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Abstract

Central to the process of transmembrane cargo trafficking is the successful folding and exit from the ER
(endoplasmic reticulum) through packaging in COPII vesicles. Here, we use the UapA purine transporter of
Aspergillus nidulans to investigate the role of cargo oligomerization in membrane trafficking. We show that
UapA oligomerizes (at least dimerizes) and that oligomerization persists upon UapA endocytosis and vacuolar
sorting. Using a validated bimolecular fluorescence complementation assay, we provide evidence that a UapA
oligomerization is associated with ER-exit and turnover, as ER-retained mutants due to either modification of a
Tyr-based N-terminal motif or partial misfolding physically associate but do not associate properly.
Co-expression of ER-retained mutants with wild-type UapA leads to in trans plasma membrane localization
of the former, confirming that oligomerization initiates in the ER. Genetic suppression of an N-terminal
mutation in the Tyr motif and mutational analysis suggest that transmembrane α-helix 7 affects the
oligomerization interface. Our results reveal that transporter oligomerization is essential for membrane
trafficking and turnover and is a common theme in fungi and mammalian cells.

© 2015 Elsevier Ltd. All rights reserved.
Introduction

In eukaryotes, polytopic transmembrane proteins,
such as transporters, channels and receptors, are
co-translationally integrated in the ER (endoplasmic
reticulum) membrane and subsequently follow a
vesicular secretory pathway for targeting to their final
destination, this being the plasma or organellar
membranes [1,2]. Central to the process of trans-
membrane protein exit from the ER is the concentra-
tive packaging of protein cargoes in cytoplasmically
budding COPII vesicles [3–8]. Assembly of the COPII
coat on the ER membrane occurs in a stepwise
fashion, beginning with recruitment of the GTPase
Sar1, which recruits the heterodimeric Sec23/24. The
Sec23/24 makes additional interactions directly with
the membrane. Sec24 serves as the principle cargo
binding adaptor. Following pre-budding complex
formation, heterodimers of Sec13/31 are recruited
via interaction between Sec23 and Sec31, and this
interaction drives membrane curvature. In addition to
er Ltd. All rights reserved.
the need for proper cargo folding [7,9,10], the process
of ER-exit also requires the presence of specific
ER-exit motifs on the cytoplasm-facing side of cargo
proteins, usually in their N- or C-terminal region. Such
short motifs include di-basic, tri-basic, di-acidic,
di-leucine or tyrosine-based signals, several of
which interact with the Sec23p–Sec24p complex in
aSar1p-dependentway [3,11–14]. Disruption of these
motifs, similar to cargo misfolding, leads to ER
retention. After vesicle formation, downstream events
lead to uncoating of transport vesicles and recycling of
the COPII coat components [4,8]. COPII vesicle
membrane cargoes are sorted in the cis-Golgi and
eventually in the trans-Golgi network, an important
sorting station where cargoes are packaged into
distinct transport vesicles and eventually targeted to
various membrane destinations [15]. Although our
understanding of COPII-mediated vesicle formation
has developed substantially over the past two
decades, many details of this process remain
unresolved.
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The short cargo motifs required for ER-exit are
believed to interact mainly with one of three binding
sites on the COPII coat component, Sec24 [16].
The majority of ER-exported membrane proteins,
however, carry no known export signal in their
sequence. Thus, either new signals remain to be
identified or something else drives their recruitment
into COPII vesicles. As many membrane proteins
form oligomers prior to export from the ER, combi-
natorial signals have been postulated to link oligo-
merization to efficient export [17]. For a yeast COPII
binding cargo receptor protein and its mammalian
homologue (Emp47p, a type I membrane protein),
oligomerization is required for its export from the ER
but is not required for efficient binding of COPII
subunits in the pre-budding complex [18]. This
shows that oligomerization acts downstream from
the cargo–Sec24 interaction. Very recently, Springer
et al. showed that regulated oligomerization induces
the packaging of a membrane protein into COPII
vesicles independently of any putative ER-exit motif
[19]. Oligomerization or assembly of cargo proteins
seems important for ER-exit of some other cargo
proteins, including SNARE molecules or G-protein-
coupled receptors [20–22]. Oligomerization of neu-
rotransmitter (e.g., dopamine and serotonin) trans-
porters has also been shown to occur in the ER and
is maintained both at the cell surface and during
trafficking between the plasma membrane and
endosomes [23–30]. The human blood–brain barrier
glucose transport protein GLUT1 also forms homo-
dimers and homotetramers in detergent micelles and
in cell membranes, which in turn seems to determine
its function [31].
In this work, we use the Aspergillus nidulans purine

transporter UapA as amodel transmembrane cargo to
investigate the role of cargo oligomerization in
ER-exit, plasma membrane localization and turnover.
UapA is an H+/uric acid-xanthine symporter consist-
ing of 14 transmembrane segments (TMS) and
cytoplasmic N- and C-termini. It is the founding
member of the ubiquitously conserved Nucleoba-
se-Ascorbate Transporter family [32–34]. The choice
of UapA follows from the uniquely detailed current
knowledge of its structure, function and regulation of
expression, together with preliminary genetic evi-
dence suggesting that UapA might oligomerize [35].
Inactive UapA mutants, unlike active wild-type UapA,
cannot be endocytosed in response to substrate
transport but can do sowhen co-expressedwith active
UapA. The simplest explanation for this phenomenon,
called in trans endocytosis, is that UapA molecules
oligomerize (at least dimerize) in the plasma mem-
brane so that it is sufficient to have only a fraction of
active molecules to recruit or activate the endocytic
machinery and thus internalize both active and
non-active UapA molecules [35,36]. Here, we
provide multiple lines of evidence that UapA
dimerizes (oligomerizes) in the ER membrane and
provide evidence for a link among oligomerization,
ER-exit and subsequent membrane trafficking. Our
results are discussed in relation to similar findings
concerning the role of oligomerization ofmammalian
transporters.

