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SUMMARY

In Dictyostelium,the RtoA protein links both initial cell-
type choice and physiological state to cell-cycle phasgA-
cells (containing a disruption of thertoA gene) generally do
not develop past the mound stage, and have an abnormal
ratio of prestalk and prespore cells. RtoA is also involved
in fusion of endocytic/exocytic vesicles. Cells lacking RtoA,
although having a normal endocytosis rate, have a

accomplished by re-establishing the link between cell type
choice and cell cycle phase. MdrAl protein is localized
to the endosome. mdrAl/mdrA2- cells (containing a
disruption of these genes) have an endocytosis rate roughly
70% that of wild-type or rtoA- cells, whereasmdrAl~/
mdrA27/rtoA- cells have an endocytosis rate roughly 20%
that of wild-type. The exocytosis rates omdrAl/mdrA2-

decreased exocytosis rate and endosomes with abnormally and mdrAl/mdrA2-/rtoA- are roughly that of wild-type.

low pHs. RtoA levels vary during the cell cycle, causing a
cell-cycle-dependent modulation of parameters such as
cytosolic pH (Brazill et al., 2000). To uncover other genes
involved in the RtoA-mediated differentiation, we identified
genetic suppressors ofrtoA. One of these suppressors
disrupted two genes, mdrAl and mdrA2, a tandem
duplication encoding two members of the ATP binding
cassette (ABC) transporter superfamily. Disruption of
mdrA1/mdrA2 results in release from the developmental
block and suppression of the defect in initial cell type choice
caused by loss of thertoA gene. However, this is not

mdrAl/mdrA2- endosomes have an unusually high pH,
whereasmdrAl/mdrA27/rtoA- endosomes have an almost
normal pH. The ability of mdrAl/mdrA2 disruption to
rescue the cell-type proportion, developmental defects, and
endosomal pH defects caused hyoA disruption, and the
ability of rtoA disruption to exacerbate the endocytosis
defects caused bymdrAl/mdrA2 disruption, suggest a
genetic interaction betweerrtoA, mdrAland mdrA2.

Key words: ABC; Multidrug; pH; Cell-type choice; Cell fate,
Musical chairs

INTRODUCTION

cells. ThertoA- mutant had an abnormally high percentage of
prestalk cells (Wood et al., 1996) (R. R. Ammann and R.H.G.,

Little is known about how a set of undifferentiated cells carunpublished). ThetoA~ gene disruption transformant had the
break symmetry and differentiate into distinct cell types. Onsame phenotype as the original antisense mutant, including a
of the simplest organisms that exhibits this behavior is thhigh prestalk/prespore ratio, and a developmental arrest at the

eukaryote Dictyostelium discoideumDictyostelium which

mound stage.

eats bacteria and increases in number by fission, lives as an addition to pH, it has been shown that the initial
single cell on soil surfaces. When the cells overgrow an aredifferentiation ofDictyosteliumcells occurs by a combination

and starve, they form an aggregate ®1@-1C° cells, which

of asymmetric cell division and a simple ‘musical chairs’

develops into a fruiting body consisting of two cell types: anechanism based on the cell cycle (Araki et al., 1997; Araki

column of stalk cells supporting a mass of spore cells.

It has been suggested that the pH of intracellular vesicles,

et al., 1994; Gomer and Firtel, 1987; Krefft and Weijer, 1989;
McDonald and Durston, 1984; Ohmori and Maeda, 1987;

part, regulates initial cell-type choice (Gross et al., 1988). IWeijer et al., 1984a; Zimmerman and Weijer, 1993). The initial
support of this hypothesis, we had previously recovered eell-type decision is made at the initiation of starvation. For
mutant ofDictyosteliumthat has an altered endosomal pH andeach pair of sister cells in S or early G2 phase, one sister
accordingly an altered ratio of initial cell types (Wood et al. differentiates into a prestalk cell whereas the other sister
1996; Brazill et al., 2000). The gene disrupted in this strainhecomes a null cell (a cell type that initially expresses neither
rtoA, was originally identified using shotgun antisenseprespore nor prestalk markers, but which can later differentiate
transformation (Spann et al., 1996) in a screen designedto either cell type). For each pair of sister cells in late G2 or
to identify mutants with altered cell-type differentiation. M, one sister differentiates into a prespore cell and the other
Transformants having any observable developmentaister becomes a null ceDictyosteliungrown under standard
abnormality were screened by assaying for changes in thaboratory conditions has an undetectable G1 phase (Weijer
percentages of cells differentiating into prestalk and prespot al., 1984b)). This mechanism regulates only initial
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differentiation. The eventual fate of the cell is still plastic, andPghl1 in pH regulation (van Es et al., 1994a; van Es et al,,
a variety of factors such as adenosine, ammonia, a chlorinaté@94b).
hydrocarbon called DIF and oxygen can change the final fate To identify other genes involved in the RtoA-regulated
(Brookman et al., 1987; Gross et al., 1983; Kay et al., 1989nechanism for choice of cell type, we initiated a second-site
Kwong and Weeks, 1989; Schaap and Wang, 1986; Sternfelsiippressor screen of thieA- mutant. Second-site suppressor
1988; Williams et al., 1987; Xie et al., 1991). analysis is a genetic tool that can be used to identify

Cell-cycle analysis ofrtoA- cells demonstrated that the components of genetic pathways (Shaulsky et al., 1996).
increase in the percentage of prestalk cells was not due tésually, genetic suppressors rescue the defect of the original
changes in S, G2 or M phases. However, prestalk and presponaitation by modifying a downstream or interacting component
cells fromrtoA disruptants originate from cells in any phase ofin the faulty pathway. Using restriction-enzyme-mediated
the cell cycle at starvation. As in wild-type cells, the sisters ointegration (REMI), we created random insertional mutations
the differentiated cells are all null in th®A~- mutant. These in Dictyosteliumcells lacking RtoA. Selecting for mutations
results suggest that RtoA is not involved in the asymmetrithat allowedrtoA- cells to develop past their original block at
cell-division mechanism or cell-cycle progression per se, buhe mound stage, we identifietirAlandmdrA2 an apparent
rather is involved in some process that varies during the cethndem duplication that encodes proteins with high homology
cycle, and which can be measured at the time of starvation to ABC transporter proteins.
select initial cell type (Wood et al., 1996).

