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ABSTRACT The vacuolar-type, proton-translocating ATPase (V-ATPase) is a multisubunit en-
zyme responsible for organelle acidification in eukaryotic cells. Many organisms have evolved
V-ATPase subunit isoforms that allow for increased specialization of this critical enzyme. Dif-
ferential targeting of the V-ATPase to specific subcellular organelles occurs in eukaryotes
from humans to budding yeast. In Saccharomyces cerevisiae, the two subunit a isoforms are
the only difference between the two V-ATPase populations. Incorporation of Vph1p or Stv1p
into the V-ATPase dictates the localization of the V-ATPase to the vacuole or late Golgi/endo-
some, respectively. A duplication event within fungi gave rise to two subunit a genes. We
used ancestral gene reconstruction to generate the most recent common ancestor of Vph1p
and Stv1p (Anc.a) and tested its function in yeast. Anc.a localized to both the Golgi/endo-
somal network and vacuolar membrane and acidified these compartments as part of a hybrid
V-ATPase complex. Trafficking of Anc.a did not require retrograde transport from the late
endosome to the Golgi that has evolved for retrieval of the Stv1p isoform. Rather, Anc.a lo-
calized to both structures through slowed anterograde transport en route to the vacuole. Our
results suggest an evolutionary model that describes the differential localization of the two
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yeast V-ATPase isoforms.

INTRODUCTION

The vacuolar-type, proton-translocating ATPase (V-ATPase) is a mul-
tisubunit molecular machine responsible for organelle acidification
in eukaryotes (Forgac, 2007). The V-ATPase enzyme couples hydro-
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lysis of ATP with proton translocation across membranes using a
conserved rotary mechanism (Marshansky and Futai, 2008). The
electrochemical gradient generated by the V-ATPase is required for
a diverse set of biological processes, including vesicular trafficking,
exocytosis, membrane fusion, ion homeostasis, development, and
pH regulation (Kane 2006; Forgac 2007). The V-ATPase has also
been implicated in a number of disease models, including cancer
cell migration (Martinez-Zaguilan et al., 1999), osteopetrosis (Frattini
et al., 2000), viral entry into cells (Gruenberg and van der Goot,
2006), and renal tubular acidosis (Karet et al., 1999).

The budding yeast Saccharomyces cerevisiae serves as an ex-
cellent model system to study the V-ATPase because the enzyme
complex is not required for viability. Yeast uses the proton gradi-
ent generated by the V-ATPase to maintain intracellular pH levels
and regulate ion homeostasis (Kane, 2006). Toxic levels of metals
are sequestered within the yeast vacuole by proton-exchange an-
tiporter pumps (Klionsky et al., 1990). Disruption of V-ATPase
function results in a loss of vacuolar acidification and renders cells
sensitive to excess levels of divalent cations such as calcium or
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of these subunits are required for V-ATPase
function. Assembly of the Vo subdomain
occurs within the endoplasmic reticulum
(ER) and requires the presence of five ded-
icated assembly factors: Vma21p, Vma22p,
Vma12p, Pkrip, and Voalp (Hirata et al.,
1993; Hill and Stevens, 1995; Malkus et al.,
2004; Davis-Kaplan et al., 2006; Ryan
et al., 2008). These ER-resident proteins
aid in chaperoning components of the Vj
and are required for full enzyme function.
Regulation of V-ATPase function can occur
through rapid, reversible dissociation of
the Vj and Vg subcomplexes, differential
assembly, or differences in the localiza-
tion of the enzyme complex (Kane, 2006;
Forgac, 2007).
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FIGURE 1: Model and phylogeny of the two isoforms of the yeast V-ATPase complex. (A) The
14-subunit complex differs by the incorporation of the two isoforms of subunit a (Stvip or
Vph1p). This subunit a isoform determines the subcellular localization of the V-ATPase in S.
cerevisiae. (B) The maximum likelihood phylogeny of fungal V-ATPase subunit a. The tree was
rooted using subunit a sequences from D. discoideum (Amoebozoa) and A. thaliana (Plantae) as
outgroups. The position of the reconstructed fungal ancestral subunit a protein is labeled as
“Anc.a.” Extant taxa marked with « indicate predicted subunit a sequences according to
GenBank annotations, whereas all other sequences have been functionally assayed. Branch
support values are approximate-likelihood ratio test values based on a Shimodaira-Hasegawa—
like procedure. Statistical support for the Anc.a sequence can be found in Supplemental

Figure S1.

zinc. The yeast V-ATPase complex contains 14 different subunits,
some of which are present in multiple copies (Forgac, 2007). The
enzyme contains two subdomains: the cytosolic Vy portion is re-
sponsible for hydrolysis of ATP, whereas the membrane-bound Vg
portion transports protons across the lipid bilayer (Graham et al.,
2003). The V4 domain contains subunits A, B, C, D, E, F, G, and H,
whereas the Vo domain contains subunits a, d, e, ¢, ¢/, and c”. All
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Vph1p complexes have been shown to dif-
fer in transcript expression, protein abun-
dance, assembly, coupling efficiency, and
reversible dissociation. The Stv1p-complex
is found at much lower protein levels, has a
lower ATP coupling efficiency, and does not
undergo reversible dissociation of V1 and Vg
on glucose starvation compared with the
Vph1p-complex (Manolson et al, 1992,
1994; Kawasaki-Nishi et al., 2001b; Perzov
et al., 2002).

There is a relative paucity of information
describing the evolutionary mechanisms responsible for the pres-
ence of multiple isoforms of various V-ATPase subunits. Phyloge-
netic analysis suggests that gene duplication events played a sig-
nificant role in the evolution of subunit a and the entire V-ATPase
enzyme in eukaryotes (Miller and Griiber, 2003; Cross and Midiller,
2004). Characterization of the two subunit a isoforms within bud-
ding yeast revealed a number of key biochemical differences in
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only a single subunit a isoform (Chavez
et al., 2006). However, attempts to charac-
terize homologues of subunit a from Arabi-
dopsis thaliana and Schizosaccharomyces
pombe within budding yeast for V-ATPase
function have been unsuccessful (Aviezer-
Hagai et al., 2000; unpublished results) be-
cause difficulties in this horizontal evolution-
ary approach often result from differences in
genetic background (Harms and Thornton,

2010). This approach does not address 1)
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FIGURE 2: Alignment of S. cerevisiae Stv1p, Vph1p, and Anc.a amino acid sequences.

(A) Identical residues among all three proteins are shown against a black background. Residues
identical between only Vph1p and Anc.a are shown against a magenta background. Residues
identical between Stv1p and Anc.a are shown against a green background. The alignment was
performed using the CLUSTALW program (Thompson et al., 1994). Potential transmembrane
domains are marked with black bars above the alignment [modeled from Wang et al. (2008)].
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sequence changes that have accumulated
over evolutionary time that did not contrib-
ute to protein function and 2) the effects of
epistatic interactions between mutational
changes that have occurred along lineage-
specific evolutionary trajectories (Harms and
Thornton, 2010).

To address these questions, we recon-
structed the most recent common ancestor
of Vph1p and Stv1p and tested its function
as the only isoform of subunit a in S. cerevi-
siae. The ancestral subunit a (Anc.a) func-
tionally replaces both Vphlp and Stvip
through acidification of both the Golgi/en-
dosomal network and vacuole. Anc.a dis-
plays a dual localization pattern to both of
these cellular compartments. In addition,
the dual localization of Anc.a does not re-
quire the retromer complex that is necessary
for retrieval of the Stv1p V-ATPase from the
endosome to the late Golgi. Rather, it is
likely that Anc.a localizes to both structures
through slowed anterograde transport en
route to the yeast vacuole.

MEMBRANE

-f/—C

The critical arginine residues (Stv1p R795, Vph1p R735, and Anc.a R737) are marked against a

yellow background. The position of the double-HA epitope tag is indicated by a triangle
(beginning after residue 171 for Vph1p, 227 for Stv1p, and 185 for Anc.a). (B) Secondary
structure prediction of the N-termini of Stv1p, Vph1p, and Anc.a by the PSIPRED program
(University College, London). o-Helices are shown as cylinders, B-sheets are shown as black
arrows, and coiled regions are shown as black lines. The breaks in the lines represent short

insertions that have no predicted structure.

regulation, assembly, and trafficking between the V-ATPase com-
plexes. However, it is unclear how subunit a in S. cerevisiae evolved
from a preduplicated, single isoform into the two contemporary
Vph1p and Stv1p subunits that have distinct localization patterns.

