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Juvenile Batten disease is an autosomal recessive pediatric neurodegenerative disorder caused by
mutations in the CLN3 gene. The CLN3 protein primarily resides in the lysosomal membrane, but its function
is unknown. We demonstrate that CLN3 interacts with SBDS, the protein mutated in Shwachman–Bodian–
Diamond syndrome patients. We demonstrate that this protein–protein interaction is conserved between
Btn1p and Sdo1p, the respective yeast Saccharomyces cerevisiae orthologs of CLN3 and SBDS. It was pre-
viously shown that deletion of BTN1 results in alterations in vacuolar pH and vacuolar (H1)-ATPase
(V-ATPase)-dependent H1 transport and ATP hydrolysis. Here, we report that an SDO1 deletion strain has
decreased vacuolar pH and V-ATPase-dependent H1 transport and ATP hydrolysis. These alterations
result from decreased V-ATPase subunit expression. Overexpression of BTN1 or the presence of ionophore
carbonyl cyanide m-chlorophenil hydrazone (CCCP) causes decreased growth in yeast lacking SDO1. In fact,
in normal cells, overexpression of BTN1 mirrors the effect of CCCP, with both resulting in increased vacuolar
pH due to alterations in the coupling of V-ATPase-dependent H1 transport and ATP hydrolysis. Thus, we pro-
pose that Sdo1p and SBDS work to regulate Btn1p and CLN3, respectively. This report highlights a novel
mechanism for controlling vacuole/lysosome homeostasis by the ribosome maturation pathway that may
contribute to the cellular abnormalities associated with juvenile Batten disease and Shwachman–Bodian–
Diamond syndrome.

INTRODUCTION

Juvenile neuronal ceroid lipofuscinosis (JNCL), or Batten
disease, is a fatal pediatric neurodegenerative disease, charac-
terized pathologically by the premature accumulation of
hydrophobic autofluorescent storage material within patient
cells. JNCL is an autosomal recessive disorder caused by
mutations in the CLN3 gene (1). Although the CLN3 protein
has been reported to be in several subcellular locations, it is
primarily thought to be an endosomal and lysosomal resident
protein (2–4). Despite many studies, the precise function of
CLN3 is unknown.

Both Schizosaccharomyces pombe and Saccharomyces
cerevisiae yeast models have been developed to study the pri-
mordial cellular function of CLN3. In both yeast models,
human CLN3 complements deletion of the orthologous gene,
BTN1, indicating a trans-kingdom conservation of the
protein function, and yeast Btn1p resides in the vacuole, the
analogous organelle to the lysosome (5–9). Like CLN3,
Btn1p has been implicated in several cellular processes. In
S. pombe, Btn1p is implicated in cell-cycle progression,
vacuolar and endocytic pH regulation and Golgi homeostasis
and protein sorting (8,10,11). In the S. cerevisiae model,

†Present address: Sanford Children’s Health Research Center, Sanford Research/University of South Dakota, SD 57104, USA.

�To whom correspondence should be addressed at: Sanford Children’s Health Research Center, 900 West Delaware Street, Sioux Falls, SD 57104,
USA. Tel: þ1 6053126004; Fax: þ1 6053280401; Email: pearced@sanfordhealth.org

‡Department of Pediatrics, Sanford School of Medicine, University of South Dakota, Sioux Falls, SD 57104, USA.

# The Author 2009. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2010, Vol. 19, No. 5 931–942
doi:10.1093/hmg/ddp560
Advance Access published on December 16, 2009



Btn1p has been linked to vacuolar arginine transport, ion
homeostasis, nitric oxide synthesis and vacuolar pH regulation
and vacuolar (Hþ)-ATPase (V-ATPase) coupling (6,12–16).
However, these observations are based on studies characteriz-
ing cellular effects resulting from the loss of Btn1p. Thus, it is
unclear whether the observed phenomena are direct conse-
quences resulting from the absence of Btn1p, or whether
they are the cells’ attempt to compensate for the lack of Btn1p.

In order to gain insights into CLN3 function, a yeast two-
hybrid screen was performed to identify proteins that interact
with CLN3. CLN3 has five or six transmembrane regions, with
the predicted lumenal and cytosolic portions of the protein
being used in this screen (17,18). We subsequently identified
an interaction between the C-terminus of CLN3 and Shwach-
man–Bodian–Diamond syndrome protein (SBDS). Mutations
in SBDS are associated with the inherited pediatric disorder
Shwachman–Bodian–Diamond syndrome, which is charac-
terized by bone marrow and pancreatic dysfunction, mild
mental retardation and hematologic abnormalities with an
increased risk of leukemia (19–23). Depletion of SBDS via
small hairpin RNA interference in cells resulted in altered
expression of genes involved in brain development, bone mor-
phogenesis, blood cell proliferation and cell adhesion (24).

Like CLN3, SBDS is expressed in many tissues, including
the brain, and both CLN3 and SBDS have been proposed to
function in multiple cellular processes (25). However, most
evidence supports a role for SBDS in ribosomal maturation
(24,26,27). Specifically, Sdo1p, the yeast homolog to SBDS,
was characterized to work in tandem with Efl1p and the shut-
tling factor Tif6p in the export of the ribosome from the
nucleus (26). We have verified that the interaction between
SBDS and CLN3 is conserved in S. cerevisiae. Several pheno-
types in an SDO1 deletion strain suggest that the absence of
SDO1 causes aberrant regulation of Btn1p. Our data support
the concept that portions of the ribosome maturation
pathway surveys vacuolar function, presumably as a means
to adjust protein levels for optimal cellular homeostasis.

RESULTS

CLN3 and SBDS interact

In order to identify CLN3 protein–protein interactions, the C-
terminus of CLN3 was screened against a human fetal brain
library using Stratagene’s Cytotrap yeast two-hybrid method
(Supplementary Material, Fig. S1). In this system, the yeast
cdc25h strain is temperature sensitive at 378C due to a
mutation in the hSos homolog CDC25, which is required for
the activation of the Ras pathway for proper cell-cycle pro-
gression. An interaction between CLN3, which was tagged
with hSOS, and a library protein, which was myristylated,
caused hSos to be translocated to the membrane because of
myristylation of the library gene product. As a result, hSos
activated the Ras pathway, allowing the cdc25h strain to
grow at 378C. Both genes were under a galactose-inducible
promoter, which allowed for expression in the presence of
galactose and the absence of glucose.