Examination of the amount of RtoA protein per cell
uncovered a marked heterogeneity in the amount of RtoA IMATERIALS AND METHODS
individual vegetative cells (Brazill et al., 2000). The cells with
high RtoA are all in the ‘prespore’ phase of the cell cycleCell culture
whereas the sisters of these cells have low levels of RtoA. THyH1 wild-type cells were grown in shaking culture in HL5 medium
cells in the ‘prestalk’ phase of the cell cycle have intermediatgéupplemented with 2lg/I biotin, 5pg/l vitamin B12, 20Qug/I folic
levels of RtoA, suggesting that relative levels of RtoA proteircid, 400ug/l lipoic acid, 500ug/l riboflavin and 60Qug/l thiamine
may determine initial cell type choice. Sixty per cent of thesupplemented with uracil as described by Gomer et al. (Gomer et al.,

: : : 91). A mixture of 0.3 g/l streptomycin sulfate and 0.1 g/l ampicillin
RtO.A am_lgo a.C'd S.er?uent%e Ii.tﬁn tafnderg trerp])eats of E:jn '\'/J:v?ere used as antibioticeidrAL/mdrA2- and rtoA/mdrAX/mdrA2
amino acid serine-rich mout, which wetfound to have a randonlg) s yere grown in submerged stationary culture in the above

coil structure. A recombinant protein containing this domainnegiym, or on bacterial plates. The procedure of Wood et al. (Wood
was able to catalyze the fusion of phospholipid vesiclest al., 1996) was used to determine the percentages of prestalk and
suggesting a role for RtoA in vesicle fusion. Light and electromprespore cells at low cell density. For development, cells at mid-log
microscopy confirmed thatoA- cells have a defect in the phase (210° cells/ml) were washed in buffer and plated on filter pads
fusion of endocytic vesicles. In wild-type cells, sister cells tendollowing Jain et al. (Jain et al., 1992).

to have different vesicle processing rates, whereaso#r
cells the processing rates are generally the same for all cel
roA™ cells also have a decreased exocytosis rate and g o ‘o 21" 1996) with the following modificatiortsA- cells

decreased pH of endocytic/exocytic vesicles. I_gere grown to #10° cells per ml in liquid HL5 medium as above.

%EMI mutagenesis and suppressor screen
Isplation of second site suppressors followed Shaulsky et al.

The products of many genes regulate the pH of cells andly)is were cooled on ice for 15 minutes, harvested by centrifugation
organelles. One class of proteins that does this is the ATipg resuspended ax107 cells per ml in ice-cold electroporation

binding cassette (ABC) transport proteins. These proteins aggffer (10 mM NaHPQu, 10 mM KHPQs and 50 mM sucrose, pH
found in a number of organisms, but are most noted for thed.1). Five ml of cells were mixed with 1@/ml of BanHI-linearized
involvement in cystic fibrosis (Riordan et al., 1989), multidrugpUCBs&ABam and 30 units/ml of Dpnll restriction endonuclease
resistance in human cancers (Gros et al., 1986; Gros et dNew England Biolabs, Beverly, MA) immediately before
1988; Riordan et al., 1985) and chloroquine resistance in tidectroporation. Aliquots of 0.8 ml were placed into 0.4 cm gap
(Krohstad et al., 1987; Reed et al., 2000). Proteins belongi th a_Blo-R_ad Gene Pulser (Bio-Rad). The cells were transferred
to this family use the energy from hydrolysis of ATP to! mediately into HL5. The cells were plated afl@® cells per 10 cm

i ¢ | los f ide of b t th late and incubated for 15 hours. Blasticidin S (Calbiochem, San
ransport molecules irom one side or a memorane {0 ano iego, CA) was added to each plate to a concentratioqugfrdl and

These transported molecules can range in size and complexjfi cells were incubated for another 6 days. Drug-resistant colonies
from single ions to peptides (Gilson et al., 1988; HigginSwere collected and plated at approximately 200 cells per 10 cm plate
1992). InDictyostelium there exist ABC transporters that are on SM/5 agar withKlebsiella aerogenesPlates were screened for
involved in the release of signals from cells (Good and Kuspayutants that showed more advanced development than the original
2000; Shaulsky et al., 1995). The. falciparum ABC rtoA- mutant. Individual plaques were isolated and plated on SM/5
transporter, Pgh1, which is involved in chloroquine resistancé&gar withK. aerogenes

is behevgd to cc_)r}trol the pH of the food vaf:uole, the site oﬁlucleic acid manipulation

chloroquine activity (Cowman et al., 1991; van Es et al. loni ¢ the DNA Hanki he | . . q
1994a). When Pghl is mutated, the food vacuole is n%;"ng of the sequences flanking the insertion site an

| idified. Chl . bei Kb . b capitulation of the mutant by homologous recombination were
properly aciainead. oroguing, being a weak base, IS una formed using the method of Kuspa and Loomis (Kuspa and