Results

Biophysical evidence for UapA dimerization

We have recently isolated a specific mutant with
exceptional stability for performing biophysical studies
[37]. This mutant has a missense mutation replacing a
Gly with a Val residue in TMS10, in addition to a
deletion removing the first 11N-terminal amino acids. A
GFP-tagged version of UapA-G411VΔ1-11 is normally
secreted and localized in the plasma membrane of
A. nidulans or Saccharomyces cerevisiae (data not
shown). The mutant exhibits highly reduced transport
activity but retains substrate binding, strongly indicat-
ing that the gross folding of the transporter is not
significantly affected [38]. UapA-G411VΔ1-11 was
purified after heterologous expression inS. cerevisiae
and used in static light-scattering measurements. As
shown in Fig. 1, the measured molecular mass for
UapA-G411VΔ1-11 is 140 ± 4.2 kDa. Given that the
predicted molecular mass of the monomeric form of
UapA-G411VΔ1-11 is 60,138 kDa, our data support
that UapA can form dimers.

In vivo indirect evidence for UapA oligomerization
in the plasma membrane

We have shown before that endocytosis of
non-active UapA molecules occurs when these are
co-expressed with active UapA molecules. This
phenomenon of in trans endocytosis occurs even
when the active UapA molecule cannot, by itself, be
endocytosed due to the presence of mutation
Lys572Arg, which prevents HulA/ArtA-dependent
ubiquitination [35,36]. To further investigate whether
the non-ubiquitylated mutant version UapA-K572R
can be itself endocytosed in trans when expressed
with active UapA molecules, we constructed a
GFP-tagged UapA-K572R (UapA-K572R-GFP) and
expressed it in a genetic background that hyper-
expresses untagged wild-type UapA molecules due
to a promoter mutation [39]. Results in Fig. 2 show
that UapA-K572R-GFP is efficiently internalized
upon imposing endocytic conditions (ammonium or
uric acid addition), solely when co-expressed with
wild-type UapA molecules. As UapA-K572R-GFP is
a non-ubiquitylated version of UapA and ubiquitina-
tion is absolutely necessary for endocytosis, the
most rational explanation for our results is that the
mutant molecules are internalized due to their tight
dimerization/oligomerization with wild-type UapA
molecules.



Fig. 1. Light-scattering measurements of purified UapA-G411VΔ1-11. The measurements from the refractive index
detector for UapA-G411VΔ1-11 and the DDM micelle are indicated in black broken and dotted lines, respectively. The
measurements from the refractive index detector for the total protein–detergentmicelle are shown in the gray broken line. The
measuredmolecular mass for UapA-G411VΔ1-11 is 140 ± 4.2 kDa. The predictedmolecular mass of themonomeric form of
UapA-G411VΔ1-11 is 60,138 kDa. The data strongly suggest that the UapA is dimeric in DDM solution.
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BiFC assays support UapA oligomerization

Bimolecular fluorescence complementation
(BiFC), as well as its version referred to as split-YFP
assay, allows the in vivo detection of oligomerization
through reconstitution of a fluorescent protein that
has previously been bisected [40]. Here, we used
this system to investigate further UapA dimerization/
oligomerization in vivo. We constructed three isogenic
strains, two expressing UapA-tagged C-terminally
with either the N-terminal or the C-terminal part of
YFP (UapA-YFPN and UapA-YFPC, respectively) and
one co-expressing UapA-YFPN and UapA-YFPC,
simultaneously. Co-expression of UapA-YFPC and
UapA-YFPN in a strain lacking endogenous uric acid
transporters (uapAΔuapCΔ) resulted in growthonuric
acid, sensitivity to substrate analogues (oxypurinol
and 2-thioxanthine) (Fig. 3a) and prominent reconsti-
tution of YFP fluorescence in the plasma membrane
(Fig. 3b). In contrast, no significant YFP fluorescence
signal was detected when the two halves of YFPwere
expressed as separate fusions with UapA (Fig. 3b).
To our knowledge, BiFC has not been used before

as an assay for oligomerization of polytopic mem-
brane proteins. Thus, one might argue that recon-
stitution of fluorescent YFP is not a formal proof for
oligomerization but might rather reflect proximal
localization of proteins restricted in the environment
of the plasma membrane. As shown later in this
manuscript, evidence against this argument comes
from experiments showing that specific mutant
versions of UapA do not reconstitute split-YFP in
analogous assays. For further reinforcing the validity
of the BiFC assays for detecting UapA oligomeriza-
tion, we adapted the BiFC experiment for detecting
possible interactions of UapA with another plasma
membrane transporter, namely, the L-proline trans-
porter PrnB [41]. We co-expressed UapA-YFPN with
PrnB-YFPC (see Materials and Methods) and tested
for YFP reconstitution, as previously described. The
right panel in Fig. 3b shows that no fluorescence was
obtained, strongly supporting the idea that YFP
reconstitution via UapA molecules reflects a specific
association, most evidently dimerization.
In the experiments shown in Fig. 3, UapA-YFP

expression was driven by the native uapA promoter,
which allows continuous and relatively low level UapA
synthesis. We also constructed analogous strains
where the expression of UapA-YFPC andUapA-YFPN
was driven by the controllable alcAp promoter [42].
The alcAp-UapA-YFPC/alcAp-UapA-YFPN strain
could grow on uric acid, similarly to a control strain
expressing alcAp-UapA-GFP (Fig. 3c). This is also
reflected in very similar xanthine transporter rates



