A his3A YCF1:TAP-HIS3 Open Biosystems
CP157  metl5A leu2A ura3A his3A ycfl1A::KanMX ckalA::URA3 Paumi et. al. 2009
CP159  metl5A leu2A ura3A his3A cka2A::KanMX Open Biosystems
CP164  metl5A leu2A ura3A his3A YCF1:TAP-HIS3 KanMx-Pga -GST-CKAL This Study
CP165  metl5A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S869A -GFP URA3] This Study
CP166  metl5A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S870A -GFP URA3] This Study
CP167  metl5A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S872A -GFP URA3] This Study
CP168  metl5A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S873A -GFP URA3] This Study
CP169  metl5A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S903A -GFP URA3] This Study
CP170 metl15A leu2A ura3A his3A ycflA::KanMX [2u YCF1-S914A -GFP URA3] This Study
CP174  PYES2/CT::ckal::v5::6his Kubinski et. al. 2007
CP176  metl5A leu2A ura3A his3A cka2A::KanMX [2u CKA2:MYC:6xHis LEU2] This Study
CP177  metl5A leu2A ura3A his3A pepA::KanMX [2u YCF1-GFP URA3] This Study
CP178  metl5A leu2A ura3A his3A cka2A::KanMX [2u YCF1-GFP URA3] This Study
CP179  metl5A leu2A ura3A his3A KanMx- Pgp -GST-CKAL This Study
CP180  metl5A leu2A ura3A his3A pepA::KanMX [2u YCF1-Ser251Ala-GFP URA3] This Study
CP187  metl5A leu2A ura3A his3A ckalA::LEU2 pep4A::KanMX [2u YCF1-TAP URA3] This Study
CP188  metl5A leu2A ura3A his3A pep4A::KanMX [21 YCF1-TAP URA3] This Study
CP189  metl5A leu2A ura3A his3A pep4A::KanMX [2u YCF1-Ser869Ala-GFP URA3] This Study
CP190  metl5A leu2A ura3A his3A pep4A::KanMX [2u YCF1-Ser870Ala-GFP URA3] This Study
CP191  metl5A leu2A ura3A his3A pep4A::KanMX [21 YCF1-Ser872Ala-GFP URA3] This Study
CP192  metl5A leu2A ura3A his3A pep4A::KanMX [2u YCF1-Ser873Ala-GFP URA3] This Study
CP193  metl5A leu2A ura3A his3A pep4A::KanMX [2u YCF1-Ser903Ala-GFP URA3] This Study
CP194  metl5A leu2A ura3A his3A pep4A::KanMX [21 YCF1-Ser914Ala-GFP URA3] This Study
CP195  metl5A leu2A ura3A his3A CKA1-V5-His::KanMx Open Biosystems
CP200  metl5A leu2A ura3A his3A pep4A::KanMX [2u YCF1-Ser908Ala, Thr911Ala-GFP URA3]  This Study
CP224  met15A leu2A ura3A his3A ckblA::KanMX Open Biosystems
CP225  metl5A leu2A ura3A his3A ckb2A::KanMX Open Biosystems
CP226 met15A leu2A ura3A his3A YCF1:TAP-HIS3 [2u Pga -GST-CKA2 URA3] This Study
CP227  met15A leu2A ura3A his3A YCF1:TAP-HIS3 [2u Pga -GST-CKB1 URA3] This Study
CP228  met15A leu2A ura3A his3A YCF1:TAP-HIS3 [2u Pga -GST-CKB2 URA3] This Study
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CP229  metl5A leu2A ura3A his3A ckb1A::KanMX [2u YCF1--GFP URA3] This Study
CP230  metl5A leu2A ura3A his3A ckb2A::KanMX [2u YCF1-GFP URA3] This Study
CP239  met3A leu2A ura3A his3A ycfl::KanMX [2u YCF1 - GFP URA3] This Study
CP240  met3A leu2A ura3A his3A ycfl::KanMX [21 YCF1 — Ser251Ala-GFP URA3] This Study
CP241  met3A leu2A ura3A his3A ycfl::KanMX [2u YCF1 — Ser251Glu-GFP URA3] This Study

aAII CP strains listed here are isogenic to CP59

bCP59 is the Paumi lab isolate of BY4741D CP59 is the Paumi lab isolate of BY4741
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Table Il

Plasmid used in this study

Plasmid Relevant Genotype Reference

pCP25 (pFAG6-) KanMx6-PGAL1-GST Longtine et. al. 1998

pCP50 (pSM2243)  [21 YCF1-Ser251Aala-GFP URA3]  Paumi et. al. 2008

pCP58 (pSM1753)  [21 YCF1-GFP URA3] Mason et. al. 2002

pCP74 [2u CKA2:MYC:6xHIS LEU2] Schaerer-Brodbeck et. al. 2003

pCP83 [2u YCF1-Ser869Ala-GFP URA3]  This Study

pCP84 [21 YCF1-Ser903Ala-GFP URA3]  This Study

pCP85 [2u YCF1-Ser914Ala-GFP URA3] This Study

pCP94 [2u YCF1-Ser870Ala-GFP URA3]  This Study

pCP95 [2u YCF1-Ser872Ala-GFP URA3]  This Study

pCP96 [2u YCF1-Ser873Ala-GFP URA3]  This Study

pCP109 [2u Pga -GST-CKA2 URA3] Open Biosystems

pCP110 [244 PgaL-GST-CKB1 URA3] Open Biosystems

pCP111 [244 PgaL-GST-CKB2 URA3] Open Biosystems
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