A protein–protein interaction between CLN3 and SBDS was
revealed in this screen when the yeast was able to grow at the
non-permissible temperature in the presence of galactose

(Fig. 1A). The library DNA was identified to encode the N-
terminus of SBDS (Supplementary Material, Fig. S2). This
interaction was verified by co-immunoprecipitation and
co-localization (Fig. 1B and C). CLN3 and SBDS were
co-expressed in NIH/3T3 cells with C-terminal c-myc and V5
tags, respectively. CLN3 was immunoprecipitated from the
cell lysate using an anti-myc antibody. The resulting eluate
was immunoblotted for V5, which showed that SBDS immuno-
purified with CLN3 (Fig. 1B). Using the same expression
system, CLN3 and SBDS were co-expressed in NIH/3T3 cells
grown on coated coverglass and were incubated with anti-myc
and anti-V5 antibodies and corresponding Alexa fluorescent
secondary antibodies. Cells visualized using confocal
microscopy show that CLN3 and SBDS partially co-localize
(Fig. 1C).

CLN3–SBDS interaction is conserved in yeast

The yeast S. cerevisiae has orthologs to both CLN3 and SBDS.
Human CLN3 is 39% identical and 59% similar in amino acid
sequence to yeast Btn1p, and CLN3 complements yeast
lacking Btn1p, btn1-D (6,7,28). Similarly, human SBDS is
40% identical and 61% similar to yeast Sdo1p.

A Btn1p-V5-6HIS construct was used to affinity-purify
Btn1p via a cobalt column. The eluate was immunoblotted
for Sdo1p-MYC. Sdo1p-MYC was only detectable in eluate
containing Btn1p-V5 (Fig. 2A). Next, we immunopurified
Sdo1p-MYC and immunoblotted the eluate for Btn1p-V5.
Btn1p-V5 was only detectable in eluate containing
Sdo1p-MYC (Fig. 2A).

Although the interaction was detected whether Btn1p or
Sdo1p was purified, we were concerned that overexpression
of the two proteins might lead to a false-positive interaction,

Figure 1. Human CLN3 and SBDS interact. (A) Cytotrap yeast two-hybrid
results showing the interaction-dependent suppression of Cdc25H temperature
sensitivity at 378C upon the galactose-dependent induction of CLN3 and
SBDS. (B) Immunoblot using mouse anti-V5 to detect SBDS. SBDS is detect-
able in the eluate only when CLN3 is present. (C) Confocal microscopy of
mouse NIH/3T3 cells co-expressing CLN3-MYC and SBDS-V5.
CLN3-MYC and SBDS-V5 partially co-localize.
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especially because of the hydrophobicity of Btn1p. This
necessitated confirming the interaction at the endogenous
level. Because of the low abundance of Btn1p, endogenous
levels of that protein are only detectable upon enrichment
of specific cellular fractions. Thus, we performed
co-immunoprecipitation experiments by purifying intrachro-
masomally green fluorescent protein (GFP)-tagged Sdo1p
from specific organelle-enriched fractions and by detecting
functional Btn1p-V5, which was expressed via its own promo-
ter (Supplementary Material, Fig. S3). Btn1p was only
detected in the eluate from the endosomes and Golgi-enriched
fraction that contained Sdo1p (Fig. 2B). In addition, soluble
carboxypeptidase Y (CPY) and membrane-bound Pep12p,
which are not reported to interact with Sdo1p or Btn1p but
are found in the endomembrane system, did not
co-immunopurify with Sdo1p, further validating the specificity
of the Sdo1p–Btn1p interaction (Fig. 2B; Supplementary
Material, Fig. S4).

Next, we asked whether the two proteins co-localize, which
would indicate that the proteins have the ability to interact at
the physiological level. Sdo1p and Btn1p partially
co-localized to punctate spots in cells expressing endogenous
levels of Sdo1p-GFP and Btn1p-eSapphire (Fig. 2C). Using
an overexpression system, the majority of Btn1p was reported
to localize to the vacuole (9,29). Here, Btn1p can be seen in
punctate spots throughout the cell, in addition to the
vacuole. Only a small portion of Btn1p and Sdo1p interacts,
and the identity of the punctate spots where the co-localization
occurred is unknown. Co-fractionation confirmed that Sdo1p
and Btn1p were detectable in common fractions (Fig. 2D).

We suspect that the interaction between Btn1p and Sdo1p
does not occur at the vacuole, where Btn1p is thought to loca-
lize, because Sdo1p was not enriched in the vacuole fraction.
Our Sdo1p localization results were consistent with previously
published Sdo1p localization studies, which show that Sdo1p
is found in the cytosol, as well as the nucleus (26,30). In
addition, we observed that Sdo1p-GFP not only co-localizes
with Hoechst stain, a DNA marker, but is also found in
other areas of the cell (Supplementary Material, Fig. S5).
We conclude that portions of the cellular pools of both
Btn1p and Sdo1p interact, and therefore that the protein–
protein interaction between CLN3 and SBDS is evolutionarily
conserved.

The sdo1-D/sdo1-D deletion strain

A diploid SDO1 deletion strain (sdo1-D/sdo1-D) was created
in order to study the consequences resulting from the loss of
Sdo1p. It was previously shown that a haploid deletion of
SDO1 resulted in a viable strain that exhibited a slow-growth
phenotype (26). This result was recapitulated here (Fig. 3A).
The sdo1-D/sdo1-D diploid exhibited a slow-growth pheno-
type similar to that of the haploid deletion, and this phenotype
was complemented by plasmid-borne expression of SDO1
(Fig. 3B). Yeast can accumulate mitochondrial DNA
mutations (r-), which cause a petite phenotype that also mani-
fests as slow growth similar to that seen for the sdo1-D/sdo1-D
strain. However, sdo1-D/sdo1-D was viable when grown on a
non-fermentable carbon source, indicating that the slow-
growth phenotype was due specifically to the absence of

Figure 2. Yeast Btn1p and Sdo1p interact. (A) Affinity- and immunopurification of Btn1p-V5-6HIS. Sdo1p is detectable only in eluate containing
Btn1p-V5-6HIS when Btn1p-V5-6HIS is purified. Btn1p-V5 is detectable only in eluate containing Sdo1p-MYC when Sdo1p-MYC is purified. (B)
Co-immunoprecipitation of endogenously expressed Sdo1p and Btn1p from a Golgi and endosome-enriched fractions. Btn1p-V5 was detected only if
Sdo1p-GFP was present. (C) Epifluorescent micrographs of endogenously expressed Btn1p-eSapphire and Sdo1p-GFP. Sdo1p and Btn1p co-localize to punctate
structures in the cell. (D) Enrichment of organelle fractions by differential centrifugation of cells endogenously expressing Sdo1p-GFP and Btn1p-V5. Sdo1p and
Btn1p co-fractionate in the ER and microsome-enriched fractions.
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SDO1, not to mitochondrial dysfunction (Supplementary
Material, Fig. S6).