Fig. 2. In trans endocytosis of a non-ubiquitinated UapA mutant co-expressed with wild-type UapA. UapA-K572R-GFP
is a UapA mutant that cannot be ubiquitinated and endocytosed in response to ammonium or substrate (UA; uric acid)
addition in the growth medium. The figure shows an epifluorescence microscopy analysis of a strain expressing
UapA-K572R-GFP alone or co-expressed with wild-type UapA in the genetic background of uapA100. uapA100 is a
promoter mutation leading to a 3-fold increase in UapA protein levels. The subcellular localization of UapA-K572R-GFP is
followed under control conditions and endocytic conditions (ammonium or UA addition). Arrows indicate the vacuolar
staining of UapA-K572R-GFP.
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in the two strains (Fig. 3d). Most importantly, a
strong YFP signal was observed, associated with
the plasma membrane in the strain co-expressing
alcAp-UapA-YFPC and alcAp-UapA-YFPN, solely
under inducing conditions for alcAp, (0.1% fructose,
ethanol for 4 h). Under repressing conditions (1%
glucose for 3 h), no YFP fluorescence was visible
(Fig. 3e). The reconstitution of YFP when attached to
separate UapA molecules suggests that UapA dimer-
izes so that the C-tails of the two monomers are in
close distance necessary to reconstitute YFP.
We also tested whether UapA-YFPN/UapA-YFPC

apparent oligomerization, shown by reconstitution of
YFP, persists upon endocytosis. Figure 3f shows that
UapA-YFPN/UapA-YFPC internalization is evident in
the presence of NH4

+ or excess substrate. In the
presence of ammonium, YFP fluorescence is still
associated with the plasma membrane but is also
visible in large vacuoles (detected by CMAC). Diffuse
low fluorescence is apparent within the vacuolar
lumen, which suggests that the two parts of YFP
dissociate upon turnover of UapA. In the presence of
substrate (uric acid), UapA internalization is also
evident in addition to motile early endosomes and
small vacuoles, as has been shown previously for
wild-type UapA-GFP [35]. These results show that
UapA dimerization persists during endocytosis, in
early endosomes and all along the endosomal
pathway until internalization into the vacuolar lumen.

Pull-down assays support UapA oligomerization

To provide further direct evidence for UapA oligo-
merization, we also performed pull-down assays using
membrane protein extracts of a strain co-expressing
differentially tagged UapA molecules. A strain co-
expressing from the alcAp promoter GFP- and His10-
tagged versions of UapA was constructed. Protein
samples were purified with a Ni-NTA column under
non-denaturing conditions and the eluted fractions
were analyzed by SDS polyacrylamide gel silver
staining (Fig. 4a, left panel). Western blot analysis
with anti-His antibody identified, in the eluted fractions
at 250 mM imidazole, a major band at ~55 kDa, which
corresponds to monomeric UapA-His [43]. A second
minor band of estimated size close to 110 kDa,
probably corresponding to UapA-His dimers, was
also evident (Fig. 4a). Western blot analysis of the
eluted UapA-specific fraction with anti-GFP antibody
showed a prominent band migrating at the position
corresponding to monomeric UapA-GFP (~75 kDa),
thus demonstrating that UapA-GFP co-purified with
UapA-His, very probably as a result of dimerization
(Fig. 4b). This is further confirmed in the negative
control strain where UapA-GFP is expressed without
UapA-His. In this case, the eluted imidazole fraction
(250 mM) from a Ni-NTA column does not contain
UapA-GFP. A very similar result was obtained with an
inverse pull-down assay where UapA-GFP was first
precipitatedwith anti-GFPantibodiesonProtA-Sephar-
ose beads, followed by co-immunoprecipitation of
UapA-His detected with anti-His antibody, confirming
the dimerization/oligomerization of UapA molecules
(see Supplementary Fig. S1).
The data shown in Fig. 4a and b were obtained

using protein expressed from the alcAp promoter
induced with ethanol for 4 h before collecting total
membrane protein extracts. This means that UapA
molecules are continuously synthesized so that, in
addition to the plasma membrane, UapA is also
localized in the ER, the Golgi and trafficking vesicles.
We repeated the pull-down experiment with protein
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extracts isolated after repression of de novo UapA
synthesis. Under these conditions, detectable
UapA-GFP molecules are solely associated with
the plasma membrane [44]. Results in Fig. 4c were
practically identical with those of Fig. 4b supporting
that UapA-His/UapA-GFP dimerization persists in
the plasma membrane. Under these conditions, we
again obtained, besides monomeric UapA species,
additional higher molecular weight (MW) bands,
which might represent dimers/oligomers or aggre-
gates of UapA-GFP that are SDS resistant.
We also tested whether the presence of substrates

during growth affects the apparent UapA-His/
UapA-GFP dimerization. Figure 4d shows no effect
of substrate on the pull-down result. This is in line with
the results in Fig. 3f, which showed that apparent
UapA dimers persist during internalization and until
turnover in the vacuolar lumen. The reduced amount
of both UapA-His and UapA-GFP after prolonged
presence of substrate is probably due to internaliza-
tion and the subsequent vacuolar turnover [35].

Identification of a cytoplasmic N-terminal signal
necessary for ER-exit of UapA

ER retention of polytopic membrane proteins is
usually due to partial misfolding or the lack of functional
ER-exit signals. To identify possible ER-exit signals in
UapA, we carried out a systematic mutational analysis
of the N-terminal cytoplasmic region of UapA-GFP.
This segment that is 68 amino acids long is the most
likely location of ER-exit and trafficking motifs, as
deletion of the cytoplasmic C-terminal region has
absolutely no effect in these processes [35]. Deletions
and Ala scanning mutagenesis revealed a short
sequence (Asp44-Tyr45-Asp46-Tyr47) and particular-
ly a single residue within it, Tyr47, as being critical for
ER-exit and thus essential for detectable UapA
transport activity and growth on uric acid (Fig. 5).
Substitution of the entire Asp-Tyr-Asp-Tyr sequence
with Ala residues (DYDY47/A4) leads to dramatic
turnover of UapA associated with retention in peri-
nuclear ER membranes. This effect seems to be
mainly due to replacement of Tyr47, as the single
mutation Y47A leads to a similar effect to that seen for
the quadruple DYDY47/A4 mutant. Importantly, direct
transport assays showed that over-expressed
UapA-Y47A conserves a normal Km value for phys-
iological substrates (see Fig. 5d). This is highly
suggestive that the gross folding of the UapA-Y47A
polypeptide is not affected. In turn, this confirms that
reduced ER-exit and increased turnover in this mutant
are not due to misfolding.
To further understand the nature of the defect in