Eukaryotes outside of fungi also have multiple genes and many
isoforms of various V-ATPase subunits, including subunit a (Forgac,
2007). For instance, Caenorhabditis elegans has four isoforms of
subunit a (Oka et al., 2001b), mice have four isoforms, including one
present on the plasma membrane (Oka et al., 2001a; Toyomura
et al., 2003), and Paramecium tetraurelia is reported to have 17 dis-
tinct subunit a isoforms (Wassmer et al., 2006). The increasing num-
ber of separate isoforms allows for a high degree of specialization in
the subcellular localization of the V-ATPase, as well as cell-specific
expression and regulation (Toei et al., 2010).

Although most eukaryotes use several distinct V-ATPase isoforms
of subunit a, there are groups of species that have only a single
isoform. How are eukaryotes with only one V-ATPase complex able
to properly acidify various cellular compartments? Fungal species
basal to the clade of budding yeast belong to a group that contains
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RESULTS

Anc.a functions in extant S. cerevisiae
as part of a hybrid V-ATPase complex

It is likely the two subunit a isoforms in yeast
(Vph1p and Stv1p; Figure 1A) evolved from
a gene duplication event within the fungal
clade (Figure 1B). We tested the function of
the most recent common ancestor of Vph1p and Stv1p (referred to
as Anc.a) in extant S. cerevisiae. The sequence of this ancient pro-
tein was determined by calculating the maximum likelihood se-
quence from the phylogeny of a large set of subunit a isoforms from
modern species (Supplemental Table S1 and Figure S1). Anc.a
shares a high degree of sequence identity to the C-termini of both
Stvlp and Vphilp (Figure 2A). However, Anc.a is only 38 and
53% identical to the N-termini of Stvlp and Vph1p, respectively
(Figure 2A). Secondary structure predictions of the N-terminal, cyto-
solic domains of Vph1p, Stvlp, and Anc.a revealed a very similar
overall structure of the three proteins (Figure 2B).

Because the expression level of the ancestral subunit a is un-
known, we chose to test the expression of an integrated copy of
Anc.a under control of either the STV1 or VPH1 promoter; the cod-
ing region of Anc.a replaced the entire coding region of either yeast
gene. We assayed the ancestral isoform in yeast lacking both con-
temporary Vph1p and Stv1p on media buffered with either excess
calcium or zinc (Figure 3A). Yeasts deleted for both isoforms do not
acidify their vacuoles and are unable to survive on media containing
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100mM Ca?*

100=—

75— |\ma2p >

C YEPD 100mM Ca?
Anc.a 06@@00043"@'@!
Anc.a R737Q
Anc.a R737A

Ancestral subunit a complements a loss of both VPHT and STV1. (A) Exponentially
growing cultures of wild-type (WT; SF838-1Da), vph1A stv1A (GFY271), stv1A (KEBY4), vph1A
(LGY120), vph1A Prsny1-Anc.a (GFY251), and Prypps-Anc.a stv1A (GFY250) strains were spotted
onto rich media and media containing either 100 mM calcium or 3.5 mM zinc. (B) Western blot
analysis of strains (vph1A stv1A) expressing epitope-tagged Anc.a protein (GFY250 and
GFY251). Samples were separated by SDS-PAGE, transferred to nitrocellulose, and probed with
antibodies to the HA epitope tag and V subunit, Vma2p. Antibodies to Dpm1p served as a
loading control. The position of the closest molecular marker is indicated. (C) Yeast deleted for
VPH1 and STV1 (GFY271) were transformed with vectors expressing Anc.a (pGF245), Anc.a
R737Q (pGF342), or Anc.a R737A (pGF341) and tested on media containing calcium and zinc as
described in A. Vectors used were under control of the VPH1 promoter.

excess metals (Manolson et al., 1994). Cells deleted for STV (stv1A)
are not sensitive to either calcium or zinc, as they still contain a func-
tioning vacuolar isoform. However, yeast lacking VPH1 (vph 1A) grow
in the presence of 100 mM Ca?* but cannot survive on media con-
taining 3.5 mM Zn?*. Resistance to calcium depends on proton anti-
porters present on both the vacuole and Golgi apparatus; cells con-
taining an acidified Golgi/endosome are therefore able to survive
on excess calcium (Rudolph et al., 1989; Miseta et al., 1999). Resis-
tance to zinc depends on the presence of proton/zinc antiporters
present on the vacuolar membrane (MacDiarmid et al., 2000). Ex-
pression of Anc.a (which replaced the endogenous, integrated
copy of either STV1 or VPH1) under control of either promoter was
sufficient to promote growth on toxic levels of calcium or zinc
(Figure 3A). Western blots to the HA epitope tag revealed the differ-
ence in steady-state levels of Anc.a under control of either the STV1
or VPH1 promoter; strains differed in levels of Anc.a protein by
~20-fold (Figure 3B). The levels of the V7 subunit Vma2p did not
change in either of these strains. These results indicate that Anc.a
allows for V-ATPase function on the yeast vacuole.

Our ancestral reconstruction included 134 residues that were
“poorly” supported by our maximum likelihood phylogenetic algo-
rithm (posterior probability, <0.8) and had plausible secondary alter-
nate states (posterior probability, >0.2). Posterior probability (PP) is a
measure of the confidence of each ancestral state expressed as a
probability (Hanson-Smith et al., 2010). Given the statistical support
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for alternative amino acids within the Anc.a
sequence, we sampled 50 independent,
single—amino acid substitutions to Anc.a;
sites were chosen randomly across the en-
tire protein sequence. Point mutations were
introduced into the protein sequence of
Anc.a, and each alternative state was tested
in voh1A stv1A yeast by growth assays
on calcium and zinc. We determined that
our reconstruction was robust to uncertainty,
as all 50 changes to Anc.a still allowed
for full complementation (Supplemental
Table S2).

Previous work highlighted the impor-
tance of the arginine residue at site 735 in
Vph1p and the corresponding arginine at
site 795 in Stvlp (Kawasaki-Nishi et al.,
2001c). This amino acid is essential for pro-
ton translocation and is highly conserved in
eukaryotic sequences. Complementation by
Anc.a in vph1A stv1A yeast was fully depen-
dent on the presence of this critical arginine
residue within the C-terminus. It is also
strongly supported in our reconstruction
with a PP of 1.0. Substitution of Vph1p argi-
nine 735 for glutamine (which allows for Vg
assembly) or alanine (which disrupts Vq as-
sembly) was shown to completely abolish
V-ATPase activity (Kawasaki-Nishi et al.,
2001c). When these mutational changes
were introduced into Anc.a in cells lacking
VPH1T and STV1 we observed no comple-
mentation on media containing either cal-
cium or zinc (Figure 3C), yet Western blots
revealed that the Anc.a R737Q mutant pro-
tein was stable (unpublished data). This
demonstrates that Anc.a functions within a
hybrid V-ATPase complex and is required for proton translocation.

The yeast isoforms of subunit a are subject to degradation on
loss of Vma21p or any of the other essential assembly factors
(Graham et al., 1998; Hill and Cooper, 2000). Stability of the Anc.a
protein was also fully dependent on the presence of the conserved,
dedicated V-ATPase assembly factor Vma21p (Supplemental Fig-
ure S2). These data demonstrate that assembly of the hybrid ances-
tral V-ATPase complex requires the modern-day yeast assembly
machinery.

3.5 mM Zn?t

3.5 mM Zn2t

Anc.a functionally replaces yeast Stv1p and Vph1p
We assayed whether expression of Anc.a properly acidified the
yeast vacuole by staining with the dye quinacrine. Quinacrine is
a weakly basic, fluorescent dye that accumulates within acidified
compartments. Staining of vphTA or vphlA stvIA mutants
showed that these cells do not acidify their vacuoles (Figure 4).
Yeast lacking the Golgi-isoform, Stv1p, properly acidify their vac-
uoles, as they contain the vacuolar isoform, Vph1p. Expression of
Anc.a was sufficient to confer wild-type levels of acidification in
cells lacking both STV1 and VPH1 (Figure 4). These data suggest
that the ancestral protein can function in place of the vacuolar
isoform.