to enter the food vacuole due to a decreased pH gradient. Pgfylymis, 1992). Sequencing of this clone was performed as previously
expressed in mammalian cells is localized to the intercellulafescribed (Wood et al., 1996). Additional sequence was obtained from
vesicles. In addition, lysosomal acidification and increaseghe DictyosteliumGenome Sequencing Project at the Jena Genome
accumulation of drug were observed, supporting the role ddequencing Center (Jena, Germany) and by PCR of genomic DNA
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and cDNA. Northern and Southern blot analyses were performedfter 10 minutes, the medium was changed to HL5 for an additional
following Wood et al. (Wood et al., 1996) using a DNA probe to al0 minutes. Cells were then fixed for 3 minutes in HL5 containing
~500 bp region near the middle ofdrA2 obtained by RT-PCR 1% formaldehyde, after which the medium was changed to HL5. This
(Perkin Elmer, Branchburg, NJ) from mRNA isolated with anprocedure was also performed without chasing the RD for 80 minutes
Oligotex Direct mRNA Isolation Kit (Qiagen, San Clarita, CA) with HL5. Images were taken with a Nikon Diaphot inverted
with the primers S5ATCGTAAAGATCCAGTTGG-3 and B3- microscope using &60 1.4 NA phase/fluorescence objective lens.

TCTCTAACCGTTGACACTGG-3 Phase illumination was provided by a 12V/100W lamp operating at 4
) ) V, and the epifluorescence illumination was provided by a 12V/100W

Preparation of a recombinant MdrA1 fragment and lamp operating at 11.5 V. Both lamps used external power supplies to

immunofluorescence reduce heating of the microscope. A heat-blocking filter was in the

The reverse transcriptase polymerase chain reaction (RT-PCR) wpkase illumination beam. A Photometrics cooled CCD camera
used to generate a DNA fragment for fusion protein productionoperating at an exposure ofXLlénd gain of 24 db supplied a video
Poly(A+) RNA was isolated from cells starved for 5 hours using aimage to a computer and direct monitor. To ensure that signals were
Oligotex Direct mRNA Isolation Kit (Qiagen, San Clarita, CA). not saturating, an oscilloscope was used to monitor the video signal.
cDNA was created by performing RT-PCR for 1 cycle (90°C for 5Nuclei were stained with DAPI following Wood et al. (Wood et al.,
minutes, 23°C for 10 minutes, 42°C for 30 minutes and 95°C fod996). Staining of calmodulin in fixed and permeabilized cells was
10 minutes) with MulLV reverse transcriptase following the done following Zhu and Clarke (Zhu and Clarke, 1992), omitting the
manufacturer's directions (Perkin Elmer, Branchburg, NJ). Toagarose overlay step.

generate cDNA for the second ATP binding region (amino acids 745- ) )

973) of MdrAl, the primer SCGGAATTCAAATGAAATCGGC-  Endocytosis, exocytosis and pH assays

TGG-3 was used. Using this cDNA as a primer, PCR was carried olEndocytosis was assayed as previously described (Buczynski et al.,
for three cycles (95°C for 30 seconds, 37°C for 30 seconds, 72°C fa997a). Fluid phase exocytosis was measured using FITC-dextran
1 minute) followed by 27 cycles (95°C for 30 seconds, 60°C for 3GFD) (Sigma) as previously described (Bush et al., 1996) with slight
seconds, 72°C for 1 minute) with Bio-X-act polymerase following themodifications. Cells grown toxA0® cells/ml were harvested and
manufacturer’s directions (Intermountain Scientific Corp., Salt Lakeesuspended in HL5 containing FD at 2 mg/ml. The cells were
City, UT). The above primer as well 8&sGCGGATCCGGTTATGT-  allowed to internalize FD for 3 hours and then were collected and
TAAACCGGG-3 were used to amplify the DNA. The primers createdresuspended in fresh HL5. At the indicated times, 1 ml of cells was
anEcaRl site at the 3end and @anHlI site at the 5end of the PCR  collected by centrifugation and washed once in HL5 and twice in 5
product. The purified product was then digested \&toRI and mM glycine-NaOH (pH 8.5) containing 100 mM sucrose. The cells
BanHI and ligated into th8anHI/EcdRI digested expression vector were then lysed in 1 ml of the same buffer containing 0.2% Triton
pGEX3 (Amersham, Piscattaway, NJ) after the enzymes had been h&afl00. The fluorescence of the lysate was measured in an Aminco
inactivated. Fusion protein was induced and purified using the BPERowman Series 2 Luminescence Spectrometer. Excitation and
system and a glutathione-agarose column (Pierce, Rockford, Il§mission wavelengths for FD were 495 nm and 520 nm, respectively.
following the manufacturer’s direction. The protein was eluted inEndocytic pH was measured following Aubry et al. (Aubry et al.,
three fractions, which were then pooled. These fractions consisted 8993) as described by Brazill et al. (Brazill et al., 2000). BCECF
>85% fusion protein. The fusion protein was used to immunize &taining to measure cytosolic pH was done as described previously
rabbit as described in Jain et al. (Jain et al.,, 1997). Serum wéBrazill et al., 2000).

collected and was purified using an E-Z-Sep kit (Pharmacia). For

affinity purification of the above sera, the fusion protein was attached

to a beaded agarose support using an AminoLink immobilization kiRESULTS

(Pierce, Rockford, IL). The antibody was purified using their

suggested protocol. Immunofluorescence was performed with thj . .

antibody using the method of Zhu and Clarke (Zhu and Clarke, 1992); utagenesis and selection of suppressors

without the agarose overlay. Wild-type Dictyosteliumcells, when starved, enter into a 24
_ _ hour developmental program culminating in the formation of
Antibody production and western blots a fruiting body consisting of a mass of spore cells supported