Y47A, we made systematic substitutions of Tyr47
and showed that Tyr can be functionally substituted
with Phe, but not with other residues (Fig. 5e). Thus,
the presence of an aromatic amino acid at position
47 is necessary for proper ER-exit and expression
in the plasma membrane of UapA. The Asp-Tyr-
Asp-Tyr consensus sequence, including Tyr47, is
highly conserved in all fungal homologues of UapA
(Fig. S2).

ER-retainedmutants ofUapAphysically associate
but do not reconstitute split-YFP

We investigated whether mutations affecting
ER-exit also affect oligomerization. To that end, we
used three UapA mutant versions. The first two,
UapA-I74D and UapA-ΔTMS14, were examples of
partially misfolded mutants [45,46]. The third is UapA-
DYDY47/A4, as described above. We used UapA-
DYDY47/A4 rather than the UapA-Y47A, as ER-exit is
more drastically affected in this mutant than in
UapA-Y47A.
We performed BiFC assays for UapA-I74D,

UapA-ΔTMS14 and UapA-DYDY47/A4, as described
for wild-type UapA. All strains made (see Materials
and Methods) had the expected growth phenotypes
(Fig. S3). None of the mutants tested showed
significant YFP reconstitution, strongly suggesting
that all relevant mutation impair dimerization/oligo-
merization (Fig. 6a). In apparent contradiction with
the BiFC assays, pull-down assays showed that
mutant molecules of UapA-DYDY/A4 or UapA-I74D
physically associate (Fig. 6b). However, in UapA
mutants, it is evident that the amount of monomeric
UapA-GFP co-precipitated is relatively reduced, in
favor of an increase in a high MW signal, when
compared with the analogous ratio in the wild-type
control. Although the quantification of monomeric to
higher MW oligomers or aggregates in different
strains is difficult to estimate rigorously, mainly due
to different half-lives of wild-type and mutant UapA
molecules, in light of the BiFC assays, our results
strongly support the idea that the physical associa-
tion in the mutants is topologically different from the
interaction in the wild-type UapA.

In trans exocytosis of ER-retained UapA mutants
supports early oligomerization in the ER

WeperformedBiFCassaysusingstrains inwhich the
mutant versions of UapA (UapA-I74D-YFPC, UapA-
ΔTMS14-YFPC or UapA-DYDY47/A4-YFPC) were co-
expressed with a wild-type UapA (UapA-YFPN). In all
cases, the strains grew well on uric acid, showing that
there was no dominant negative effect of the mutant
version on the wild-type UapA (Fig. 7a). Figure 7b
shows that YFP fluorescence is reconstituted in
UapA-I74D-YFPC/UapA-YFPN and UapA-DYDY47/
A4-YFPC/UapA-YFPN,, but not in UapA-ΔTMS14-
YFPC/UapA-YFPN. Most importantly, fluorescence is
associated with the plasma membrane. The reconsti-
tution of split-YFP shows that UapA-I74D-YFPC or
UapA-DYDY47/A4-YFPC molecules are able to dimer-
ize or physically associate with wild-type UapA