Quinacrine staining is not sensitive enough to visualize Golgi/
endosomal acidification in yeast. In addition, conventional growth
assays (on elevated calcium or zinc) do not differentiate between
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FIGURE 4: Expression of Anc.a results in acidification of the yeast
vacuole. Cultures of wild-type (WT; SF838-1Da), vph1A stv1A
(GFY271), vph1A (LGY120), stv1A (KEBY4), vph1A Prsryq-Anc.a
(GFY251), and Prypn¢-Anc.a stv1A (GFY250) strains were stained with
quinacrine (green; acidified compartments) and concanavalin
A-tetramethylrhodamine (red; stains the yeast cell wall) and viewed
by fluorescence or DIC microscopy.

wild-type yeast and yeast lacking STV, as the vacuolar isoform
compensates for a loss of the Stv1p-containing complex (Figure 3A).
However, a recent report described a phenotypic difference be-
tween wild-type yeast and stv1A mutant yeast on media containing
the iron chelator bathophenanthrolinedisulfonic acid (BPS; Jo et al.,
2009). Acidification of the Golgi/endosomal network is critical for
iron metabolism/homeostasis (Philpott and Protchenko, 2008). We
used low-iron conditions to determine whether Anc.a could func-
tionally substitute for Stvip in vivo. Cells lacking the V-ATPase
(vph1A stv1A) were fully sensitive to media containing 95 pM BPS
(Figure 5). Although yeast lacking Vph1p survived under these con-
ditions, cells lacking the Golgi isoform, Stv1p, were fully sensitive.
Expression of Anc.a under control of the STV1 promoter was not
sufficient to promote growth on media buffered with BPS. However,
expression of Anc.a under control of the VPHT promoter conferred
growth under these low-iron conditions (Figure 5). These results
demonstrate that Anc.a is also sufficient to substitute for the Golgi
isoform, Stv1p.
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vphl1A stviA

stviA VPH1

STV1 vphlA
vphlA Prgp-Anc.a

Prymy-Anc.a stviA

FIGURE 5: Expression of Anc.a complements the low-iron growth
defect of stv1A yeast. Cultures of wild-type (WT; SF838-1D0), vph1A
stv1A (GFY271), vph1A (LGY120), stv1A (KEBY4), vph1A Prgryi-Anc.a
(GFY251), and Prypps-Anc.a stv1A (GFY250) strains were grown to
saturation in YEPD, pH 5.0, plus 25 pM BPS, backdiluted into YEPD,
pH 5.0, plus 100 pM BPS, and grown for 6 h before being spotted
onto rich media or media containing 95 pM BPS.

Anc.a localizes to both the Golgi/endosome

and vacuole in yeast

Because Anc.a could complement the loss of either Stv1p or Vph1p,
we assayed the cellular localization of the ancestral V-ATPase com-
plex in yeast. Tagging of subunit a isoforms with GFP at the C-termi-
nus did not compromise V-ATPase function (unpublished data).
Vph1p-GFP localized to the limiting membrane of the vacuole,
whereas Stv1p-GFP localized to punctate structures (Figure 6A).
Stv1p colocalizes with the late-Golgi marker A-ALP and, to a lesser
extent, the endosomal marker Pep12p (Kawasaki-Nishi et al., 2001a).
A-ALP is a reporter protein containing a fusion between the cytoso-
lic portion of Ste13p and yeast alkaline phosphatase encoded by
the PHO8 gene (Nothwehr et al., 1997). The majority of Stv1p re-
sides within the late Golgi, although it was shown to cycle through
the endosome (Kawasaki-Nishi et al., 2001a). Overexpression of
Stv1p results in its missorting to the vacuolar membrane (Manolson
et al., 1994). Because the ancient expression level of the ancestral
isoform is unknown, we tested whether altering the expression level
of the contemporary yeast subunit Vph1p would result in a different
localization pattern. We tested the localization of Vph1p—green fluo-
rescent protein (GFP) under control of the weaker STV promoter.
Whereas the intensity of the fluorescence signal was greatly de-
creased, we found no difference in the localization of Vph1p-con-
taining V-ATPase complex, as it was still present on the vacuolar
membrane. Of interest, Anc.a localized to both punctate structures
and the vacuolar membrane (Figure 6A). The localization pattern did
not change when Anc.a was expressed under either the STV1 or
VPH1T promoter, suggesting that localization is not dependent on
expression levels for this isoform.

We next determined the precise cellular compartments that con-
tained the ancestral V-ATPase. ALP served as a marker for the vacu-
olar membrane. ALP traffics to the vacuole using a different route
(ALP pathway) than the V-ATPase (vacuolar carboxypeptidase Y en-
coded by the PRCT gene [CPY] pathway; Raymond et al., 1992;
Cowles et al., 1997; Piper et al., 1997; Stepp et al., 1997). In Figure
6B we show colocalization of mCherry (a mutated form of mono-
meric red fluorescent protein)-tagged ALP with Anc.a-GFP on the
limiting membrane of the vacuole. Vps10p, the receptor for CPY,
cycles between the late Golgi and endosome and serves as a marker
for the late Golgi (Marcusson et al., 1994; Cooper and Stevens,
1996). We assayed the localization of Anc.a-mDsRed (amonomeric
form of a red fluorescent protein from the genus Discosoma) in yeast
also expressing Vps10p-GFP (Figure 6B). Vps10p-GFP localized to
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FIGURE 6: Anc.a localizes to the vacuole membrane and Golgi/endosomal network. (
cultures expressing VPH1-GFP (GFY308), STV1-GFP (GFY310), VPH1-GFP at the STV1 Iocus
(GFY307), vph1A Prsrys-Anc.a-GFP (GFY253), and Prypy-Anc.a-GFP stv1A (GFY255) were
visualized by fluorescence or DIC microscopy. White arrows label several of the punctate
structures seen in strains expressing Anc.a protein. (B) Cultures of Prypys-Anc.a-GFP stv1A
(GFY255) were transformed with a vector expressing mCherry-ALP and visualized by fluorescence
microscopy. The merged image shows the overlay of the GFP (green) and mCherry (magenta)
channels as a white signal. Cultures of stv1A Prypy¢-Anc.a-mDsRed (GFY314) were transformed
with a CEN-based plasmid expressing Vps10p-GFP (under control of the VPS10 promoter) and
visualized by fluorescence microscopy. The merged image between the mDsRed (magenta)

and GFP (green) channels presents overlap as a white color. White arrows indicate the presence

of several distinct, punctate structures in the merged image.

punctate structures, as expected, and the punctate structures con-
taining Anc.a colocalized with Vps10p. These data demonstrate that
the Anc.a-containing V-ATPase complex is localized to both the
trans-Golgi network and the vacuolar membrane.

The Anc.a V-ATPase complex uses slowed anterograde
trafficking to the vacuole membrane

We investigated the different trafficking mechanisms that might de-
scribe the dual localization pattern of Anc.a. It is possible that a
portion of Anc.a protein could be retrieved from the endosome
back to the Golgi (similar to yeast Stv1p). Alternatively, rather than
retrograde transport, Anc.a could use slowed anterograde transport
en route to the vacuole. Either of these models would account for
the steady-state localization of Anc.a to both vacuolar and Golgi/
endosomal compartments.

To differentiate between these models, we treated cells express-
ing Anc.a-GFP with cycloheximide to inhibit protein synthesis yet
still allow for continued vesicular transport of cargo proteins. Cargo
that is actively retrieved from the endosome to the Golgi should
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continue to localize to the Golgi/endosome
upon treatment with cycloheximide. How-
ever, proteins lacking a retrieval signal
should be transported to the vacuole after
protein synthesis is inhibited. Yeast treated
with cycloheximide showed a dramatic shift
in the localization pattern of Anc.a-GFP
(Figure 7A). Whereas the mock treatment
displayed dual localization to both the vacu-
olar membrane and punctate structures,
cells treated with cycloheximide only
showed strong GFP signal on the vacuolar
membrane. Control treatments did not show
any detectible difference in localization pat-
tern. We also tested to ensure that the shift
in localization was not due to a decrease in
steady-state protein levels of Anc.a-GFP.
Western blots demonstrated that there was
no significant change in Anc.a protein levels
during the cycloheximide treatment com-
pared with control samples (Figure 7B). Fi-
nally, we quantified the localization of Anc.a-
GFP compared with a number of other
resident Golgi proteins (Stv1p and Vps10p)
or resident vacuolar proteins (Vph1p and
ALP) upon treatment with cycloheximide
(Figure 7C). Cells were scored for the pres-
ence of the fluorescent proteins in punctate
structures. On drug treatment, ALP, Vph1p,
or Vph1p expressed from the STV1 locus
did not show any shift in the percentage of
cells containing puncta (Figure 7C). Simi-
larly, we did not see any strong shift in the
localization pattern for the late-Golgi mem-
brane proteins Stv1p and Vps10p. However,
there was a dramatic difference in the local-
ization pattern of Anc.a-GFP under either
the VPH1 (50% reduction) or STV1 (61% re-
duction) promoter. In addition, the fluores-
cence intensity of the remaining puncta was
also decreased (unpublished data). These
experiments indicate that the trafficking of
Anc.a likely involves slow, anterograde
transport en route to the vacuole and is likely not to involve active
retrieval/retention within the Golgi/endosome.