We sought to complement the sdo1-D/sdo1-D slow-growth
phenotype with expression of human SBDS to determine
whether Sdo1p and SBDS are functional homologs. Accord-
ingly, SBDS expression partially complemented sdo1-D/
sdo1-D, indicating that Sdo1p and SBDS are functional homo-
logs (Fig. 3C).

sdo1-D/sdo1-D cells have decreased vacuolar pH
and V-ATPase activity

The absence of Btn1p (btn1-D) in minimal media results in
alterations in the coupling of vacuolar Hþ transport and
V-ATPase activity, in turn modifying the regulation of vacuo-
lar pH at different phases of growth (13). Specifically, btn1-D
has a decreased vacuolar pH during early growth that con-
tinues to elevate above normal at later growth points (29).
We therefore tested whether sdo1-D/sdo1-D have alterations
in vacuolar pH and V-ATPase function. Vacuolar pH and

V-ATPase activities were measured in rich media (YPD)
instead of minimal media (YNB), the condition in which the
V-ATPase was characterized in btn1-D, due to an inability
of sdo1-D/sdo1-D to grow in minimal media. Even in YPD,
vacuolar pH was significantly decreased in sdo1-D/sdo1-D
cells. The vacuolar pH of sdo1-D/sdo1-D was 5.9, whereas
the vacuolar pH of SDO1þ/SDO1þ was 6.3 (Table 1).

Vacuolar pH is primarily maintained by the V-ATPase,
which transports protons via ATP hydrolysis (31–33). We
report a significant decrease in V-ATPase-dependent ATP
hydrolysis, and an even more drastic decrease in vacuolar
Hþ transport in sdo1-D/sdo1-D (Fig. 4A and B). These
changes are also manifest as decreased coupling of
V-ATPase hydrolysis with Hþ transport in sdo1-D/sdo1-D
(Fig. 4C). We had previously described that btn1-D results
in a down-regulation of V-ATPase-dependent ATP hydrolysis,
most likely in order to maintain normal Hþ transport across
the vacuolar membrane and to compensate for the alteration
in pH caused by the lack of Btn1p (13). The V-ATPase is
regulated through the assembly and disassembly of its V1

and V0 subunits (33). There was no evidence to suggest that
either the levels of V-ATPase subunits or the assembly of
this complex was altered in btn1-D. Similar to btn1-D, the
assembly of the subunits appeared to be normal in sdo1-D/
sdo1-D (Supplementary Material, Fig. S7). However, closer
examination of the V-ATPase by immunoblotting for Vph1p
and Vma1p, components of the V0 and V1 subunits, respect-
ively, revealed a decrease in both proteins at the vacuole
and a decrease in Vph1p in whole cell preparations (Fig. 4D).

It was unclear whether sdo1-D/sdo1-D cells are synthesizing
less V0, or degrading more V0. Alternatively, Vph1p may have
decreased translation since Sdo1p is involved in ribosome
maturation, or Vph1p may be differentially translated in
response to alterations at the vacuole (34). To test this, we per-
formed comparative real-time reverse transcription (RT) PCR
to quantify the levels of VPH1 and VMA1 mRNA. Consistent
with the protein levels, the amount of VPH1 mRNA is signifi-
cantly decreased, whereas VMA1 mRNA is normal in sdo1-D/
sdo1-D (Table 2 and Fig. 4D). Although experimental confir-
mation is needed, we speculate that VPH1 is transcriptionally
repressed in sdo1-D/sdo1-D to correct for the decreased vacuo-
lar pH. Since the protein levels and mRNA levels of VMA1 are
normal in whole cell preparations, the decrease in Vma1p in
the sdo1-D/sdo1-D vacuole-enriched fraction is probably a
consequence of the absence of Vph1p in this membrane as
the V0 subunit tethers the V1 subunit to the vacuole (Table 2
and Fig. 4D).

Sdo1p regulates Btn1p activity

Overexpression of BTN1 in the sdo1-D/sdo1-D strain caused
an exacerbation of the poor growth that is present in sdo1-D/
sdo1-D cells (Fig. 5). Conversely, overexpression of SDO1
in the btn1-D/btn1-D strain did not noticeably alter btn1-D/
btn1-D growth (Supplementary Material, Fig. S8). Also, an
sdo1-D/btn1-D haploid double-deletion strain appeared to be
phenotypically similar to sdo1-D, in that the double-deletion
mutant exhibited the same slow-growth phenotype seen in
sdo1-D (data not shown). These observations, along with
sdo1-D/sdo1-D resulting in altered vacuole pH and regulation

Figure 3. The SDO1 deletion exhibits a slow-growth phenotype that is par-
tially complemented by SBDS. (A) Tetrad analysis of SDO1/sdo1-D. The
SDO1þ/sdo1-D diploid strain (Open Biosystems; B4741/B4742) was sporu-
lated and dissected (42). Each column represents the colonies arising from
the four tetrad spores. From each tetrad, the two pinpoint colonies were con-
firmed to be sdo1-D, and the two larger colonies were confirmed to be SDO1þ

by PCR genotyping. (B) Serial dilutions of SDO1þ/SDO1þ (Open Biosystems;
B4741/B4742) and sdo1-D/sdo1-D derived from the B4741/B4742 parental
strain with vector or expressing SDO1. Mid-log phase cells grown in selective
media were diluted 10-fold with water in each column and plated using a
36-pin replicator. Slow growth and temperature sensitivity in sdo1-D/sdo1-D
are complemented by SDO1. (C) Serial dilutions of parental SDO1þ/SDO1þ

(Open Biosystems; B4741/B4742) and sdo1-D/sdo1-D cells of the same back-
ground with either vector control or expressing SBDS. Cells were grown in
selective media and plated as described earlier on either synthetic complete
glucose-histidine (SC-his) or rich media at pH 8. Human SBDS partially
complements sdo1-D/sdo1-D.
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of V-ATPase suggest that Sdo1p could work upstream of
Btn1p, and that Sdo1p could regulate Btn1p function or
monitor vacuolar pH.