Fig. 3. (legend on next page)
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Fig. 4. Direct biochemical evidence for UapA oligomerization in a strain co-expressing UapA-His10 and UapA-GFP.
(a) Solubilized total membrane protein preparations from the strain co-expressing UapA-His10 and UapA-GFP under
inducing conditions were applied to Ni-NTA columns, eluted with increasing concentrations of imidazole (only f250 and f350
fractions are shown) and analyzed by SDS polyacrylamide gel electrophoresis, followed by silver staining or
immunoblotting with an anti-His antibody. A prominent band reacting with the anti-His antibody in the fraction eluted at
250 mM is detected. The size of this band is estimated to be ~55 kDa, which corresponds to monomeric UapA-His [43]. A
less prominent anti-His specific band appearing at just over the 100 kDa might correspond to a dimeric form of UapA.
(b) The f250 fraction of the strain co-expressing UapA-His and UapA-GFP also reacts with the anti-GFP. In contrast, the
same fraction from a strain expressing solely UapA-His does not react with the anti-GFP antibody, as expected.
(c) Western blot analysis, using anti-GFP antibody, of similarly eluted UapA-His fractions isolated from the UapA-His10/
UapA-GFP strain grown under repressing conditions (1 h glucose). Under this condition, de novo synthesis is blocked and
thus preformed UapA molecules are solely present in the plasma membrane. (d) Western blot analysis, using anti-GFP
antibody, of eluted UapA-His fractions isolated from the UapA-His10/UapA-GFP strain incubated for 4 h under inducing
conditions, in the presence of substrate (uric acid) for 15 min or 1 h before cell harvesting. In all cases, protein samples are
heated at 37 °C for 30 min before loading onto the SDS-PAGE gel.
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molecules. In UapA-DYDY47/A4-YFPC/UapA-YFPN,
fluorescence is also visibly associated with peri-
nuclear ER membrane rings. This confirms that
oligomerization occurs in the ER membrane and
persists in the plasma membrane. The absence of
YFP reconstitution in UapA-ΔTMS14-YFPC/UapA-
Fig. 3. In vivo evidence for UapA oligomerization usingBiFC.
as compared to a control strain expressing UapA-GFP and a mu
shown are otherwise isogenic and thus grow similarly on stan
functional UapA grow on uric acid (UA) as sole nitrogen source a
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YFPN was to be expected, as the deletion of the last
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Fig. 5. Identification of an N-terminal motif necessary for ER-exit of UapA. (a) Schematic representation of the N-terminal
region of UapA, highlighting the amino acid residues conserved and mutated. Overlapping deletions of the N-terminal region
are also depicted. hc means expression from high-copy plasmids. (b) Growth test of N-terminal UapA mutants. All mutants
shown, unless otherwise stated, arise from functional single-copy plasmid integration events. In all cases, UapA is functionally
taggedwithGFP. hc stands for plasmid high-copy transformants that over-express themutant formofUapA. This constitutes a
standard tool for further testing the subcellular localization and transport activity of selectedmutants that are expressed at very
low levels, as is the case here of Y47A. Mutants are tested on MM either with a standard nitrogen source unrelated to UapA
function (urea) or on uric acid, themain physiological substrate of UapA, as sole nitrogen source, at 25 °C and 37 °C. Positive
and negative controls (wt and ΔUapA) are isogenic strains expressing wild-type UapA and a strain lacking all major purine
transporters (uapAΔ uapCΔ azgAΔ), respectively. Notice that the inability for growth on uric acid is always associated with
substitutionof Tyr47or deletions removing anN-terminal part includingTyr47 (Δ3-42,Δ3-62 andΔ3-74). The triple substitution
G40A/L41A/I42A also led to apparent loss of UapA, but only at 37 °C. (c) Epifluorescence microscopy of N-terminal UapA
mutants. Mutants with apparent ER retention, reduced localization in the plasma membrane and vacuolar sorting are always
associatedwith substitution Y47Aor the deletion of anN-terminal segment including Tyr47. DeletionΔ3-30 shows a degree of
vacuolar turnover, whereas the double substitution P66A/F67A shows partial ER retention. The deletion of the entire
N-terminal region leads to no fluorescence. These results are in agreement with growth tests and uptake assays. (d) Transport
activities, expressed as% of initial uptake rates, of selectedmutants (see Fig. 3 legend). (e) Systematicmutational analysis of
Tyr47.Growth tests and epifluorescencemicroscopy analysis of Tyr47 substitutions show that only substitutionY47F restores
the secretion of UapA to the plasmamembrane and, consequently, also restores its apparent transport activity (experimental
details are as above).
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negative control in BiFC assays. In trans sorting of
UapA-DYDY47/A4-GFP in the plasma membrane
upon co-expression with over-expressed (from a
high-copy plasmid transformant) wild-type UapA
further confirmed the formation of UapA dimers
(Fig. 7c).



Fig. 6. UapAmutants retained in the ER do not dimerize
properly. (a) BiFC assays of wild-type UapA and mutants
UapA-DYDY/A4, UapA-I74D and UapA-ΔTMS14. Stains
co-expressing from the alcAp promoter the mutant forms of
UapA, tagged with either YFPN or YFPC, are shown.
Isogenic strains expressing from alcAp the same mutant
versions UapA, or a wild-type UapA, tagged with GFP, are
also included as controls. No reconstitution of YFP was
detected in any of the mutants tested. (b) Pull-down
experiments in strains co-expressing UapA-DYDY/
A4-GFP/UapA-DYDY/A4-His10 or UapA-I74D-GFP/
UapA-I74D-His10. Notice the reduced amount of mono-
meric co-precipitated UapA-GFP relatively to higher MW
species, possibly UapA aggregates (see the text).
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Genetic suppression of Y47A reveals the
importanceof TMS7andTMS11 inER-exit ofUapA

We obtained two different intragenic suppressors,
namely, V298A and F437C, the former restoring the
defects caused by Y47A much more strongly than
the latter (Fig. 8a). Val298 and Phe437 are located in
the middle of TMS7 and the outward-facing end of
TMS11 (Fig. 8b), respectively, both being quite well
conserved residues in UapA homologues (Fig. S4).
Both mutations restored UapA-mediated transport
rates (Fig. 8c). Functional restoration was in line
with restoration of ER-exit and plasma membrane
localization, as evidenced by both standard epifluor-
escence analysis and BiFC assays (Fig. 8d). Strains
expressing the suppressor mutations in the absence
of the original mutation (UapA-V298A or UapA-
F437C) conferred growth phenotypes, subcellular
localization and transport activities, similar to wild--
type UapA (data not shown). Thus, suppression of
Y47A is probably not due to allele-specific interac-
tions of Tyr47 with Val298 or Phe437 but is rather a
bypass of the effect of Y47A.

Gly residues in TMS7 are critical for wild-type-like
oligomerization, ER-exit and turnover of UapA

Three independent observations suggested that
TMS7 might be part of or affects the oligomerization
interface. Firstly, the crystal structure of the bacterial
UapA homologue UraA shows that TMS7 has the
highest B-factors of all the transmembrane segments,
indicating that this region of UraA is the most flexible,
and therefore, it is a candidate for intermolecular
interactions [47]. Secondly, TMS7 is predicted to form
a bend α-helix, one part facing the lipid bilayer and the
other one facing toward the TMS13andTMS14,which
are candidates for dimerization domains (Y. Alguel, A.
Cameron, G. Diallinas and B. Byrne, unpublished
results). Thirdly, TMS7 includes several Gly residues
(Gly301, Gly305 and Gly313) in the form of GX3G or
GX7G motifs (X being hydrophobic residues), known
to be critical for inter-helical interactions in membrane
proteins [48–50].
To test the importanceof theGly residues inTMS7of