Finally, since Anc.a also localizes to the Golgi/endosomal net-
work, we tested whether Anc.a would use the same sorting machin-
ery as the Stvlp isoform. The retrieval machinery that sorts the
Stv1p-containing V-ATPase is saturable; overexpression of Stv1p re-
sults in its mislocalization to the yeast vacuole (Manolson et al.,
1994). Therefore we tested whether expression of Anc.a would
saturate the Stv1p-sorting machinery and cause endogenous levels
of Stvlp to be missorted to the vacuolar membrane. Stv1p-GFP
localized to punctate structures when VPHT was also present
(Figure 8, row 1). When VPH1 was replaced with an untagged copy
of STV1 (resulting in Stv1p overexpression), the endogenous copy
of Stv1p-GFP was mislocalized to the vacuole (Figure 8, row 2). Ex-
pression of Anc.a from the VPH1 locus did not cause a shift in the
localization of endogenous Stv1p-GFP (Figure 8, row 3). Finally,
overexpression of Anc.a did not cause miscolocalization of Stv1-
GFP (unpublished data). These data imply that trafficking of Anc.a
does not use the same sorting machinery as the Stv1p isoform.
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FIGURE 7: Anc.a localization shifts to the vacuole membrane after treatment with cycloheximide.
(A) An exponentially growing culture of Prsryq-Anc.a-GFP vph1A (GFY253) was treated with
either 0.02% DMSO (mock) or 20 pg/ml cycloheximide. Cells were visualized both immediately
after and 2 h after treatment by fluorescence and DIC microscopy. White arrows indicate the
presence of multiple puncta. (B) Cultures of Prsrys-Anc.a-GFP vph1A (GFY253) were treated with
DMSO or cycloheximide as described in A. Whole-cell extracts were prepared at 30-min intervals,
separated by SDS-PAGE, and probed with anti-HA, Vma2p, and Dpm1p antibodies. (C) Strains
containing the following GFP-tagged constructs were treated with DMSO or cycloheximide:
VPH1-GFP (GFY308), STV1-GFP (GFY310), VPH1-GFP at the STV1 locus (GFY307), wild-type
yeast expressing GFP-PHO8 (ALP) or VPS10-GFP (pGF35), vph1A Prsrys-Anc.a-GFP (GFY253),
and Prypy1-Anc.a-GFP stv1A (GFY255). The percentage of cells showing punctate fluorescent
staining was quantified. Between 150 and 400 cells were counted for each control strain, and
400-600 cells were counted for stains containing Anc.a. Experiments were performed in
triplicate, and the error is expressed as the SD.

Ste13p, and Kex2p, by actively retrieving
cargo from the late endosome to the Golgi
(Nothwehr and Hindes, 1997; Seaman et al.,
1998; Seaman, 2005). We disrupted retro-
grade transport by deleting VPS26 and as-
sayed the localization of Vph1p, Stv1p, and
Anc.a in these cells (Figure 9). As expected,
Vph1p-GFP localized to the vacuole mem-
brane even when the retromer was deleted.
However, the distribution of Stv1p-GFP was
dramatically altered in vps26A cells; fluores-
cence signal shifted from discrete cellular
puncta (Golgi/endosome) to the limiting
membrane of the vacuole. In comparison,
there was no change in the localization pat-
tern for cells expressing Anc.a-GFP when
the retromer was disrupted. Similar results
were obtained when VPS29, a second ret-
romer subunit, was deleted (unpublished
data). Finally, there was no change in the
steady-state levels of subunit a protein when
the retrograde transport was disrupted, sug-
gesting that mislocalization of Stv1p to the
vacuole was not due to overexpression (un-
published data). These data demonstrate
that 1) the modern Stv1p isoform requires
retrieval from the late endosome to the
Golgi and 2) the transport/sorting of Anc.a
is independent of retromer function.

We also assayed the localization of Anc.a
in strains disrupted for other components of
vesicular trafficking. To test whether Anc.a
traffics from the Golgi directly to the vacuole
using the ALP pathway, we deleted APS3, a
component of the AP-3 machinery (Cowles
et al., 1997), and assayed the localization of
Anc.a (Supplemental Figure S3). There was
no change in the distribution of Anc.a-GFP
in these mutant cells. These results are con-
sistent with previous observations that the
V-ATPase complex is transported to the vac-
uole using the late endosome (Raymond
et al., 1992). To test the requirement of en-
dosomal transport for Anc.a sorting, we de-
leted VPS27, a gene required for trafficking
through the late endosome. Deletion of this
type of vacuolar protein sorting gene (“class
E") causes the formation of an aberrant mul-
tivesicular body (MVB) and traps protein
cargo en route to the vacuole and cargo cy-
cling between the Golgi and endosome
(Bowers and Stevens, 2005). Stv1p, Vph1p,
and Anc.a all localized to the aberrant MVB
in vps27A yeast (Supplemental Figure S3;

Disruption of endosome-to-Golgi retrograde transport
causes mislocalization of the Stv1 isoform but does not
perturb Anc.a localization

We tested whether the sorting of Anc.a required active retrieval
from the late endosome to the Golgi by analyzing mutants of the
yeast “retromer” complex. This conserved molecular machine has
been shown to be required for maintaining the steady-state localiza-
tion of a number of resident Golgi proteins, including Vps10p,
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unpublished data). The requirement for two other classes of genes
required for post-Golgi sorting of Anc.a were also assayed. The dy-
namin-like GTPase VPST is required for post-Golgi trafficking, yet
protein cargo has been found to reach the vacuole in vps1A yeast
via the plasma membrane (Wilsbach and Payne, 1993; Nothwehr
et al., 1995). In addition, VPS51, a component of the Golgi-
associated retrograde protein (GARP) complex, is required for retro-
grade transport from the early endosome (Reggiori et al., 2003).
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Anc.a does not perturb Stv1p sorting in yeast. Strains
expressing STV1-GFP that contained either VPH1 (GFY315), STV1,
(GFY316), or Anc.a (GFY317) integrated at the VPH1 locus were
visualized by fluorescence and DIC microscopy.

Deletion of either VPST or VPS517 did not alter the localization of
Anc.a, Stv1p, or Vph1p (Supplemental Figure S3; unpublished data).
Endogenous levels of Stv1p-GFP were not mislocalized to the vacu-
ole in yeast lacking GARP components Vps51p, Vps52p, or Vps53p
(unpublished data). These data indicate that loss of these classes of
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trafficking components is not sufficient to disrupt the dual localiza-
tion pattern of the hybrid Anc.a V-ATPase complex in yeast.

The information for the dual localization for Anc.a is present
within both the N- and C-terminal domains

Previous work provided insight into the sorting of the modern V-
ATPase isoforms; the N-terminal subdomain of Vph1p or Stvip is
sufficient to facilitate the subcellular localization of the V-ATPase
(Kawasaki-Nishi et al. 2001a). We chose to investigate which do-
main of the ancestral isoform was sufficient to cause a dual local-
ization pattern to both the vacuole and Golgi/endosome, using a
similar experimental strategy. We tested reciprocal protein fusions
between the amino and carboxyl subdomains of Anc.a and Vph1p
(Figure 10A). The two protein chimeras were stably expressed in
yeast cells and displayed strong complementation phenotypes in
stv1A vph1A mutants (Figure 10, B and C). Surprisingly, both chi-
meras displayed a dual localization pattern to the vacuole mem-
brane and cellular puncta. The Anc.a(NT)-Vph1p(CT) fusion ap-
peared very similar to the localization pattern of full-length Anc.a
yet also had fluorescence signal present within the endoplasmic
reticulum, indicating a partial Vg assembly and/or ER exit defect
for this chimera. The Vph1p(NT)-Anc.a(CT) chimera showed a
marked decrease in both the number of cells showing puncta and
the fluorescence intensity of these structures (Figure 10, D and E).
These data indicate that either subdomain of Anc.a is sufficient to
cause a dual localization pattern (as part of protein chimeras), yet
there is also a stronger localization phenotype associated with the
N-terminus of Anc.a.
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Disruption of endosome-to-Golgi retrograde transport causes mislocalization of the Stv1 isoform but does
not perturb the dual localization of Anc.a. Yeast strains VPH1-GFP (GFY308), STV1-GFP (GFY310), and stv1A Prypy;-
Anc.a-GFP (shown as Anc.a-GFP stv1A; GFY255) were deleted for VPS26, one of the essential components of the yeast
retromer complex, transformed with a vector expressing mCherry-ALP (pGF242), and visualized by fluorescence and
DIC microscopy. Cells were scored for the presence of GFP fluorescence on either 1) the vacuole membrane (Vph1p-
GFP) or 2) within distinct punctate structures (Stv1p-GFP and Anc.a-GFP). Cells that did not contain Stv1p-GFP signal
within puncta displayed vacuole membrane localization. Experiments were performed in triplicate, and the error is
expressed as the SD. White arrows indicate several puncta that do not colocalize with mCherry-ALP signal. Overlay of
the GFP and mCherry channels is presented as white signal within the merge image.
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FIGURE 10: The localization information for Anc.a is found within both the N- and C-terminal
domains. (A) Reciprocal chimeras were constructed using the N- and C-terminal domains of
Anc.a and Vph1p. The position of the double-HA tag is at residue 171 for Vph1p and residue
185 for Anc.a. All constructs contain a C-terminal GFP tag and are under control of the VPH1
promoter. The position chosen for the junction between the cytosolic and lumenal domains was
a conserved glutamic acid residue (E404 in Vph1p and E393 in Anc.a). (B) Growth assays were
performed on strains expressing full-length Anc.a (GFY255), the Anc.a(NT)-Vph1p(CT) chimera
(GFY361), or the Vph1p(NT)-Anc.a(CT) chimera (GFY362) compared with control strains on