Because we found that the above antibody gave a high backgroupg a column of stalk cells (Fig. 1). However, strains carrying
when used ~for western blots, the synthetic peptidey” mytation in thertoA gene are not able to progress fully

l'i\m):e’\:T}ﬁ'%’:?;%miazaggma“gﬁi "L"Jiz dc?(;‘j‘ijr%ﬁﬁﬂi;% ?3;28:; through development and are arrested at the mound stage (Fig.
Biosynthesis Inc. (Lewisville, TX). Serum was collected two weeksit)‘ This developmental phenotype allowed us to design a

after the third injection and was purified using an E-Z-Sep kiSUPPressor screen to identify o_ther gen?s that may be involved
(Pharmacia). The antibody was purified as described above using thethe RtoA pathway. By mutating thiesA~ mutant strain and
synthetic peptide attached to agarose beaddOFlcells were Selecting for clones that proceed past the mound stage, we
collected at different stages of development and boiled for 3 minutegould potentially isolate genes that are involved in initial cell

in SDS PAGE sample buffer in a final volume of 3d0A 20 ul type choice that act downstream of RtoA. We generated
aliquot was loaded onto a 7.5% PAGE gel and western blots were doagproximately 10,000 independent transformants oftts
following Jain and Gomer (Jain and Gomer, 1994). strain using a plasmid carrying the blasticidin resistance
Light micrascopy cassette. These transformant; were plated on agar with bacteria
To monitor pinocytosis, 200l of cells at a density of<ILCP cells/ml ;tlsegﬁré?rartgvﬂ]or:ﬁ: (I%rng?(\;/\rl]eizds:\élri%?wleg?grs goer\r/r;?g t'mAefrt]?r :st
in HL5 were placed onto an 8-well coverglass bottom slide (Typ(%he mou?]d Staée the point at which theA~ strain aPrests P

136439, Nunc, Naperville, IL) and allowed to settle for 10 minutes,_ ~ . e N
The medium was then gently changed to 2 mg/ml rhodamind Nirteen such clones were identified and isolated. These clones

isothiocyanide dextran (RD) (Sigma) in HL5 for 10 minutes thenactually represented 11 separate suppressors, as two of the
replaced with HL5. After 80 minutes, lysosomes were stained bguppressors were isolated twice. Genomic DNA fragments
adding Lysosensor Green DND-189 (Molecular Probes) to 1 mMflanking the plasmid insertion site along with the intervening
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rtoA-

Fig. 1. Disruption ofmdrAlandmdrA2results in a partial rescue of the developmental defect exhibited by mutatioA.diVild-type DH1
cells,rtoA™ cells,rtoA~/mdrAT/mdrA2 cells andndrAI/mdrA2 cells were plated with bacteria on agar. As the bacteria were consumed,
development was triggered and after 24 hours fruiting structures formed. A side view of these resulting developmentalisishoture The
width of each frame is 3.5 mm.

plasmid were isolated and cloned. One of the clones containé®5 bp, respectively. The predicted sizes of MdrA1 and MdrA2
DNA from two novelDictyosteliumgenesmdrAlandmdrA2 are 149 kDa and 166 kDa, respectively. The amino acid
which encode proteins with similarity to ABC transporter/sequences of the two proteins have a 50.2% identity over their
multidrug resistance proteins (see below). entire length, with an 84% identity in the middle 276 amino
This REMI mutant actually was an insertion/deletion mutantcids. The main differences between the two proteins are three
where the 3end ofmdrAland the 5end ofmdrA2had been repetitive regions with a length of 10-25 aa and a ~50 aa
replaced with the REMI plasmid, causing a deletion of the lasdrginine-rich region found in MdrA2 but not in MdrA1.
89 amino acids of MdrAl and the first 534 amino acids of As is found in other members of the ABC transporter family,
MdrA2. The plasmid containingndrAl/mdrA2DNA was  MdrAl and MdrA2 contain two copies each of the ABC
linearized and transformed into theA- strain. The resulting transporter sequence motif that constitutes a nucleotide-
gene disruption by homologous recombination successfullginding fold. The sequence is found in similar locations on
recapitulated the rescue of the developmental arrest, indicatirgch gene, from amino acids 85-255 and 728-916 in MdrAl
that the isolated genes were responsible for suppression. Proped 98-288 and 841-1029 in MdrA2. Both contain the two
insertion was verified by Southern blots (data not shown). Theharacteristic six transmembrane-spanning regions and Walker
rtoA”/mdrAT/mdrA2 cells did not grow in suspension culture A and B motifs found in ABC transporter proteins (Higgins et
and grew slowly in liquid medium while attached to plastical., 1986; Higgins et al., 1985; Walker et al., 1982). ABC
plates, much like the phosphatidylinositide 3-kinase mutarttansporters can have several topologies based on the
AddpiklAddpik2 which has a defect in pinocytosis placement of the nucleotide-binding domain (NBD) and the
(Buczynski et al., 1997b). Cells from the origindbA~7/  transmembrane domain (TMD) (Van Veen and Konings, 1998).
mdrAt/mdrA2;, as well as the recapitulation strain, were ableMdrAl and MdrA2 fall into the group with the structure
to progress through development and produce a fruiting bod{NBD-TMD} 2, which places them with PDR5 from
However, this fruiting body was abnormal in that it appeare®accharomyces cerevisidBalzi et al., 1994) and WHITE
to have a thickened stalk and basal disk (Fig. 1). In additiorirom Drosophila melanogastgO’Hare et al., 1984) (SWISS-
we introduced the insertional clone into wild-type cells toPROT accession no. P10090). Other structures include {TMD-
determine whether disruption of justirAlandmdrA2caused NBD},, two separate peptides {TMRKNBD} 2 and ‘half-
a development phenotype. Like theoA/mdrAT/mdrA2-  size’ transporters {TMD-NBD} and {NBD-TMD} (Van Veen
cells, the mdrAT/mdrA2 cells were unable to grow in and Konings, 1997). Fig. 2 aligns the Ntérminal and
suspension culture but did grow (albeit slowly) in liquid COOH-terminal ABC cassettes of MdrAl and MdrA2 with the
medium while attached to plastic plates. As seen in Fig. lionsensus ABC transporter cassette. Given their proximity to
mdrAX/mdrAZ-cells are able to proceed through developmenteach other and their high sequence identity, we believe that
althoughmdrAT/mdrA2-fruiting bodies also exhibit thickened these two genes represent a tandem duplication. Tandem
stalks and basal diskeadrAT/mdrA2- cells also tend to be duplication events have been seen in a numhbembjostelium
rounder than wild-type cells when placed in liquid culture (datgenes including the adhesion protein gp24 and the discoidin |

not shown). gene family (Loomis and Fuller, 1990; Welker, 1988).
S Sequence comparisons with other proteins show a high