UapA, we made a series of substitutions to Ala or Leu
residues and functionally analyzed the corresponding
mutants. In all cases, we constructed the single,
double and triple substitutions. Results are shown in
Fig. 9a. All substitutions to Leu, except G313L, led to
apparent loss of UapA activity as judged from growth
tests. In addition, none of the mutants correctly
localized to the plasma membrane. Furthermore, a
lowUapA-GFP signal was also detected in vacuoles in
several mutants. Single substitutions of Gly301,
Gly305 and Gly313 to Ala did not significantly affect
UapA localization and transport activity. However,
double and triple substitutions scored as apparent
loss-of-function mutations. In these cases, we detect-
ed dramatic vacuolar turnover and some ER retention.
The fact that Ala substitutions were better tolerated
than Leu substitutions was in line with observations
that G/AX3G/A or G/AX7/A motifs can also function as
weaker helical interaction motifs [48].
We tested whether UapA molecules carrying the

triple Ala substitution (UapA-GGG/A3) could dimer-
ize. Figure 9b shows that no YFP reconstitution is
obtained in strains co-expressing UapA-GGG/
A3-YFPN and UapA-GGG/A3-YFPC. Relevant pull-
down assays showed that, in the GGG/A3 mutant,
UapA molecules still associate despite the fact that
the ratio of monomeric UapA-GGG/A3-GFP versus



Fig. 7. In trans exocytosis of ER-retained UapA mutants. (a) Growth tests of strains co-expressing UapA-I74D-YFPC,
UapA-ΔTMS14-YFPC or UapA-DYDY/A4-YFPC with a wild-type UapA-YFPN. As expected, all strains grow on UA. (b) BiFC
assays of the same strains shown in (a). Notice YFP fluorescence reconstitution in the plasma membrane of strains
co-expressing UapA-I74D or UapA-DYDY/A4 with wild-type UapA while there is no YFP signal detected in UapA-ΔTMS14/
UapA. In UapA-DYDY/A4/UapA, YFP signal is also detected in the perinuclear ER. (c) Growth test and epifluorescence
analysis of a strain co-expressingUapA-DYDY47/A4-GFP andwild-typeUapA. Notice the sorting of UapA-DYDY47/A4-GFP in
the plasma membrane. In this case, the high expression of wild-type UapA (in relation to UapA-DYDY47/A4-GFP) was
achieved by selecting a transformant that harbors three copies of the relative plasmid (hc-UapA).
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high MW aggregates is reduced compared to wild-
type UapA (Fig. 9c). Using the inverse pull-down
assay where UapA-GFP is precipitated with anti-
GFP antibodies on ProtA-Sepharose beads, follow-
ed by co-immunoprecipitation of UapA-His detected
with anti-His, we confirmed that UapA molecules
associate, but again the ratio of monomeric UapA-
GGG/A3-GFP versus high MW aggregates seemed
somehow reduced (see Supplementary Fig. S1).
Finally, we also showed that UapA-GGG/A3 can

be sorted to the plasma membrane upon co-expres-
sion with wild-type UapA (Fig. 9d). This is in line with
partial restoration of UapA-mediated growth on uric
acid. Overall, the results obtained with the mutant
lacking the Gly residues in TMS7 are very similar to
those obtained with the other ER-retained mutants
studied here (UapA-DYDY/A4 and UapA-I74D).

Intragenic complementation of plasmamembrane
localization in ER-retained mutants

We also constructed strains co-expressing
UapA-GGG/A3 with UapA-DYDY/A4-GFP and per-
formed growth tests and epifluorescence analysis
(Fig. 10). These strains could not grow on uric acid,
as expected, but showed partial restoration of
plasma membrane localization, never seen when
these two UapA versions are expressed by them-
selves. This partial intragenic complementation is
readily explained by dimerization, constituting further
strong evidence that dimerization/oligomerization of
UapA is functionally linked to ER-exit and plasma
membrane localization and stability.
Discussion

Four independent assays showed that UapA forms,
at least, homodimers in the ER and that oligomeriza-
tion persists along the secretion pathway, in the
plasma membrane and during endocytosis. Of these
assays, the in vivo reconstitution of split-YFP proved
ideal to detect minor topological changes in the
association of UapA molecules. A similar strategy
has been used to show transporter oligomerization in
a handful of previous reports [51–55]. However, to our
knowledge, this is the first time BiFC has been shown
to detect highly specific transporter dimerization/
oligomerization; no reconstitution of split-YFP was
detected in specificUapAmutants or when one part of
YFP was tagged in another plasma membrane
transporter.
UapA, in common with most ion-driven polytopic

symporters, functions as amonomer. This is based on
genetic, biochemical and structural data. Although we
cannot rule out that dimerization might have a subtle
effect on transport kinetics per se, it seemsmuchmore
reasonable to assume that oligomerization affects
membrane trafficking, plasma membrane localization
and protein stability, as proposed for several mam-
malian transporters (discussed also later). Recent
evidence also supports the and further oligomeriza-
tion of the mammalian SVCT2 vitamin C transporter,
which belongs to the same protein family as UapA
[56].
We examined whether UapA mutants showing

problematicER-exit associatedwith increased turnover
candimerize.Wemadeuseof two kindsofER-retained