100 mM calcium plates. Strains expressing Anc.a or Anc.a chimeras (under Pryp¢ control) were
also deleted for STV1. (C) Yeast strains from B were assayed by Western blot using anti-GFP
antibodies; Dpm1p served as a loading control. (D) Localization was visualized by fluorescence
and DIC microscopy and compared with control strains. Vph1p, Anc.a, and the two protein
chimeras are under control of the VPH1 promoter. White arrows indicate the presence of distinct
cellular puncta. The insert at the bottom (GFY362) slightly enlarges and overexposes the
fluorescence signal. (E) Yeast strains from D (using the same numbering scheme) were scored for
the percentage of cells displaying fluorescent puncta. Images scored for VPH1-GFP and
Prypr1-VPH1(NT)-Anc.a(CT) stv1A were taken at slightly higher (but identical) exposure levels.
The quantification for the control strain Prypy¢-Anc.a-GFP stv1A (GFY255) is from Figure 9.
Experiments were performed in triplicate, and error is expressed as the SD.

DISCUSSION

Like other large, multiprotein complexes, the V-ATPase enzyme
has undergone radical architectural changes through evolutionary
time while maintaining a conserved enzymatic function. The high
degree of homology between specific V-ATPase subunit pairs such
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as V subunits A and B, Vq subunit a iso-
forms, and Vq proteolipid ring subunits c,
c’, and ¢” across all eukaryotes suggests
that gene duplication events have played a
significant role in the increasing complexity
of this multiprotein enzyme (Miller and
Griber, 2003; Cross and Miiller, 2004).
Within the Vg subdomain, subunit a is
unique within budding yeast because it is
the only complex-specific subunit isoform
of the V-ATPase. In S. cerevisiae, Stv1p and
Vph1p are solely responsible for the phe-
notypic differences seen between the two
isoforms of the V-ATPase (Toei et al., 2010).
One of the most dramatic differences can
be seen in the distinct subcellular localiza-
tions of Stv1p-complex (Golgi/endosome)
and Vph1p-complex (vacuole).

We sought to describe the evolutionary
origins of the Stv1p and Vph1p isoforms in
budding yeast using ancestral gene recon-
struction. Previous work was unsuccessful
at characterizing other V-ATPase subunit a
isoforms from various eukaryotes within
budding yeast (Aviezer-Hagai et al., 2000;
unpublished results). This type of horizon-
tal approach fails to provide the specific
genetic background for mutational changes
that have accumulated within extant nodes
along different evolutionary trajectories
(Harms and Thornton, 2010). Ancestral re-
construction incorporates mutational infor-
mation from modern sequences to infer
the most probable ancestral state of a gene
(Thornton, 2004; Dean and Thornton,
2007).

Several evolutionary models of gene du-
plication events followed by subfunctional-
ization might describe the phenotypes of
contemporary subunits Stvlp and Vphip
(Innan and Kondrashov, 2010). For instance,
itis possible that the ancestral subunit a was
exclusively localized to either the vacuole or
the Golgi apparatus, and the derived func-
tion of the duplicated subunit was to occupy
a second compartment. Our in vivo analyses
of Anc.a suggests that the preduplicated
subunit a functioned on both the Golgi/
endosomal and vacuolar compartments.
Surprisingly, modern yeast are able to prop-
erly assemble the ancestral subunit as part
of a hybrid V-ATPase complex. Furthermore,
yeast allow for efficient transport of the
V-ATPase and in vivo acidification despite
differences in the primary amino acid se-
quence among Anc.a, Stvlp, and Vph1p.
These results highlight the conservation of

overall structural identity of subunit a, which makes contacts with Vg
and V4 subunits and interacts with various assembly factors (Landolt-
Marticorena et al., 2000; Wilkens et al., 2004; Zhang et al., 2008; Qi
and Forgac, 2008; Ediger et al., 2009). This is also evident when
examining the support values for the Anc.a reconstruction; despite
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23.9% of all sites having <80% posterior probability (Supplemental
Figure S1), our reconstruction resulted in a high degree of comple-
mentation and function in vivo.

Of interest, trafficking of the Anc.a-containing V-ATPase does
not use the extant, Stv1p-sorting machinery. Similar to other resi-
dent Golgi cargo proteins (such as Vps10p, Kex2p, and Ste13p), the
Stv1p-containing V-ATPase complex also requires retrieval from a
late endosomal component mediated by the retromer complex.
Stv1p sorting does not appear to require retrieval from the early
endosome mediated by the GARP complex. The dual localization of
Anc.a within modern yeast could result from retrieval from a post-
Golgi compartment or some other trafficking mechanism. However,
our results suggest that Anc.a transport functions independent of
the retromer and likely involves slowed anterograde transport
through the biosynthetic pathway. Our data suggest that Anc.a
transport is being slowed at the level of the Golgi; Anc.a-containing
V-ATPase complexes do not accumulate within the ER, indicating
that ER-to-Golgi transport is not affected. Furthermore, Anc.a colo-
calizes with the late Golgi marker Vps10p, and localization of Anc.a
does not require the function of the GARP complex (retrieval from
the early endosome) or the retromer complex (retrieval from the late
endosome). Therefore it seems likely that diminished interactions of
Anc.a with modern yeast vesicular transport machinery cause slowed
movement out of the Golgi complex.

Great progress has been made in describing the mechanisms of
membrane traffic (vesicle budding, transport, tethering, and fusion)
within eukaryotic cells (Lee et al., 2004; Cai et al., 2007; Brocker
et al., 2010; Dancourt and Barlowe, 2010). However, it is still unclear
what transport machinery interacts with the V-ATPase to assist in
cargo recognition, packaging, and movement to various organelles.
Cargo might be directly recognized (by coat proteins), as in the case
of the COPII cargo adaptor complex (Cai et al., 2007) or Vps35p
within the retromer complex (Nothwehr et al., 2000). Alternatively,
the V-ATPase may require the presence of additional sorting recep-
tors, such as the Erv proteins within budding yeast that improve the
efficiency of cargo packaging (Dancourt and Barlowe, 2010). Al-
though Anc.a is able to properly assembly and function within the
context of the yeast V-ATPase, it is unclear whether modern trans-
port machinery in-trans will maintain proper contacts with the hybrid
enzyme complex. Many of the components of vesicular trafficking
pathways that function at the level of the Golgi/endosome (includ-
ing the transport protein particle, conserved oligomeric Golgi, en-
dosomal sorting complex required for transport, and GARP com-
plexes) are highly conserved among eukaryotes, including humans
(Field and Dacks, 2009; Barrowman et al., 2010; Bonifacino and
Hierro, 2011; Reynders et al., 2011). However, a large amount of
evolutionary change (measured by phylogenetic branch lengths)
has occurred along the trajectories leading from Anc.a to either
Stvlp or Vphlp (Figure 1B). It is likely that the Vph1p isoform
evolved to improve its transport through the biosynthetic pathway
to exclusively localize to the vacuole membrane, whereas the Stv1p
isoform evolved a dependence on retromer-mediated endosomal
retrieval for its steady-state Golgi localization. Further investigation
will require identification of the transport machinery that directly as-
sociates with the V-ATPase. It will be of interest to determine whether
inefficient anterograde trafficking out of the Golgi may have pro-
vided a selective advantage for the ancestral V-ATPase complex.