Sequence similarity of MdrAl and MdrA2 to ABC similarity to yeast proteins Pdr5 (29% and 27% identity for

transporters MdrAl and MdrA2, respectively) and Bfrl (29% and 26%

Genomic and cDNA clones were sequenced and the deducekntities). PDR5 is &. cerevisiagene cloned for its ability
amino acid sequences were compared with various proteto confer resistance to cycloheximide and sulfometuron methyl
databases using BLAST. The insert had affected two tandemiyhen in multicopy (Leppert et al., 1990). bfris a
oriented highly similar genesndrAl and mdrA2 both of  Schizosaccharomyces pombene cloned by its ability to
which are members of the ABC transporter family.confer resistance to Brefeldin A (SWISS-PROT accession no.
Comparison of the nucleotide sequence also showed R41820) when in multicopy (Nagao et al., 1995a). The
similarity in how these genes are coded. Each is made up Drosophila proteins  Scarlet (EMBL/GenBank/DDBJ
two coding regions at thé &nd of the gene, with the first being accession no. P45843) and White show 29% and 30% identity
~430 and ~470 bp, respectively, and the second being ~270 pMdrA1, and 28% and 29% to MdrA2, respectively.

in both genes; a third coding region containing ~3300 and 3700 )

bp, respectively, is situated at theeBd. In the two genes the Expression pattern of mdrA2

first intron is 92 and 140 bp and the second intron is 104 anthe developmental expression wfdrA2 was examined by
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Fig. 2.MdrA1 and MdrA2 have sequence
similarity to known ABC transporter proteins.
The complete nucleotide and derived amino
acid sequence ohdrAlandmdrA2are
available in GenBank as AF246689. The N-
terminal and C-terminal ABC transporter
domains of MdrA1 and MdrA2 are aligned
with the consensus ABC transporter domain
from the Pfam protein families database
(Bateman et al., 2000). The alignment was
done using the program CLUSTAL W
(Thompson et al., 1994). Black boxes indicate
identical amino acids whereas shaded boxes
indicate conservatively substituted residues.
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probing a northern blot of RNA from developing cells with awe raised antibodies against a peptide of MdrA2. These

cDNA probe ofmdrA2 The 4.2 kbmdrA2mRNA exhibited a

antibodies were then affinity purified, and used to stain western

low level of expression in vegetative cells with an increase anblots. To ensure that the antibodies were specific for MdrA2,
slight peak after 5 hours of development. The transcript thewe used them to stain a western blot of lysates fratmAL/
dropped back to previous levels until 20 hours, at which pointhdrA2- cells, wild-type DH1 cellsytoA- cells andrtoA~/
it continued to increase until the end of development at 2BdrAT/mdrA2 cells (Fig. 3B). Both wild-type andoA- cells
hours (Fig. 3A). To visualize the production of MdrA2 protein,show a cross-reactive band at approximately 160 kDa, which
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Fig. 3. The expression ahdrA2is developmentally regulated. A
northern blot of total cellular RNA isolated from DH1 cells at 2.5
hour intervals after starvation on filter pads was probed with a
radiolabelled fragment of thadrA2gene (A). A western blot of
lysates from 10P cells ofmdrAL/mdrAZ, DH1,rtoA- andrtoA~/
mdrAl/mdrA2 was probed with affinity-purified anti-MdrA2
peptide antibodies (B). A similar western was performed usidgPl

cells of DH1 at 2.5 hour intervals after starvation on filter pads (C).

mdrA-, mdrAT/mdrA2; rtoA7/mdrA-, rtoA-/mdrAT/mdrA2.

is absent in theeoA7/mdrAT/mdrAZ- and themdrAT/mdrA2-

cells. This suggests that the antibodies recognize MdrA2.
Similar results were obtained with the antibody against MdrA1
(data not shown). To examine the developmental production of
MdrA2, we stained a western blot of cell lysates from
developing cells (Fig. 3C). As seen with the mRNA, a small
amount of protein is present in vegetative cells, and the protein
levels peak at roughly 5 hours and decrease by 10 hours. We
observed another peak of production at 12.5 hours, which does
not correlate with expression of mRNA. Finally, we observed
a slight increase in protein levels beginning at 20 hours, which
parallels the mRNA expression.

Suppression of altered prestalk/prespore ratio

We previously observed thatoA~ cells have an increased
percentage of CP2-positive prestalk cells (Wood et al., 1996).
To determine if disruption ofmdrAl/mdrA2 affects this
increased ratio, we examined differentiation in cells developing
on filter pads, as well as in cells starved at low cell density,

Table 1. Cell-type differentiation during normal
development

Cell type Prestalk (%) Prespore (%)
DH1 parental 9.9+0.1 28.8+0.6
rtoA” 16.2+0.5 33.3x0.4
rtoA/mdrAT/mdrA2 9.940.1 29.5+0.2
mdrAT/mdrA2 10.310.4 29.5+0.1

Cells were allowed to develop for 18 hours on filter pads. The aggregates
were then dissociated, and the cells were fixed and stained for the prestalk
marker CP2 or the prespore marker SP70. For each experiment, several fields
of cells were examined and the total number of cells and the number of
positive cells were counted. At least 200 total cells were examined. Values are
averages of four independent determinationsts.e.m.
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Table 2. Cell-type differentiation during development in
submerged culture at low cell density