Fig. 8. Specific mutations in TMS7 and TMS11 genetically suppress the ER-exit defect of UapA-Y47A. (a) Growth tests of
the two genetic suppressors compared to the original mutant. Notice that suppressor mutation V298A is stronger than F437C.
(b) Identity (V298A and F437C) and topology of the two genetic suppressor mutations of UapA-Y47A. (c) Transport rates in
suppressors and original mutant. (d) Epifluorescence microscopy of suppressors and original mutant and BiFC assays of
UapA-Y47A and UapA-Y47A/V298A, showing the restoration of plasma membrane localization in the latter.
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mutants. The first are due to partial misfolding, whereas
the second are due to the lack of the N-terminal
DYDY47 motif, which does not seem to affect gross
UapA folding. However, the two types of mutants
showed similar characteristics: ER retention, increased
vacuolar turnover, non-reconstitution of split-YFP
fluorescence and a modified mode of association in
pull-down assays. Importantly, the ER-retained mutant
versions of UapA, co-expressed with wild-type UapA,
were sorted in the plasma membrane. This phenom-
enon of in trans sorting seems analogous to the in trans
endocytosis of UapA mutants, detected here (Fig. 2)
and previously [35], and ismost easily explained by the
formation of dimers. More impressively, co-expression
of different ER-retained mutants of UapA restored
plasma membrane localization, which constitutes
further strong evidence for dimerization (see Fig. 10).
The isolation of genetic suppressors of ER-retained
mutants mapping in TMS7 and TMS11 suggested
that these lipid-facing transmembrane domains of
UapA [34], especially TMS7 which includes the
strongest suppressor and functionally essential
GX3G motifs, must be involved in critical helical
interactions. Our results strongly favor the involve-
ment of TMS7 in homo-oligomerization. At present,
we cannot propose a model on how and how many
UapA monomers associate, but it seems that func-
tional UapA association requires both helical interac-
tions within the plasma membrane and interactions
involving the cytoplasmic terminal regions of UapA.
The latter interactions might in fact be crucial to the
molecular cross-talk with the ER-exit machinery.
Ongoing efforts to obtain the crystal structure of
UapA will give a definitive answer to this issue



Fig. 9. Gly residues in TMS7 are critical for proper UapA dimerization, topology and turnover. (a) Growth tests and
epifluorescence microscopy of mutants carrying Ala or Leu substitution in Gly residues of TMS7. (b) BiFC assay of
UapA-GGG/A3-YFPN with UapA-GGG/A3-YFPC. No reconstituted YFP signal is detected. (c) Pull-down assays of protein
extracts from strains co-expressing UapA-GGG/A3-GFP with UapA-GGG/A3-His and a wild-type relative control strain.
(d) Growth tests and epifluorescence microscopy of a strain co-expressing UapA-GGG/A3-GFP with multi-copy wild-type
UapA (hc-UapA).
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(Y. Alguel, B. Byrne and A. Cameron, personal
communication).
One basic question to answer is how the cyto-

plasmic N-terminal DYDY47 motif affects ER-exit.
Does it interact with the packaging COPII machin-
ery? We failed to detect an interaction with either
Sec23 or Sec24 (results not shown). Alternatively,
Fig. 10. Intragenic complementation of ER-retained mutants
co-expressing UapA-GGG/A3 with UapA-DYDY/A4-GFP. C
UapA-GGG/A3-GFP or UapA-DYDY/A4 with UapA-DYDY/A4-G
A4-GFP was observed only upon co-expression with UapA-G
suggesting that both versions of UapA lack significant transpo
the DYDY47 motif might interact with a chaperone,
specific for UapA packaging into COPII vesicles. ER
membrane chaperones, involved in ER-exit of
specific protein families, have been found in fungi
[57–60]. In particular, Shr3p in S. cerevisiae is
necessary for the correct association and concen-
trative ER-exit of all 18 amino acid transporters of the
. Growth tests and epifluorescence microscopy of a strain
ontrol strains co-expressing either UapA-GGG/A3 with
FP are also shown. Partial re-localization of UapA-DYDY/
GG/A3. Notice that there is no significant growth on UA,
rt activity.
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APC family. Interestingly, in the absence of Shr3p,
amino acid transporters integrate in theERmembrane
and fold correctly, but the monomers form aggregates
and consequently fail to exit the ER membrane.
However, we still cannot exclude that the cytoplasmic
N-terminal DYDY47 motif interacts with specific
sequences of UapA, eliciting a topological effect,
and thus promoting dimerization/oligomerization and
ER-exit.
Our results are very similar to findings obtained on

the role of oligomerization in the membrane trafficking
of neurotransmitter transporters inmammals. Both the
dopamine (DAT) [24–26] and serotonin (SERT)
[23,28,30] transporters have been found to dimerize
and eventually oligomerize into higher-order assem-
blies. The evidence for oligomerization in these cases
comes from co-immunoprecipitation experiments,
cross-linking and fluorescence resonance energy
transfer but also from dominant-negative phenotypes
obtained when mutants were co-expressed with
wild-type proteins. Fluorescence resonance energy
transfer signals in DAT were detected at the plasma
membrane and in intracellular membrane compart-
ments [25]. The similarity of our results with those of
the neurotransmitter transporters is impressive. In
both cases, wild-type oligomers are formed in the ER
and then maintained both at the plasma membrane
and during trafficking between the plasma membrane
and endosomes. In addition, in both cases, co-
expression of mutant and wild-type proteins led to
negative (ER retention) or positive (plasma mem-
brane localization) in trans sorting. Interestingly, it has
also been proposed that oligomerization of DAT at the
plasma membrane is reduced upon substrate binding
and transport, and this in turn led to speculation that
substrate-elicited endocytosis operates by loosening
oligomerization. The evidence for that comes from a
reduction in surface DAT determined by biotinylation
and reduction in DAT oligomerization as assessed
by cross-linking [27,29]. In UapA, the presence of
substrates did not abolish oligomerization, as
assessed by pull-down assays and the persistence
of strong split-YFP fluorescent signals in endosomes
and the vacuolar membrane upon endocytosis. Our
findings do not answer the question whether UapA
dimers further assemble into higher oligomeric com-
plexes as seen for DAT and SERT.
Several logical assumptions suggest how oligomer-

ization might have evolved to be a critical link among
proper folding, quality control, ER-exit, membrane
trafficking and turnover. Firstly, correct folding and
maturation of a protein are required for oligomeriza-
tion, ensuring that only correctly folded proteins enter
the secretory pathway. Secondly, oligomerization can
induce a conformational change that might increase
the affinity for a specific ER membrane microdomain,
which might then lead to further oligomerization
owing to increased concentration in such a domain
and eventually to concentrative ER-exit [19]. Thirdly,
homo-oligomerized cargoes could travel as highly
specific membrane microdomains and remain so in
their final membrane destination. This in turn provides
a mechanistic solution to how specific transporters
(or channels or receptors) could be sorted and turned
over by endocytosis or direct sorting from the Golgi,
in response to substrate excess or other specific
physiological signals, without affecting the turnover of
other transporters.
Materials and Methods