We postulated that the phenotypes observed upon BTN1
overexpression would mimic those phenotypes that are
observed in the sdo1-D/sdo1-D strain. To this end, the effect
of BTN1 overexpression on vacuolar pH, V-ATPase-
dependent ATP hydrolysis and Hþ transport was analyzed to
determine whether the vacuolar phenotypes seen in sdo1-D/
sdo1-D could be due to the misregulation of Btn1p. An
increased level of BTN1 expression raised vacuolar pH from
6.2 to 6.5 (Table 1). In addition, Hþ transport activity was
increased, whereas V-ATPase activity remained the same
(Fig. 6A and B). These differences in the V-ATPase resulted
in a significant decrease in the coupling between the ATP
hydrolysis and Hþ transport by this complex in cells overex-
pressing BTN1 (Fig. 6C). These results suggest that the
increased vacuolar pH observed in cells overexpressing
BTN1 is a consequence of a decrease in the ability of the
V-ATPase complex to pump protons into the vacuole.

We have previously suggested that Btn1p is involved in reg-
ulating the coupling of ATP hydrolysis and Hþ transport by
the V-ATPase complex, allowing Hþ leakage from the vacuo-
lar lumen to the cytosol in the early phase of growth when
high amounts of ATP can be used by the V-ATPase as an
energy source to pump protons into the vacuole (13). Thus,
high amounts of Btn1p in vacuolar membranes could lead to
incremental leakage of Hþ from the vacuolar lumen and
lower V-ATPase-dependent Hþ uptake. The partial loss of
the membrane potential and pH gradient across the vacuolar
membrane could affect the assembly between the two
V-ATPase sectors. Therefore, decreased assembly of the
V-ATPase in cells overexpressing BTN1 could be secondary
to Hþ leakage instead of being a direct action of Btn1p over
the V-ATPase complex. We therefore measured vacuolar pH
and V-ATPase activities for cells expressing normal levels
of BTN1 in presence of the proton gradient uncoupler carbonyl
cyanide m-chlorophenil hydrazone (CCCP). The vacuolar pH
measured under these conditions increased to a similar
degree to the pH measured in cells overexpressing BTN1
(Table 1). In addition, CCCP treatment led to a dramatic
decrease of the vacuolar Hþ uptake, and ATP hydrolysis
was only 50% of the activity measured in BTN1þ without

CCCP treatment (Fig. 6A and B). The coupling of the
V-ATPase calculated from both activities was similar to the
coupling observed in cells overexpressing BTN1 (Fig. 6C).
Isolated vacuoles from cells with normal BTN1 levels were
also incubated with CCCP. Whereas the Hþ transport was as
low as the CCCP treated cells, ATP hydrolysis was normal,
suggesting that the observed decay of this activity in
CCCP-treated cells could be a long-term effect of the treat-
ment with the uncoupler. Interestingly, sdo1-D/sdo1-D was
sensitive to CCCP, whereas btn1-D/btn1-D had increased
growth over the parental control strain (Fig. 6D). Like
sdo1-D/sdo1-D, BTN1 overexpression caused decreased
growth in the presence of CCCP (Fig. 6E).

In summary, overexpression of BTN1 causes similar vacuo-
lar and pH-dependent effects as deletion of SDO1. Overex-
pression of BTN1 caused decreased growth in sdo1-D/
sdo1-D presumably due to the absence of Btn1p regulation,
whereas a lack of Btn1p regulation mirrors the uncoupling
action of CCCP. Finally, sdo1-D/sdo1-D did not grow at pH
8, where there is a clear need to regulate vacuolar pH
through an active V-ATPase complex (Fig. 6F). These
results suggest that Btn1p and Sdo1p function in the same
pathway.

Alterations in ribosome maturation affect the vacuole

Sdo1p participates in the TIF6 ribosome maturation pathway,
which requires Sdo1p, Efl1p and Tif6p for proper transport of
60s ribosomal subunits out of the nucleus (26,35–37). We
investigated whether the vacuolar defects observed in
sdo1-D/sdo1-D are unique to this deletion, or whether the
observed vacuolar changes are a general response to defects
in ribosome export. There are several mutations in TIF6 that
are reported to suppress the sdo1-D/sdo1-D growth defects
(26). Of the two TIF6 mutants (kindly provided by Allen
J. Warren, Cambridge, UK) that were tested, both suppressed
the decreased vacuolar pH that was observed in sdo1-D/
sdo1-D (Table 3). Additionally, vacuolar pH, V-ATPase-
dependent ATP hydrolysis and Hþ pumping, V-ATPase
protein levels and pH-dependent growth in efl1-D/efl1-D
were similar to sdo1-D/sdo1-D (data not shown), indicating
that the status of the vacuole depends upon an intact ribosome
maturation pathway.

Table 1. Vacuolar pH, as measured by pH-dependent BCECF fluorescence, is decreased in sdo1-D/sdo1-D and increased in cells overexpressing BTN1 and in the
presence of the ionophore CCCP

Strain Strain background pH Standard deviation P-value

SDO1þ/SDO1þ MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

6.33 0.04

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

5.92 0.08 ,0.0001

btn1-D/btn1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 btn1::KAN/btn1::KAN