Cell type Prestalk (%) Prespore (%)
DH1 parental 10.7+0.6 32.2+2.7
oA~ 13.1+0.3 32.4+2.6
rtoA/mdrAT/mdrA2 10.5+0.6 32.2¢4.1
mdrAL/mdrA2 11.2+1.0 31.3+4.4

Cells were starved in the presence of conditioned medium, and 6 hours
after starvation cCAMP was added to induce marker expression. At 18 hours
after starvation, the cells were fixed and stained for the prestalk marker CP2

apparently random pattern of differentiation (Fig. 4),
suggesting that disruption ofmdrAl/mdrA2 rescues
development and cell-type choice without rescuing the musical
chairs mechanism of initial cell-type choice. For several cells,
one sister became prestalk with the other sister becoming
prespore; in other cases both sisters became prespore.

Subcellular location of MdrA1 protein

To determine the subcellular localization of the MdrA1 protein,
cells were stained for MdrA1 by immunofluorescence. In wild-

or the prespore marker SP70, and the number of positive cells in awell of type vegetative cells, the antibodies gave two patterns of

2x108 cells was counted. Values are averages of four independent

localization. One population of cells localized the protein to

determinationss.d. two or three large vesicles. In the other population, the cells

where cell-cell communication is minimized. In both cases
disruption ofmdrAl/mdrAZn artoA-background reduced the

localized the protein to tiny vesicles (Fig. 5B). However, the
rtoA-cells only showed the tiny vesicle pattern of staining (Fig.
5F). This pattern of localization is similar to what we

percentage of CP2-positive prestalk cells to approximatel-

wild-type levels (Table 1; Table 2). The percentage of CP2
positive prestalk cells was also approximately that of wild-type
in mdrAT/mdrA2 cells. We also previously observed that
disruption ofrtoA caused a slight increase in the percentag:
of cells becoming SP70-positive prespore cells (Wood et al
1996). However,rtoA/mdrAT/mdrA2- as well asmdrAL/
mdrAZ- cells have apparently normal percentages of cell
becoming SP70-positive prespore (Table 1; Table 2).
Wild-type Dictyostelium cells use a musical chairs
mechanism to choose their initial cell type. For a pair of siste
cells in S or early G2 phase, one sister becomes prestalk a
the other becomes null; sister cells in late G2 or M becom
prespore and null (Gomer and Firtel, 1986). This mechanisi
is disrupted irrtoA- cells, where cells at any phase of the cell
cycle can become either prestalk or prespore (Wood et a
1996). To determine whether disruption widrAl/mdrA2
rescues this defect inoA- cells, we videotaped fields of
growing cells and then starved them to initiate differentiatior
and development, as we did previously to obtain the abov
results. We observed thebA7/mdrAT/mdrA2- cells had an

Fig. 4. Differentiation ofrtoA~/mdrAL/mdrA2 cells. Cells were

grown in low-density monolayer culture overnight, with a field of the
cells being videotaped. The medium was then gently changed to
conditioned starvation buffer, and 6 hours later cAMP was added to
induce the expression of cell-type-specific markers. Eighteen hours
after starvation the cells were fixed, the videotape was turned off, ar

u

the cells were stained for the prestalk marker CP2 and the presporefFig. 5.Immunolocalization of MdrAl. Wild-type DH1 (A-D) and

marker SP70. The time of cytokinesis and the fate of the sister cell
for each positive cell were then determined by examining the

rtoA~ (E-H) cells were fixed and stained with anti-MdrA1 antibody
raised against the GST-MdrA1 fusion protein (B, D, F, H). The

videotape. Open circles mark the phase that SP70-positive presporeorresponding phase images are shown in A, C, E and G. The cells
cells happened to be in at the time of starvation, whereas filled were either taken directly from growth media (A, B, E, F) or
squares mark where CP2-positive prestalk cells happened to be. osmotically stressed (C, D, G, H) before fixation. BanidD
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previously observed for the distribution of pulse-labeledfunction. To test this possibility, we measured endocytosis by
endosomes approximately 1 hour after ingesting FITC- oobserving the uptake of FITC-dextran over the course of 90
RITC-labeled dextran in wild-type amtbA- cells (Brazill et minutes. ThendrAT/mdrA2 cells had an uptake rate roughly
al., 2000). To determine whether MdrAl is also localized t&r0% that of wild-type. We previously observed taf\~ cells

the contractile vacuole, colocalization studies were performeldave a rate of uptake similar to that of wild-type cells (Brazill
with antibodies to calmodulin and MdrAl. The two proteinset al., 2000)rtoA7/mdrAT/mdrA2 cells exhibited very little

did not colocalize, suggesting that MdrAl is not present in thaternalization of FITC-dextran as compared to wild-type cells
contractile vacuole system (data not shown). To confirm thgFig. 6A). We also examined exocytosis by loading cells with
MdrAl is in the endosome/lysosome system, we toolEITC-dextran and then observing its release. After 3 hours, the
advantage of the fact that this system will condense into largadrAT/mdrA2 cells had taken up less FITC-dextran than the
vesicles when the cells are subjected to osmotic stress (Zhu anild-type cells. Like the wild-type cells, the amount of FITC-
Clarke, 1992). We osmotically stressed cells by placing themdextran inside the cells decreased once the cells were
into 0.1 M sorbitol and examined the localization of MdrAl.transferred to fresh medium (Fig. 6B). A plot of the percent of
In wild-type cells, the MdrA1 protein became localized to largahe initially ingested material released as a function of time
vesicles (Fig. 5B), suggesting that it is associated with thehowed that both thendrAT/mdrA2- and thertoA7/mdrAL/
endosome/lysosome system. It is also interesting to note thaidrA2- cells had exocytosis rates roughly similar to that of

in rtoA- cells, this condensation did not occur (Fig. 5H). wild-type cells. Together, the data indicate that disruption of
) mdrAl/mdrA2somewhat inhibits endocytosis but does not
MdrA1/mdrA2 affects endocytosis seem to affect exocytosis, and wimedrA1/mdrAds disrupted