The sorting information inherent to the Stvlp and Vph1p sub-
units was shown to be present within the N-terminal subdomain
(Kawasaki-Nishi et al., 2001a). Protein chimeras between the ances-
tral isoform and modern isoforms have also provided insight into
the mechanism of transport for Anc.a. Fusions between Anc.a and
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Stv1p were not informative due to problems with V-ATPase assem-
bly with the Anc.a-Stv1p hybrid proteins and/or higher levels of ex-
pression of the hybrid proteins (unpublished data). However, fusions
between Anc.a and Vph1p have shown that either of the ancestral
domains is sufficient to produce a dual localization pattern. Consis-
tent with previous observations (Kawasaki-Nishi et al., 2001a), the
N-terminal domain of Vph1p causes an increase in the efficiency of
transport to the vacuole. In addition, either domain of the ancestral
isoform can impair efficient transport from the Golgi to the vacuole.
The stronger localization phenotype associated with the cytosolic
portion of Anc.a highlights the importance of this region within sub-
unit a, which appears solely responsible for dictating trafficking of
the V-ATPase in modern yeast. Our results support a unique mecha-
nism for the trafficking of the ancestral subunit a—containing
V-ATPase that is independent of retromer-mediated retrieval and
likely involves slowed forward transport out of the Golgi.

Given the localization of Anc.a in yeast, as well as previous in-
sights into the biochemical differences between the contemporary
yeast subunits, we propose a model of subfunctionalization for sub-
unit a following the gene duplication event that took place within the
fungal lineage. A number of other factors contributed to the evolu-
tion of Stv1p and Vph1p that allowed for the shift in V-ATPase local-
ization. A common evolutionary trend following subfunctionalization
is the difference in gene expression of the two duplicated genes
(Force et al., 1999). Differences in the relative levels of transcript and/
or differential regulation can lead to alterations in spatial and tempo-
ral control of the two genes following the duplication event. In the
case of Stv1p and Vph1p, previous work determined the difference in
mRNA transcripts (fivefold) between the two genes (Manolson et al.,
1994). However, this is not sufficient to completely explain the differ-
ence in steady-state levels between yeast Stv1p and Vph1p (Vph1p
is ~20-fold higher). One possibility includes differences in V assem-
bly between the two isoforms. On a loss of Vph1p, there is a repro-
ducible increase in the levels of Stv1p protein (Perzov et al., 2002;
unpublished data). In addition, preliminary results have shown that
there is a difference in the steady-state levels between Anc.a and
Stv1p protein when under the control of the STV1 promoter; Anc.a
shows a higher protein level (unpublished data). This suggests a pos-
sible reduction in assembly for the Stv1p isoform following the dupli-
cation event from Anc.a. Because our results demonstrate that Anc.a
functions on the vacuole, it is possible that the expression of Anc.a
was similar to that of modern VPH1. Therefore a reduction in the
levels of Stv1p had to accompany a shift in the localization of the
evolving Stv1p isoform to the Golgi/endosome because the modern
Stv1p-sorting machinery is saturable (Manolson et al., 1994).

It is unknown why the two postduplication gene products were
maintained in budding yeast, whereas other fungi contain only a
single subunit a isoform. However, work on other eukaryotes has
provided insight into the importance of V-ATPase specialization
using subunit a. This involves both the localization of this critical
enzyme to specific subcellular compartments (including the
plasma membrane) and a variety of additional functional roles for
subunit a, including membrane fusion, pH sensing, development,
and V-ATPase regulation (Adams et al., 2006; Marshansky, 2007;
Baars et al., 2007; Forgac, 2007). There may have been a selective
fitness advantage to evolving a dedicated Golgi/endosomal isoform
of the V-ATPase in budding yeast. The importance of iron uptake
and metabolism under varying environmental conditions is evident
in almost every organism (Philpott and Protchenko, 2008). Yeast may
have evolved the Stv1p isoform to specifically acidify the Golgi and
endosomal compartments to allow for essential processes, includ-
ing iron homeostasis, that use an acidified endosomal network.
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This work also provides unique insight into how organisms with
only a single isoform of subunit a, and therefore a single population
of V-ATPase enzyme, are able to successfully acidify the diverse set
of intracellular compartments seen in all eukaryotes. Little is known
about the mechanisms governing the assembly, transport, and func-
tion of the V-ATPase enzyme in organisms that only contain one
subunit a gene. These species present an intriguing problem associ-
ated with specialization of a single V-ATPase enzyme and subse-
quent transport to multiple cellular compartments. For example, the
slime mold Dictyostelium discoideum only has a single V-ATPase
complex, which is present in both the endolysosomal and contrac-
tile vacuole systems, and yet the precise mechanism for trafficking is
unclear (Liu and Clarke, 1996; Clarke et al., 2002, 2010). Within the
fungal clade, our phylogenetic analysis revealed that both model
organisms S. pombe and Neurospora crassa only have a single sub-
unit a gene. Biochemical analysis suggests that the V-ATPase func-
tions within the various organelles of the secretory pathway
in S. pombe, including the vacuole (Okorokov et al., 2001; Iwaki
et al., 2004). In addition, live imaging of N. crassa showed that the
V-ATPase localizes to both vacuolar structures and novel organelles
within the hyphal tip (Bowman et al., 2009). Our characterization of
Anc.a in budding yeast describes one possible evolutionary model
that might be applicable to other species. Additional ancestral re-
constructions, coupled with further study in fungal species such as
S. pombe and N. crassa, will provide insight into the evolutionary
origins of Anc.a transport.

The process of ancestral gene reconstruction has been a power-
ful tool providing insight into the evolution of enzyme-substrate
specificity and the directionality of evolutionary change (Dean and
Thornton, 2007; Ortlund et al., 2007; Bridgham et al., 2009). Anc.a
serves as a useful platform to perform future structural and muta-
tional analyses to address questions regarding other biochemical
differences between Stvlp and Vph1p, including assembly, cou-
pling efficiency, and in vivo dissociation. Further experiments will
also characterize the evolutionary trajectory of the Stv1p-dependent
sorting signal(s). Preliminary analyses have found that residues nec-
essary for Stv1p trafficking are not found within the Anc.a N-termi-
nus (G. Cronan and T.H. Stevens, unpublished results). Anc.a also
provides a scenario in which it is the sole V-ATPase isoform, similar
to other fungal species, such as N. crassa and S. pombe. Additional
experimentation will provide insight into how organisms with a sin-
gle isoform are able to efficiently traffic the V-ATPase to multiple
cellular compartments. Anc.a has provided a model for the evolu-
tionary origins of the two yeast isoforms. Future ancestral recon-
structions within yeast and other eukaryotic systems will allow for a
more complete understanding of the molecular mechanisms re-
sponsible for the diverse set of specialized V-ATPase isoforms seen
across the tree of life.

MATERIALS AND METHODS

In silico reconstruction of ancestral protein sequences

Our method for reconstructing ancestral protein sequences gener-
ally follows the strategy described by Thornton (2004), with specific
details as follows. The methodology involves 1) collecting amino
acid sequences from modern species of the query protein, 2) infer-
ring a phylogenetic history describing the relationship between spe-
cies, and 3) using a maximum likelihood (ML) method to predict the
most probable ancestral state of the protein sequence of interest
(the experimental strategy is reviewed in Thornton [2004], Dean and
Thornton [2007], and Harms and Thornton [2010]). Briefly, an amino
acid residue is predicted (with a certain statistical confidence) to be
present within an ancestral sequence based on the proportion of
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occurrence within the sequences of modern species and their spe-
cific phylogenetic relationship.

GenBank was queried for all fungal V-ATPase subunit a protein
sequences; 68 homologous isoforms were returned (Supplemental
Table S1). We also retrieved the nonfungal protein sequences for
subunit a in D. discoideum and A. thaliana to use as a phylogenetic
outgroup. Sequences were aligned using PRANK, version 0.081202
(Loytynoja and Goldman, 2005, 2008). Phylogenetic inference was
performed using the ML criterion to optimize a probabilistic model of
amino acid substitution (Felsenstein, 1981). The best-fitting model
for our sequence alignment is the Whelan-Goldman matrix with
gamma-distributed rate variation (+G) and proportion of invariant
sites (+l), according to the Akaike information criterion as imple-
mented in PROTTEST (Whelan and Goldman, 2001; Abascal et al.,
2005). We used PhyML, version 3.0, to infer the ML topology, branch
lengths, and model parameters (Guindon and Gascuel, 2003). The
tree topology was optimized using the best result from nearest-
neighbor interchange and subtree pruning and regrafting (using
PhyMLUs implementation). All other model parameters were opti-
mized using the limited-memory Broyden-Fletcher-Goldfarb-Shanno
algorithm (Liu and Nocedal, 1989), which we implemented as an
in-house C extension to PhyML. Phylogenetic branch support was
calculated as the approximate likelihood ratio based on a Shimodaira-
Hasegawa-like procedure (Anismova and Gascuel, 2006).