6.25 0.06 ,0.004

Vector MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

6.20 0.05

Overexpressed BTN1 MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

6.50 0.08 ,0.005

CCCP MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

6.50 0.10 ,0.005
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DISCUSSION

Mutations in CLN3 cause JNCL, but the exact function of
CLN3 is unknown (1). We demonstrate that SBDS is an inter-
acting partner of CLN3. This interaction is conserved in yeast,
as demonstrated by the interaction between Btn1p and Sdo1p,
the yeast homologs of CLN3 and SBDS, respectively. This
interaction is functionally relevant due to alterations in the
regulation of the V-ATPase and vacuolar pH in sdo1-D/
sdo1-D, btn1-D, and upon BTN1 overexpression (13). We
propose that Sdo1p regulates Btn1p activity, and by extension,
that SBDS may regulate CLN3 (Fig. 7). Our results demon-
strate that overexpression of BTN1 mimics deletion of
SDO1. Consequently, the absence of SDO1 causes altered
Btn1p activity, suggesting that Sdo1p regulates Btn1p func-
tion, perhaps through the ability of Sdo1p to bind the phos-
phoinositides PI(4,5)P2 and PI4P (38). It is interesting that
the absence and particularly overexpression of Btn1p can
alter coupling of the ATP hydrolysis and Hþ transport. More
remarkable is the fact that either overexpression of Btn1p or
loss of Sdo1p in the absence or the presence of the ionophore
CCCP results in the same effect, specifically the uncoupling of
ATP hydrolysis and Hþ transport. Although Sdo1p has been
shown to be involved in ribosomal maturation, we argue that
an additional role for this protein is to regulate vacuolar func-
tion through Btn1p.

Sdo1p participates in ribosomal maturation, but Btn1p is
unlikely to be directly involved in this process. It is pertinent
to highlight that it appears that only small amounts of Btn1p
and Sdo1p appear to interact. Furthermore, the slow-growth
phenotype observed in sdo1-D/sdo1-D does not occur in
btn1-D/btn1-D. However, a link between CLN3 and RNA
metabolism has already been suggested (39). A suppressor
screen in Drosophila melanogaster overexpressing CLN3
identified an RNA-binding protein that, when mutated,
enhanced the phenotype observed upon CLN3 overexpression
alone. Thus, the idea that a component of the ribosome matu-
ration pathway such as Sdo1p/SBDS regulates Btn1p/CLN3
function and that TIF6 suppresses the vacuolar phenotypes
observed in the SDO1 deletion strain suggests that perhaps
the ribosome monitors vacuolar/lysosome function or homeo-
stasis (Fig. 7).

Such cross-talk has not previously been reported; however,
the ability to regulate the high energy demands of the vacuole/
lysosome through regulated feedback to the RNA transcription
and protein translation machinery would work to benefit the
responsiveness of cells. For example, differential translation
controlled by ribosome subunit assembly in response to
environmental cues has been reported (34). This kind of

Figure 4. Alterations in the V-ATPase in sdo1-D/sdo1-D. Cells that were
grown in YPD media were homogenized and subjected to differential centrifu-
gation to isolate an enriched vacuolar fraction. (A) Concanamycin A-
dependent ATPase activity in vacuoles isolated from sdo1-D/sdo1-D in rich
media at mid-log phase is significantly decreased (P , 0.001). Rates are
expressed as milliunits per milligram of protein (1 mU corresponds to
1 nmol of substrate transformed per minute). (B) Concanamycin A-dependent
proton pumping in vacuoles isolated from sdo1-D/sdo1-D cells in rich media at

mid-log phase is significantly decreased (P , 0.001). Rates are expressed as
changes in relative fluorescent units per microgram of protein per second.
(C) V-ATPase coupling calculated by the ratio between the mean of the Hþ

translocation and ATP hydrolysis activities. Coupling is decreased in
sdo1-D/sdo1-D (P , 0.001). (D) sdo1-D/sdo1-D cells have decreased levels
of Vph1p V-ATPase subunit in vacuoles and whole cells. Whole cell and
vacuole protein preparations (10 mg each) from SDO1þ/SDO1þ (Open Bio-
systems; B4741/B4742) and sdo1-D/sdo1-D derived from the B4741/B4742
parental strain were immunoblotted using anti-Vph1p, anti-Vma1p and
anti-CPY (bottom), a loading control.
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response would optimize the cell’s ability to balance energy
demands, in order for the cell to mount the appropriate reac-
tion or compensation to a change or stimulus. For example,
human SBDS has recently been implicated as a general
stress response protein, as SBDS-depleted cells are sensitive
to DNA damage and ER stress, and SBDS interacts with
many proteins including parts of the ribosome and DNA
repair machinery (40). We propose that through the SBDS/
Sdo1p and CLN3/Btn1p interaction, the status of the lyso-
some/vacuole can be maintained in response to an insult to
the cell, such as a change in pH or nutrient levels.

Juvenile Batten disease and Shwachman–Bodian–Diamond
syndrome are pathologically very different diseases. Our data
support a role for SBDS functioning upstream of CLN3. The
loss of CLN3 at the lysosome results in an inability to regulate
this organelle, whereas the loss of SBDS results in an inability to
regulate CLN3 activity at the lysosome. Thus the effect on the
lysosome is more severe in the absence of CLN3 than SBDS.
Mutations in CLN3 lead to a devastating progressive neurode-
generative disease, and the true effect of the loss of CLN3 in
other tissues may be masked by the severity of neurological
decline. The neurological effects are less pronounced in
Shwachman–Bodian–Diamond syndrome, and may be a con-
sequence of perturbations in CLN3 regulation, rather than a
more marked effect on lysosomal function (41). The loss of
SBDS, which is clearly involved in more cellular processes,
likely gives rise to a more systemic disease due to alterations
in regulating ribosomal maturation in multiple tissues.

In conclusion, we have validated a novel, evolutionarily
conserved interaction, which will help define the function of
two disease-associated proteins, CLN3 and SBDS.

MATERIALS AND METHODS

Yeast two-hybrid method

Stratagene’s Cytotrap yeast two-hybrid method was used to
screen the C-terminus of CLN3. Basepairs 1521–1676
(amino acids Ala388 to STOP) of CLN3 (GenBank accession
number NM_001042432) were cloned into the pSos vector
and screened against a human fetal brain cDNA library (Stra-
tagene, La Jolla, CA, USA). The pSos-CLN3 was
co-transformed with the pMyr cDNA library into the
Cdc25H yeast strain, and growth in the presence or absence
of galactose at 378C was evaluated. Suppression of the
inherent temperature sensitivity of the Cdc25H strain indicated
an interaction between CLN3 and a candidate protein. The
library DNA was screened again through the system to elimin-
ate false-positive interactions.