Because MdrAl appears to be associated with thim rtoA-cells, there is an inhibition of endocytosis greater than

endosome/lysosome and has sequence similarity to AB@at seen irmdrAT/mdrA2 cells alone.

transporters, it could be involved in endosome/lysosome As vesicles progress from endosomes to lysosomes to post-
lysosomes, they undergo distinctive pH changes. During the
first 20 minutes, the pH of wild-type endosomes drops from

A that of the medium to 5.0-5.2, and then rises over the next 40
100 - minutes to plateau at a value of 5.8-6.2 (Aubry et al., 1993;
© g Brazill et al., 2000). We previously observed thaf~ vesicles
e 4 are acidified much more quickly and acidified to a lower pH
§ 60 { than wild-type (Brazill et al., 2000). Similar experiments with
D 4o A mdrAX/mdrAZ cells showed thandrAT/mdrA2- endosomes
= oA mdrA- have a significantly higher pH than wild-type (Fig. 7).
T 2 1 oA Interestingly,rtoA7/mdrAT/mdrA2- cells had endosomes with
0 #— . . roughly wild-type pHs (Fig. 7). During the first 15 minutes,
0 20 40 60 80 100 rtoA”/mdrAT/mdrA2 endosomes had a slightly higher pH
time, minutes 6o -
S . mdrA- /{
B g %7 o I wr 60 1 {///
c A - -
S 10 {mde’ , % %{{% % i .
z 581 wry
é . lErtoA mdrA” g o /? g LoA JmdiA~
30 - T T T 1 8 . %E\ // - ‘/ rtoA-
3 ' gF =
0 20 40 60 80 100 5 544 N I % /%,
-
time, minutes % N i/ /%
5.2 - - {(
Fig. 6. (A) Endocytosis rates in wild-typendrAl/mdrA2 and /%%%E
rtoA~/mdrAT/mdrA2 cells. Cells were collected and resuspended - ( ‘ ‘ ‘ ‘ ‘

in HL5 containing FITC-dextran. At the times indicated by the
symbols, cells were removed, washed twice in HL5 and once with 0 20 40 60 80 100
wash buffer. They were then lysed in wash buffer containing Triton
X-100 and the fluorescence measured as described in Materials ar...
Methods. (B) Exocytosis rates in wild-typadrAlT/mdrA2 and Fig. 7.Endosomal pH in wild-typetoA-, mdrAT/mdrA2 and
rtoA-/mdrAT/mdrAZ cells. Cells were allowed to internalize FITC rtoA-/mdrALI/mdrA2 cells. Cells were fed FITC-dextran for 10
dextran for 3 hours; they were then washed and resuspended in fraglinutes, collected, and resuspended in buffer. At the indicated times,
HL5. At the times indicated by the symbols, cells were collected byaliquots of cells were removed, centrifuged, and resuspended in
centrifugation, washed once and lysed in wash buffer containing  assay buffer, and fluorescence was measured using excitation at 450
Triton X-100. The fluorescence was then measured as discussed irand 495 nm. The pH values were obtained from a standard curve of

Materials and Methods. Values are meants.endrA”, mdrAL/ the FITC dextran fluorescence ratio as a function of pH. Values are
mdrAZ; rtoA~/mdrA rtoA/mdrAL/mdrAZ. meanis.e.m.

time, minutes
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than wild-type, whereas at 70, 80 and 90 minutestd®/  placed in thertoA- background, this defect is accentuated,
mdrAX/mdrA2- endosomes had a slightly lower pH than wild- suggesting that these two proteins operate in the same system.
type. We previously observed thabA- cells tend to have However, as RtoA is localized to the cytoplasm and possibly
higher cytosolic pHs than wild-type cells (Brazill et al., 2000).small vesicles (Brazill et al., 2000), and MdrA1l is associated
Similar measurements andrAT/mdrA2- andrtoA/mdrAL/  with endosomes, these proteins probably do not form a stable
mdrAZ- showed that these cells also have a distribution ofomplex, and their interaction is strictly genetic. Taken
cytosolic pHs, with averages higher than that of wild-type cellsogether, these facts argue strongly for a role of MdrAl and
(data not shown). The above data indicate that MdrA1 anifldrA2 in proper functioning of the endosome/lysosome and
MdrA2 help to acidify endosomes, and that disruption of eitheit is the disruption of this function that allows the
rtoA or mdrAl/mdrA2causes cytosolic pH to increase. mdrAl/mdrA2mutation to suppressoA-. Of course, we have

not ruled out the possibility that MdrAl and MdrA2 may have

other functions during development, and it is the loss of these
DISCUSSION functions that suppress th#&oA phenotype, especially the