ML ancestral states were reconstructed at each site for all ances-
tral nodes in the ML phylogeny using a set of Python scripts called
Lazarus (Hanson-Smith et al., 2010), which wraps PAML, version 4.1
(Yang, 2007). Lazarus parsimoniously placed ancestral gap charac-
ters according to Fitch’s algorithm (Fitch, 1971). We characterized
the overall support for the reconstructed Anc.a sequence by binning
the posterior probability of the ML state at each ancestral site into
5%-sized bins and then counted the proportion of total sites within
each bin (Supplemental Figure S2).

Plasmids and yeast strains

Standard molecular biology procedures were used in this study
(Sambrook and Russel, 2001). Plasmids that were used can be found
in Table 1. To construct pGF35, plasmid pAAC200 (Cooper and
Stevens, 1996) was digested with Stul. Next a PCR product of the
C-terminal portion of the VPS10 open reading frame (ORF) fused to
GFP, the S. pombe HIS5 cassette (Yeast GFP Collection; Invitrogen,
Carlsbad, CA), and VPST10 3’ untranslated region was obtained.
Using homologous recombination and in vivo ligation, the PCR frag-
ment and gapped vector were cotransformed into wild-type
(BY4741) yeast and selected for growth on media lacking histidine
to create pGF35. The Anc.a sequence was synthesized by GenScript
(Piscataway, NJ) with a yeast codon bias. A double hemagglutinin
(HA) epitope tag was included after site 171 in Anc.a. This corre-
sponds to the same position as the double-HA tags found in both
Stvlp (site 219) and Vphlp (site 185; Figure 2A; Kawasaki-
Nishi et al., 2001a). The Anc.a gene was subcloned to a single-copy,
CEN-based yeast vector and tagged with either the ADH terminator
sequence (247 base pairs) and Nat® drug resistance cassette
(Goldstein and McCusker, 1999) or the GFP::ADH::HygR cassette
(amplified from pGF123) using in vivo ligation. A second round of in
vivo ligation was used to place the Anc.a gene (with or without the
GFP tag) under control of either the STV promoter (500 base pairs)
or VPH1 promoter (380 base pairs) to create pGF243-pGF246.
To create pGF341-pGF342, the VPH1 promoter and Anc.a gene
(containing codons 1-736) were PCR amplified (from pGF245),
propagated in pCR4Blunt-TOPO (Invitrogen), and subcloned
to pRS316. Similarly, the C-terminal portion of Anc.a (codons
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Plasmid Description Reference
pRS415 CEN, LEUZ2 Simons et al. (1987)
pRS316 CEN, URA3 Sikorski and Hieter (1989)
GFP-ALP pRS426 Prepy::GFP::ALP Cowles et al. (1997)
pGF35 PRS315 VPS10::GFP::Sp-HIS5 This study
pGF244 PRS415 Prspyy::Anc.a::2xHA::ADH::Nat? This study
pGF245 pRS415 Prypyy::Anc.a::2xHA::ADH::Nat® This study
pGF243 pRS415 Prspyy::Anc.a::2xHA::GFP::ADH::HYGR This study
pGF246 PRS415 Prypys::Anc.a::2xHA::GFP::ADH::HYGR This study
pGF342 PRS316 Prypy::Anc.a::2xHA::ADH::Nat® R737Q This study
pGF341 PRS316 Prypyy::Anc.a::2xHA::ADH::Nat® R737A This study
pGF242 PRS316 Prypyr::mCherry::ALP::ADH::Nat? This study
TABLE 1: Plasmids used in this study.
Strain Description Reference
SF838-1Da.  MATo ura3-52 leu2-3112 his4-519 adeé pep4-3 gal2 Rothman and Stevens (1986)
KEBY4 SF838-1Da stv1A::Kan® Kawasaki-Nishi et al. (2001a)
LGY120 SF838-1Da vph1A::Kan® Davis-Kaplan et al. (2006)
GFY270 SF838-1Da vph1A::HygR stv1A::Kan® This study
GFY271 SF838-1Da vph1A::Natf stv1A::Kanf This study
GFY251 SF838-1Da. vph 1A::HygR Prsryq::Anc.a::2xHA::ADH::Nat? This study
GFY250 SF838-1Da. Prypq::Anc.a::2xHA::ADH::NatR stv1A::KanR This study
GFY253 SF838-1Da vph1A::Natf Prsryq::Anc.a::2xHA::GFP::ADH::HygR This study
GFY255 SF838-1Da Prypyy::Anc.a::2xHA::GFP::ADH::HygR stv1A::Kank This study
GFY256 SF838-1Da Prypyq::Anc.a::2xHA::GFP::ADH::HygR This study
GFY308 SF838-1Dar VPH1:2xHA::GFP::ADH::HygF This study
GFY310 SF838-1Da. STV 1::GFP::ADH::Natf This study
GFY325 SF838-1Da. STV1::2xHA::GFP::ADH::HygR This study
GFY307 SF838-1Da Prstyq::VPH1::GFP::ADH::HygR This study
GFY314 SF838-1Da. stv1A::Kank Prypyy::Anc.a::2xHA::mDsRed::ADH::Natf This study
GFY315 SF838-1Da. STV1::GFP::KanR VPH1::2xHA::ADH::Nat® This study
GFY316 SF838-1Da STV1::GFP::KanR Prypy1::STV1::2xHA::ADH::Natf This study
GFY317 SF838-1Da STV1::GFP::KanR Prypyq::Anc.a::2xHA::ADH::Natf This study
GFY256 SF838-1Da Prypyq::Anc.a::2xHA::GFP::ADH::HygR This study
GFY300 SF838-1Dat Prypyq::Anc.a::2xHA::GFP::ADH::HygR vma21A::KanR This study
GFY396 SF838-1Daw VPH1:2xHA::GFP::ADH::HygR vps26A::KanRk This study
GFY387 SF838-1Dar STV1::GFP::ADH::NatR vps26A::Kan® This study
GFY384 SF838-1Dat Prypyq::Anc.a::2xHA::GFP::ADH::HygR stv1A::KanR vps26A::Kan®k This study
GFY361 SF838-1Dat Prypyy::Anc.a::2xHA(1-393)::VPH1(405-840)::GFP::ADH::HygR stv1A::Kanf  This study
GFY362 SF838-1Da Prypyy::VPH1:2xHA(1-404)::Anc.a(394-808)::GFP::ADH::HygR stv1A::Kan®  This study
vps27A BY4741 his3A1 leu2A0 met15A0 ura3A0 vps27A::Kan® Genome Deletion Collection
vps1A BY4741 vps1A:KanR Genome Deletion Collection
aps3A BY4741 aps3A::KanR Genome Deletion Collection
vps5T1A BY4741 vps51A::KanR Genome Deletion Collection

TABLE 2: Yeast strains used in this study.
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737-stop), including the ADH::Nat® cassette, was cloned into a
TOPO vector. The R737Q or R737A mutation was introduced into
primers that contained 40 base pairs of sequence homology to the
Anc.a-coding region and downstream vector sequence. In vivo liga-
tion was used to recreate a full-length Anc.a gene containing the
two mutational changes. For construction of pGF242, the mCherry
tag (Shaner et al., 2004) was amplified, cloned into TOPO, sub-
cloned to a CEN vector, and tagged with ADH::Nat® using in vivo
ligation. The mCherry tag was placed behind the promoter of VPH1
(380 base pairs) and included a start codon. Subsequent subcloning
removed the ADH::Nat® marker. The PHO8 gene (ALP) was ampli-
fied from genomic DNA (SF838-1Da), propagated in TOPO, sub-
cloned to pRS316, and tagged with ADH::NatR as previously de-
scribed. Finally, the PHO8::ADH::NatR sequence was amplified and
in vivo ligated behind the prVPH1::mCherry sequence to create
pGF242. Constructs were verified by diagnostic PCR and DNA
sequencing.

Yeast strains can be found in Table 2. Yeast strains GFY270 and
GFY271 were created by first switching the drug resistance cassette
of vph1A::Kan® (LGY120) to either vph1A::HygR or vph1A::Nat®. The
HygR or Nat® cassettes were amplified by PCR, transformed into
LGY120, and selected for hygromycin (Hyg) or nourseothricin (Nat)
resistance and loss of kanamycin (Kan) resistance. Next the STV1
locus from KEBY4 (stv1A::Kan®) was amplified with 500 base pairs of
flanking, untranslated sequence and transformed into vph1A::HygR
or vph1A::Nat® to create GFY270 or GFY271, respectively. To con-
struct GFY251, the Anc.a gene was integrated into the genome at
the STVT locus; the parent yeast strain was GFY270. The Anc.a gene
(including the double-HA tag) was amplified from pGF244, includ-
ing the full promoter of STVT and the ADH::NatR cassette. Following
treatment with the restriction enzyme Dpnl, the PCR product was
transformed into vphTA:HygR stvlA::Kan® yeast and selected for
Nat resistance and the loss of Kan resistance. The drug resistance
cassettes all contain 239 base pairs of the same downstream termi-
nator, allowing for homologous recombination. Yeast strains
GFY250, GFY253, GFY255, and GFY256 were all created using a
similar method. The vmaZ21A::Kan® deletion cassette was PCR am-
plified from pLG139 and transformed into GFY256 to generate
GFY300. GFY308 was constructed by first tagging VPHT:2xHA
(pSKN12; Kawasaki-Nishi et al., 2001a) with a GFP::ADH::HygR cas-
sette using in vivo ligation to create pGF336. The VPHT promoter,
coding sequence, and GFP::HygR cassette were amplified and trans-
formed into vph1A::Kan® yeast (LGY120) as previously described to
create GFY308.