Co-immunoprecipitation

Protein was expressed for 36 h in NIH/3T3 fibroblasts and
then extracted by incubating the cell pellet in ice-cold non-
denaturing lysis buffer (50 mM Tris–Cl, pH 7.5, 300 mM

NaCl, 5 mM, EDTA, 1% Triton X-100). The post-nuclear
supernatant was pre-cleared using protein A-conjugated
agarose beads. Cell lysates were incubated with anti c-myc
antibody (Cell Signaling, Danvers, MA, USA), followed by
protein A-conjugated agarose beads. The immunoprecipitate
was washed with wash buffer (50 mM Tris–Cl, pH 7.5,
300 mM NaCl, 5 mM EDTA, 0.01% Triton X-100), resus-
pended in Laemmli buffer and boiled. Immunoprecipitates
and lysates were subjected to sodium dodecyl sulfate
(SDS)–PAGE, followed by western blotted using either an
anti-V5 antibody (Invitrogen, Carlsbad, CA, USA) or
anti-myc antibody (Cell Signaling).

Immunofluorescence

NIH/3T3 culture grown on a poly-D-lysine-coated coverglass
was transfected with the constructs described. Protein was
expressed for 36 h and fixed for 30 min at room temperature
(4% PFA/4% sucrose phosphate buffer, pH 7.5). Cells were per-
meabilized (PBS, 0.1% Triton X-100), and blocked in Blotto
(4% non-fat dried milk, PBS, 0.1% Triton X-100). Anti-V5
and anti-myc antibodies were incubated overnight at 48C.
Cells were washed and incubated in the ALEXA-conjugated

Figure 5. BTN1 overexpression is toxic to sdo1-D/sdo1-D. Serial dilutions of
SDO1þ/SDO1þ parental strain (Open Biosystems; B4741/B4742) or sdo1-D/
sdo1-D cells of the same background with vector control or overexpressing
BTN1. Mid-log-phase cells grown in selective media were diluted 10-fold
with water in each column, and plated using a 36-pin replicator.

Table 2. VPH1 mRNA levels, as determined by quantitative real-time RT–PCR, are decreased in sdo1-D/sdo1-D

Query strain Strain background Control strain Query gene Fold change P-value

btn1-D/btn1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 btn1::KAN/btn1::KAN

BTN1þ/BTN1þ VPH1 NC

btn1-D/btn1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 btn1::KAN/btn1::KAN

BTN1þ/BTN1þ VMA1 2.85 decrease ,0.0001

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

SDO1þ/SDO1þ VPH1 3.75 decrease ,0.0001

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

SDO1þ/SDO1þ VMA1 NC

Query gene Ct values were normalized to ORC5 (a component of the origin recognition complex). Ct values, fold changes and statistics were calculated using
REST# software (49).
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secondary antibodies (Molecular Probes, Carlsbad, CA, USA).
Mounted cells were visualized using confocal microscopy.

Plasmids

CLN3 was cloned into pBudCE4 (Invitrogen), and SBDS was
cloned into pBudCE4. For overexpression of BTN1 or SDO1,
the ORF was amplified from yeast chromosomal DNA and
cloned into the multicopy vector pRS426. The plasmid con-
taining human SBDS was created by cloning SBDS into the
multicopy vector pESC-HIS for expression in yeast. The
PGAL1:BTN1-V5-6xHIS chimera was made by amplifying the
BTN1 ORF from yeast chromosomal DNA and insertion
in-frame into the 2 mm pYES2.1 vector (Stratagene). For the
construction of the PGAL1:SDO1-MYC chimera, the SDO1
ORF was amplified from yeast chromosomal DNA and
inserted into pESCHIS (Stratagene). The BTN1-V5 plasmid
was constructed by ligating the V5 tag into a pRS316
plasmid already containing the BTN1 ORF without its stop
codon plus 1 kb upstream of the ORF. The BTN1-eSapphire
construct that was used in microscopy was provided by

D. Wolfe. An eSapphire tag was inserted into a plasmid
(pRS316) already containing the BTN1 ORF without its stop
codon plus 1 kb upstream. Plasmids containing wild-type
and TIF6 mutants were provided by Alan J. Warren (Cam-
bridge, UK). The pTIF6-V192F and pTIF6-I58T plasmids
contain mutations in TIF6 and are cloned into the pRS316
vector (26).

Yeast strains

The intrachromasomally GFP-tagged SDO1 was purchased
from Open Biosystems (30). All other strains were purchased
from Open Biosystems unless stated (Open Biosystems;
B4741/B4742: MATa/a his3D1/his3D1 leu2D0/leu2D0 LYS2/
lys2D0 MET15/met15D0 ura3D0/ura3D0). Each haploid
yeast strain was of the B4741 background (Open Biosystems;
MATa his3D1 leu2D0 lys2D0 ura3D0). To make the diploid
strain that is homozygous for the SDO1, BTN1, or the EFL1
deletion, tetrad spores derived from heterozygous diploid
(Open Biosystems; B4741/B4742: MATa/a his3D1/his3D1
leu2D0/leu2D0 LYS2/lys2D0 MET15/met15D0 ura3D0/

Figure 6. Overexpression of BTN1 mimics sdo1-D/sdo1-D. Cells (Open Biosystems; B4741/B4742) that were grown in selective media were homogenized and
subjected to differential centrifugation to isolate an enriched vacuolar fraction. (A) Concanamycin A-dependent ATPase activity in vacuoles isolated from cells
overexpressing BTN1 in minimal media at mid-log phase is significantly decreased (P , 0.001). Rates are expressed as milliunits per milligram of protein (1 mU
corresponds to 1 nmol of substrate transformed per minute). (B) Concanamycin A-dependent proton pumping in vacuoles isolated from cells overexpressing
BTN1 in minimal media at mid-log phase is significantly decreased (P , 0.001). Rates are expressed as changes in relative fluorescent units per microgram
of protein per second. (C) V-ATPase coupling calculated by the ratio between the mean of Hþ translocation and ATP hydrolysis activities. Coupling is decreased
in cells overexpressing BTN1 (P , 0.001). (D) Serial dilutions of SDO1þ/SDO1þ, btn1-D/btn1-D or sdo1-D/sdo1-D on rich media with or without 5 mM CCCP.
sdo1-D/sdo1-D is sensitive, whereas btn1-D/btn1-D is resistant to 5 mM CCCP. (E) Serial dilution of wild-type cells (Open Biosystems; B4741/B4742) with
vector or overexpressing BTN1 on minimal media with or without 5 mM CCCP. Cells overexpressing BTN1 are sensitive to CCCP. (F) Serial dilutions of
SDO1þ/SDO1þ (Open Biosystems; B4741/B4742) or sdo1-D/sdo1-D of the parental control background on rich media (YPD) with pH 4, 6 or 8 at 30 or
378C. The sdo1-D/sdo1-D strain displays a pH-dependent, 378C temperature-sensitive phenotype on rich media.
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ura3D0 with sdo1::KAN/SDO1, btn1::KAN/BTN1 or
efl1::KAN/EFL1) (42) were separated. Deletions were tested
for amino acid auxotrophy, mated and diploids were selected.
Deletions were also confirmed by PCR. In all experiments,
mutant strains were compared with the wild-type parental
strain of the same auxotrophic background.