arrest at the mound stage. However, the experiments presented
ABC transporters have been identified in a variety of organismsere support the role of thendrAl/mdrA2 mutation in
ranging from bacteria to man. Interestingly, multidrugsuppressing theoA endosomal defects.
transport proteins in both eukaryotes and prokaryotes are .
very similar in structure and function. ABC transporters ard’H and cell-type choice
commonly divided into two clusters based on amino acicAn important aspect of theoA phenotype is the inability of
sequence of the NBD, protein topology and drug specificityhis strain to properly proportion its cells into prestalk and
(Van Veen and Konings, 1997). Members of the multidrugorespore cells at the initiation of development (Wood et al.,
resistance protein (MRP) cluster are identified by the existend®96). This defect stems from a disruption of the musical
of five putative transmembrane segments N-terminal to thehairs mechanism, whidbictyosteliumuses to regulate initial
characteristic ABC TMDs and nucleotide binding sites.cell-type choice. Disruption ofndrAl/mdrA2is able to
Members of the second group, the Pgp cluster, are importastippress the gross inability tbA- cells to develop past the
in microbial resistance to neutral or positively chargednound stage, and also cause®A- cells to initially
amphiphilic drugs. These proteins are found in a number dfifferentiate into the correct percentages of prestalk and
human pathogens includiri®) falciparum(pfMDRA) (Wilson  prespore cells (Table 1; Table 2). Although it has not been
et al., 1989)Entamoeba histolyticeehPgp) (Descoteaux et al., shown that the alteration of the initial percentages of prestalk
1992) and_eishmania donovarfldMDRA) (Henderson et al., and prespore cells is directly responsible for the arrest seen at
1992), as well as in the non-pathogenic yeasterevisiae the mound stage, it is none the less significant that loss of
(Pdr5p and Snqg2p) (Balzi et al., 1994; Decottignies et almdrAlandmdrA2can correct both phenotypes. However, this
1995). DictyosteliumMdrAl and MdrA2 appear to belong to is not accomplished by repairing the musical chairs mechanism
this second cluster. Most ABC transporters regulate traffi¢Fig. 4). Strains carrying mutations imdrAl/mdrA2andrtoA
across the plasma membrane. However, there are a number thidgt recruit prestalk cells from throughout the cell cycle instead
are localized to intracellular membranes. One such protein & from cells in S and early G2 phases. These strains are also
a major component of the peroxisome membrane and may beable to restrict prespore cells from initially coming from
involved in protein import into this organelle (Gartner et al.,only late G2 and M phases. Thus, mutatimdrAlandmdrA2
1992; Gartner and Valle, 1993; Kamijo et al., 1992). Anothers able to suppress the altered prestalk/prespore phenotype of
is PIMDRA from Plasmodium which is localized to its rtoA~in a manner that bypasses the cell-cycle-dependent cell-
digestive vacuole and is believed to be involved in pHype-choice mechanism.
maintenance (Cowman et al.,, 1991; van Es et al.,, 1994b). It has been theorized that pH plays a vital role in controlling
Expression of Pghl causes the lysosomes to acidify (van Esdifferentiation in Dictyostelium (Furukawa et al., 1988).
al., 1994b).DictyosteliumMdrAl is localized to endosomes Acidification  favors prestalk development, whereas
(Fig. 5), and appears to perform a similar functi@s  alkalization promotes prespore differentiation. However, this
disruption ofmdrAl/mdrA2in either a wild-type or atoA-  regulation is thought to be based not on the pH of the
background causes endosomal pH to increase. The nornw@itoplasm, but on the pH of a specific class of vesicles (Gross
function of MdrA1 and MdrA2 thus appears to help keep theet al., 1988). In prestalk cells, these vesicles would have a
endosome properly acidified. lower pH, whereas the same vesicles in prespore cells would

mdrAl/mdrA2was selected as a suppressor of tfed  have a higher pH. Mutants with defective vacuol&AfPases

developmental defect, suggesting some aspect of MdrAl ardhve abnormal endosomal pHs but normal cytosolic pHSs,
MdrA2 function counteracts normal RtoA function. One defecsuggesting that there is not an absolute connection between the
associated with thetoA mutation is improper endosomal/ pH of a vesicle and cytosolic pH (Aubry et al., 1993; Davies
lysosomal function, including poor exocytosis and an inabilityet al., 1996). Our data support the idea that cytosolic pH does
to condense the endosome/lysosome in response to osmatimt determine initial cell-type choice, a®A- shows a high
stress (Brazill et al., 2000). Thus, it is reasonable to expect theytosolic pH and a high prestalk/prespore ratio, whereas
a mutation that suppresses tt@A phenotype may be involved rtoA7/mdrAL/mdrA2- cells also have a high cytosolic pH but
in the functioning of this system. Indeed, MdrAl protein ishave normal prestalk/prespore ratiogoA- cells have
localized to the endosome/lysosome. In additiomfrAL/  endosomes with a lower pH than wild-type cells (Brazill et al.,
mdrAZ- cells are partially defective in pinocytosis, an2000). In additionstoA- strains have a higher percentage of
endosomal function. When thedrAl/mdrA2 mutation is  prestalk cells than wild-type cells. BecauserAT/mdrA2-
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cells have endosomes with higher pHs than wild-type, but Vacuolar H-ATPase and weak base actiomistyosteliumMol. Microbiol.
initially differentiate into essentially normal numbers of 22 119-126. ,
prestalk and prespore cells (Table 1; Table 2), our data indicat&cottignies, A., Lambert, L., Catty, P., Degand, H., Epping, E. A., Move-

that end | oH i tth . det - t of the initial owley, W. S., Balzi, E. and Goffeau, A(1995). Identification and
at enaosomal pr IS not the primary determinant ot the Inflal .5 4cterization of SNQ2, a new multidrug ATP binding cassette transporter

cell-type choice. This suggests either that vesicles Fhat are Nobf the yeast plasma membradeBiol. Chem270, 18150-18157.
part of the endosome/lysosome system are responsible for a pekcoteaux, S., Ayala, P., Orozco, E. and Samuelson(1992). Primary
regulation of differentiation, or that Something such adtCa sequences of two P-glycoprotein genesEoftamoeba histolyticaMol.

o ; Biochem. Parasitol54, 201-211.
levels may regl‘"ate the initial cell type choice (Azhar et aI'Furukawa, R., Wampler, J. E. and Fechheimer, M(1988). Measurement of

1998; Azhar et al., 1996; Saran et al., 1994). the cytoplasmic pH irDictyostelium discoideurnsing a low light level
microspectrofluorometed. Cell Biol.107, 2541-2549.
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