ForGFY310, STV1 (from pJG2) was tagged with GFP::ADH::Nat®
(amplified from pGF02) using in vivo ligation. STV1::GFP:Nat®
was then integrated into stv1A::KanR yeast (KEBY4). For GFY325,
STV1::2xHA from pSKN11 (Kawasaki-Nishi et al., 2001a) was
tagged with GFP:ADH::HygR (amplified from pGFé7) using in
vivo ligation. GFP-tagged Stvl was then integrated into
stvl1A::Kan® yeast (KEBY4). For GFY307, VPH1::GFP::HygR® was
amplified without any promoter sequence from pGF336 and in
vivo ligated downstream of the STV1 promoter to create pGF332.
Finally, the VPH1 locus, including the GFP tag and drug cassette,
was amplified and integrated at the STV locus in LGY120 yeast.
For construction of GFY314, the sequence of mDsRed was ampli-
fied from pERGmDsRed (Binns et al., 2006), propagated into
TOPO, subcloned to pRS316, and tagged with ADH::Nat®. A PCR
fragment of mDsRed::ADH::Nat® was then generated with a for-
ward primer containing homology to the coding region of Anc.a,
and the product was transformed into GFY255 to exchange the
GFP tag formDsRed. For GFY315-317, the drug marker in GFY310
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was first switched to Kan® Next VPHT was deleted with the HygFf
cassette (using genomic DNA from GFY270). Finally,
VPH1::2xHA::ADH::Nat® (from pGF339), STV1::2xH::ADH::Natk
(from pGF337), and Anc.a::2xHA::ADH::Nat® (from pGF245) were
PCR amplified and integrated at the VPH1 locus to create GFY315,
GFY316, and GFY317, respectively. Strains GFY396 and GFY387
were constructed by amplifying the vps26A::Kan® deletion cas-
sette from the haploid genome deletion collection (Invitrogen)
and transforming the PCR product into GFY308 and GFY325, re-
spectively. GFY255 was transformed with a PCR fragment of the
NatR cassette to replace the Kan® cassette at the STV1 locus. A
second transformation was used to delete VPS26 as previously
described to create GFY384.

To create strains GFY361 and GFY362 containing chimeras be-
tween Anc.a and VPH1, the following method was used. A triple in
vivo ligation was used to fuse 1) the VPH1 promoter, 2) the double
HA-tagged, N-terminus of either Anc.a (codons 1-393) or VPH1
(codons 1-404), and 3) the C-terminus of VPH1 (codons 405-840) or
Anc.a (codons 394-808) tagged with GFP::ADH::HygR on a CEN-
based vector. The chimeras were PCR amplified (including promoter
and drug resistance cassette) and integrated at the VPHT locus in
GFY271 as previously described. Strains from the Genome Deletion
Collection (Invitrogen) were confirmed by performing genomic DNA
preparations and a PCR reaction with primers 800 base pairs up-
stream of the ORF and internal to the Kan® cassette. All yeast strains
were confirmed by diagnostic PCR, Western blots (when applica-
ble), and growth tests.

Culture conditions

Yeast was cultured in 1% yeast extract, 2% peptone, and 2% dex-
trose (YEPD), pH 5.0, buffered using 50 mM succinate/phosphate
plus 0.01% adenine, or synthetic drop-out media containing dex-
trose and supplemented with amino acids. Growth assays were per-
formed by spotting 3-5 pl of exponentially growing cells onto agar
media. Fivefold serial dilutions were used; the first spot corresponds
to an ODgpp of ~0.8-1.0. For growth tests on media containing
bathophenanthrolinedisulfonic acid (BPS; Sigma-Aldrich, St. Louis,
MO), cells were grown overnight to saturation in YEPD, pH 5.0, plus
25 pM BPS. Cultures were backdiluted to an ODg4gg of 0.25-0.30 in
YEPD, pH 5.0, plus 100 pM BPS for 6 h before being spotted (2-3 pl)
onto agar media. Conditions used include YEPD, pH 5.0, YEPD +
100 mM Ca?*, YEPD + 3.5 mM Zn?%*, and YEPD + 95 uM BPS. Plates
were incubated at 30C for 2-5 d.

Whole-cell extract preparation and immunoblotting

Extracts from yeast cells were harvested as previously described
(Ryan et al., 2008). Briefly, cultures were growth to saturation over-
night in rich media, diluted to an ODqg of 0.25, and grown for an
additional 4-6 h to an optical density of 1.0. Cells from 10 ml of this
culture were harvested, resuspended into Thorner buffer (8 M urea,
5% SDS, and 50 mM Tris, pH 6.8), and vortexed with glass beads for
8-10 min. A modified Lowry assay was used to determine the
amount of protein within each extract (Markwell et al., 1978). Equal
loads of protein were probed by SDS-PAGE, moved to nitrocellu-
lose, and incubated with antibodies. Antibodies included monoclo-
nal anti-HA (Sigma-Aldrich), anti-Vma2p (13D11B2; Molecular
Probes, Invitrogen), anti-Dpm1p (5C5; Invitrogen), polyclonal, full-
length anti-GFP (Clontech Laboratories, Mountain View, CA), and
secondary horseradish peroxidase—conjugated anti-mouse anti-
body (Jackson ImmunoResearch Laboratories, West Grove, PA).
Western blots were visualized using enhanced chemiluminescence
detection.
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Fluorescence microscopy

Cells were stained with quinacrine as previously described (Flannery
et al., 2004). Briefly, cells were grown overnight in YEPD, pH 5.0,
plus adenine and then backdiluted to an ODggg of 0.25 in YEPD
(unbuffered) for 4-6 h. A 1-ml amount of exponentially growing
yeast was harvested, incubated on ice for 5 min, and resuspended
in 200 pM quinacrine, 100 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), pH 7.6, and 50 pg/ml concanavalin
A-tetramethylrhodamine (Invitrogen) in YEPD for 10 min at 30°C.
Cells were washed three or four times in 100 mM HEPES plus 2%
glucose (on ice) and then visualized by fluorescence microscopy
within 30 min of quinacrine treatment.

For visualization of fluorescently tagged proteins (GFP, mCherry,
mDsRed), strains were grown overnight in the appropriate media
(minimal media if containing a vector) and then backdiluted to an
ODggp of 0.25 in rich media at pH 5.0. Exponentially growing cells
were harvested by centrifugation, washed once with water, and visu-
alized by fluorescence and differential interference contrast (DIC)
microscopy.

For yeast treated with cycloheximide, cultures were grown over-
night in rich media, backdiluted to an ODgqg of 0.25, and grown at
30°C for 4 h to a density of ~0.7-0.8. Ten-milliliter samples were
treated with 20 pg/ml cycloheximide (Sigma-Aldrich) or 0.02% di-
methyl sulfoxide (DMSO) (mock treatments) and incubated at 30°C
for 0-2 h. At specific time points, 1 ml of cells was centrifuged,
washed with water, and visualized on the microscope. Cyclohexim-
ide-treated cells were quantified by scoring the subcellular localiza-
tion for 150-400 cells for control strains (Vph1p-GFP, Vph1p-GFP
under control of the STV1 promoter, Stv1p-GFP, GFP-ALP, or
Vps10p-GFP) and 400-600 cells for experimental strains (Anc.a-
GFP under control of either the VPH1 or STVT promoter). A similar
method was used for quantification (150-500 cells) of strains ex-
pressing GFP-tagged Vph1p, Stvlp, Anc.a (Figure 9), or Vphlp-
Anc.a chimeras (Figure 10). All experiments were performed in trip-
licate, and error is expressed as the SD.

All images were taken using a 100x objective on an Axioplan 2
fluorescence microscope (Carl Zeiss, Thornwood, NY) and analyzed
using Axiovision software (Carl Zeiss) and Photoshop CS, version 8.0
(Adobe, San Jose, CA).
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