Media

Yeast media was prepared as described in Adams et al. (42).
Yeast strains without plasmids were grown in rich media
(YPD) which contains 1% yeast extract, 2% peptone and 2%
dextrose, pH 6.4. Strains containing plasmids requiring
uracil or histidine auxotrophic marker selection were grown
in synthetic complete media lacking either uracil or histidine.

Synthetic complete media contained 6.7 mg/ml yeast nitrogen
base without amino acids, 5 mg/ml ammonium sulfate, 2%
dextrose and all amino acids except asparagine, glutamine,
proline, alanine, cysteine and glycine, pH 5.6–5.8.

Growth phenotyping

For tetrad analysis, the SDO1þ/sdo1-D diploid strain (Open
Biosystems) was sporulated in sporulation media (1% potass-
ium acetate, 0.1% yeast extract, 0.05% dextrose and auxo-
trophic amino acids) with vigorous shaking (42). Tetrad
walls were digested using glucuronidase, and spores were sep-
arated on YPD plates using a micromanipulator attached to a
Singer Instruments MSM system tetrad dissection scope. Each
resulting colony was genotyped using gene-specific primers
via PCR. For plate phenotypes, strains were grown in YPD
or synthetic complete selection media, harvested and washed
twice with sterile water. Cells were resuspended to 3 � 108

cells/ml in water and diluted 10-fold for each column.
A 36-pin replicator was used to spot cells onto the media
followed by incubation at 308C.

Affinity purification

Yeast harboring the BTN1-V5-6HIS and SDO1-MYC con-
structs were grown to mid-log phase and induced in galactose.
Cells were harvested and resuspended in non-denaturing
extraction buffer (50 mM sodium phosphate, pH 7, 300 mM

NaCl, 1% Triton X-100 and protease inhibitors). Cells were
bead-beaten and centrifuged at 3000g for 5 min at 48C. Cell
lysate was incubated with 50 ml Talon cobalt resin, and
Btn1p-V5-6HIS was purified as per the manufacturer’s proto-
col (BD Biosciences). Fractions from the column were TCA-
precipitated, solubilized in Lammaeli buffer and subjected to
western analysis.

Immunopurification

Cell extract as prepared earlier was incubated with 1:400
anti-c-MYC antibody (Cell Signaling), followed by incubation
with protein A-agarose beads. Lamaelli buffer was incubated

Table 3. Decreased vacuolar pH, as measured by pH-dependent BCECF fluorescence, of sdo1-D/sdo1-D is restored by Tif6p-dominant suppressor mutants

Strain Strain background Plasmid Vacuolar pH Standard deviation P-value

SDO1þ/SDO1þ MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

Vector 5.77 0.06

SDO1þ/SDO1þ MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

pTIF6 5.72 0.09

SDO1þ/SDO1þ MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

pTIF6-V192F 5.79 0.07

SDO1þ/SDO1þ MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15

pTIF6-I58T 5.73 0.10

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

Vector 5.52 0.08 ,0.002

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

pTIF6 5.52 0.09 ,0.002

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

pTIF6-V192F 5.82 0.10

sdo1-D/sdo1-D MATa/MATa ura3-D0/ura3-D0 his3-D1/his3-D1 leu2-D0/leu2-D0
lys2-D0/LYS2þ met15-D0/MET15 sdo1::KAN/sdo1::KAN

pTIF6-I58T 5.71 0.06

Figure 7. Proposed model of the role of the Sdo1p–Btn1p interaction. A con-
dition such as pH change causes the following events: (1) the interaction of
Sdo1p with Btn1p causes the inhibition of Btn1p (2), which in turn influences
the coupling of V-ATPase and Hþ transport (3), thus altering vacuole pH and
possibly other vacuolar functions. Sdo1p may mediate maintenance of vacuo-
lar processes from the ribosome through interacting or signaling to Btn1p (4).
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with the beads at 658C for 5 min to solubilize the proteins for
subsequent western analysis.

Fractionation and endogenous co-immunopurification

Mid-log-phase cells were made into protoplasts, lysed using a
Dounce homogenizer in lysis buffer (0.2 M sorbitol, 50 mM

Tris–Cl, pH 7.6, 1 mM EDTA and protease inhibitors), and
unlysed cells were separated by centrifugation at 500g for
5 min. The supernatant was centrifuged at 13 000g for
15 min (plasma membrane, mitochondria and vacuoles). The
supernatant was spun at 100 000g to yield the endosomes
and Golgi, and cytosol and vesicles. Fifty microgram was ana-
lyzed by SDS–PAGE and western blotting; 500 mg protein
with 1% Triton X-100 was incubated with 1:400 anti-GFP
antibody (Molecular Probes), and again incubated with
Protein G-Agarose. Protein for subsequent western analysis
was eluted using Lamaelli buffer at 658C.

Yeast cell imaging

Cells were visualized under the 100X objective using an epi-
fluorescent microscope (Olympus BX61, Melville, NY,
USA), a CoolSNAP HQ CCD camera (Photometrics,
Tucson, AR, USA) and IPLab 4.0 acquisition software (BD
Biosciences, Rockville, MD, USA). Image deconvolution
was performed using the Autodeblur software package
(Media Cybernetics, Bethesda, MD, USA), and overlays of
fluorescent images were performed using ImageJ (NIH) and
Photoshop software.

Fractionation

Mid-log-phase cells were made into spheroplasts, resuspended
in 20 mM Tris–MES, pH 6, 0.6 M sorbitol and protease inhibi-
tors, homogenized and centrifuged to remove intact cells. The
supernatant was centrifuged at 12 000g in 10 ml 20 mM Tris–
MES, pH 6, 0.6 M sorbitol. The resulting pellet (A) contained a
crude mitochondrial fraction. Pellet A was resuspended in
20 mM Tris–MES, pH 6, 0.6 M sorbitol ultracentrifuged at
100 000g for 1 h. The top layer is the mitochondrial associated
membranes, whereas the middle layer was enriched for mito-
chondria. The supernatant from the 12 000g spin was centri-
fuged at 20 000g to yield the microsomal fraction in the
pellet. It was centrifuged at 32 500g for 45 min and the result-
ing pellet contained rough ER, and again the supernatant was
centrifuged at 100 000g for 1 h. The resulting pellet contained
smooth ER. Vacuoles were isolated using the methods of
Ohsumi and Anraku (43). Each enriched fraction was analyzed
by SDS–PAGE and immunoblotting.

Vacuolar pH

Vacuolar pH measurements were performed as described pre-
viously (44,45). Yeast cells were grown to mid-log phase in
YPD and harvested by centrifugation. Cells harboring plas-
mids were grown in selective media to early-log phase, har-
vested and grown to mid-log phase in YPD. Two aliquots
from each strain of 4 � 107 cells were incubated and resus-
pended in 200 ml YPD. One aliquot was incubated with

50 mM BCECF-AM for 20 min at 308C, whereas the other
was used as a background control. Cells were collected
again by centrifugation, washed three times and resuspended
in 1 ml water. Cell suspensions of 100 ml were used for fluor-
escent measurements. Fluorescence absorbances were
measured using a Spectra Max M5 multimode microplate
reader (Molecular Devices) at 440 and 490 nm excitation
wavelengths, and background fluorescence was measured
using the BCECF-free cultures. The values were normalized
to cell density to calculate pH. For each experiment and
yeast strain, a calibration curve of fluorescence intensity
versus pH was plotted by incubating yeast cells in 50 mM

MES, 50 mM HEPES, 50 mM KCl, 50 mM NaCl, 0.2 M

ammonium acetate, 10 mM NaN3, 10 mM 2-deoxyglucose,
50 mM carbonyl cyanide m-chlorophenylhydrazone, and
titrated to pH 4–8 using NaOH. To estimate vacuolar pH,
absorbance values for each strain were compared with the cor-
responding calibration curve.

V-ATPase measurements

ATP hydrolysis was performed as described previously (46).
Vacuolar membranes (10 mg, above) were suspended in
250 ml of assay mixture which contained 100 mM Tris–
MES, 80 mM KCl, 6 mM MgCl2, 5 mM sodium azide (inhibits
mitochondrial ATPase), 0.2 M ammonium molybdate (inhibits
acid phosphatases) and 100 mM sodium orthovanadate
(inhibits plasma membrane ATPase). The reaction was
started with the addition of 2 mM Na-ATP and incubated for
20 min at 308C. The reaction was stopped by the addition of
500 ml of 2% sulfuric acid, 0.5% ammonium molybdate and
0.5% SDS solution and 50 ml of 10% ascorbic acid. After
5 min incubation at room temperature, the absorbance was
measured at 750 nm. The activity measured in the presence
of 1 mM concanamycin A (a specific inhibitor of the vacuolar
ATPase) was subtracted from the activity measured in the
absence of concanamycin A to calculate the V-ATPase
activity. The proton transport activity into the lumen of iso-
lated vacuoles was measured by monitoring the formation of
a pH gradient across the vacuolar membrane by fluorescence
quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA)
in the presence or absence of 1 mM concanamycin A (47).
Vacuoles (25 mg, above) were added to a cuvette containing
2 ml of reaction buffer [10 mM BisTrisPropene (BTP)-MES,
pH 7, 25 mM KCl, 2 mM MgSO4, 10% glycerol and 2 mM

ACMA]. The reaction was started by the addition of 1 mM

ATP in BTP, pH 7.5, and fluorescence emission was recorded
at 480 nm after excitation at 412 nm.

Quantitative real-time reverse-transcription PCR

RNA was extracted by bead-beating protoplasts in the pres-
ence of Trizol reagent (Invitrogen). After DNAse I treatment,
cDNA was made using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Reactions without
reverse transcriptase were included. Primers were designed
using Beacon Designer 7 (Premier Biosoft, Palo Alto, CA,
USA) (rtORC5f: GTA TGG CTG GAA CCT GTT GAG
TTG; rtORC5r: GGA TCG TAA TCT GTG GTG GGA
ATG; rtVMA1f: GTC AGC ACA GAG CCC ACA AAA G;
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rtVMA1r: AGA CAA ACG GCG GAC ACT ACG; rtVPH1f:
ACA TCC CAC AGG TGA CGC ATA AC; rtVPH1r: GGA
GCA GCG AGG CGA TAC C). ORC5 was selected for nor-
malization using GeNORM software (48). Of several house-
keeping genes that were tested, ORC5 mRNA did not
change between the different mutant strains under different
experimental conditions. Reactions were performed using an
Mx3005p thermocycler with MxPro QPCR software (Strata-
gene), and Power SYBR Green PCR Master Mix (Applied
Biosystems) using the following cycling conditions: step 1:
958C for 10 min; step 2: 958C for 30 s and 608C for 1 min
for 40 cycles; step 3: 958C for 1 min, 558C for 30 s and
958C for 30 s. Specificity of the amplified product was deter-
mined by melt-curve analysis. Relative gene expression was
calculated using the REST-XL program and expressed as
fold change versus control or wild-type (49).

Statistical analysis

Statistical significance for V-ATPase activities (n ¼ 3–6) was
tested using one-way ANOVA via GraphPad Prism software.
Differences in vacuolar pH (n ¼ 3–6) were calculated using
Student’s t-tests using Microsoft Excel. Statistical analysis
of Quantitative RT–PCR results were performed using Pair
Wise Fixed Reallocation Randomization Test# via REST#
software (49). Reactions from three biological replicates
were each performed using three technical replicates.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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