Media, strains, growth conditions and A. nidulans
transformation

Standard complete andminimalmedia (MM) forA.nidulans
were used†. Escherichia coli was grown on Luria-Bertani
medium. Media and chemical reagents were obtained from
Sigma-Aldrich (Life Science Chemilab SA, Hellas) or Appli-
Chem (Bioline Scientific SA, Hellas). A. nidulans transforma-
tion was performed as described previously [60]. A ΔazgA
ΔuapA ΔuapC::AfpyrG pabaA1 argB2mutant strain [61] was
the recipient strain in transformations with plasmids carrying
differentially taggedwild-typeormutant versionsofUapA (see
below). Selection was based on complementation of the
pabaA1 and argB2 genetic auxotrophies for p-aminobenzoic
acid and arginine. Transformants expressing either single-
copy or multi-copy plasmid integration events were identified
by PCR and Southern analysis. A ΔuapA ΔuapC::AfpyrG
ΔnkuA::argB riboB2 pantoB100 pyroA4 mutant strain [36]
was the recipient strain for generating “in locus” integrations of
tagged uapA and prnB fusions (see below), based on
complementation of the riboB2 and pantoB100 genetic
auxotrophies for riboflavin and pantothenic acid, respectively.
Growth tests were performed at 25 °C or 37 °C, at pH 6.8.

Standard nucleic acid manipulations

Genomic DNA extraction from A. nidulans was as
described in Fungal Genetics Stock Center‡. Plasmid
preparation fromE. coli strains andDNAbandswere purified
from agarose gels using the Nucleospin Plasmid Kit and the
Nucleospin ExtractII Kit according to the manufacturer's
instructions (Macherey-Nagel, Lab Supplies Scientific SA,
Hellas). DNA sequences were determined by VBC-
Genomics (Vienna, Austria). Mutations were constructed
by site-directed mutagenesis according to the instructions
accompanying the QuikChange® Site-Directed Mutagene-
sis Kit (Agilent Technologies, Stratagene). Southern blot
analysis was performed as described in Ref. [62]. [32P]dCTP
labeled molecules of uapA, argB or pabaA specific probes
were prepared using a random hexanucleotide primer kit
following the supplier's instructions (Takara Bio, Lab
Supplies Scientific SA, Hellas) and purified on MicroSpin™
S-200 HR columns, following the supplier's instructions
(Roche Diagnostics, Hellas). Labeled [32P]dCTP
(3000 Ci mmol−1) was purchased from the Institute of
Isotopes Co. Ltd, Miklós, Hungary. Restriction enzymes
were from Takara Bio (Lab Supplies Scientific SA, Hellas).
Conventional PCR reactionswere performedwithKAPATaq
DNApolymerase (KapaBiosystems, LabSuppliesScientific
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SA, Hellas). Amplification of products and site-directed
mutagenesis were performed with Kapa HiFi (Kapa Biosys-
tems, Lab Supplies Scientific SA, Hellas).
Plasmid constructions

PlasmidpAN510andderivativespAN510exp, pAN510exp-
GFP, pAN510-GFP and pBS-argB-alcAp are described in
previous articles [44,63–65]. These plasmids are derivatives
from the original pAN510 plasmid [38,66] and were
constructed by disrupting a XbaI site of the pBluescript
polylinker and introducing a BamHI site next to the start
codon of uapA, by site-directed mutagenesis. Given that
there is a natural XbaI site after the stop codon of uapA, the
uapA coding sequence could be exchanged by BamHI/XbaI
double digestion. In pAN520exp, the argB sequence has
been replaced by pabaA from pBS-pabaA [64]. The alcAp
480-bp sequence was used to replace the native uapA
promoter sequence in the derivative plasmids of the type
pAN510. All point mutations were constructed by site-dir-
ected mutagenesis on plasmid pAN510-GFP or, in the case
of multiple mutations, on already mutated versions of this
plasmid. N-terminal truncations of UapA (Δ3-30, Δ3-42,
Δ3-62 and Δ3-74) were constructed by introducing a BamHI
restriction site at the desirable position and subcloning of the
ORF (open reading frame) in pAN510exp-GFP. For BiFC
analyses, the N-terminal half of yellow fluorescent protein
(YFPN; 154 amino acids of YFP) or the C-terminal half of
YFP (YFPC; 86 amino acids of YFP) was amplified from
plasmids PDV7 and PDV8 [67] and cloned into pAN510exp,
pAN510exp-alcAp, pAN520exp or pAN520exp-alcAp at the
native XbaI site (XbaI/SpeI compatible end ligation),
followed by cloning of the uapA ORF carrying the desirable
mutations. The same approach (XbaI/SpeI compatible end
ligation) was followed for the construction of plasmid
pAN510exp-alcAp-His. Plasmids expressing the UapA-
YFPN and PrnB-YFPC were used as templates to generate
gene replacement cassettes by PCR and were constructed
by sequential cloning of the relevant ORFs together with
approximately 1.5-kb upstream/downstream regions and
the auxotrophic markers riboB (AN0670) and pantoB
(AN1778), respectively.

Total protein extraction and Western blot analysis

Cultures for total protein extraction were grown in MM
supplemented with nitrate at 25 °C for 16 h. Total protein
extraction was performed as previously described [68]. Equal
sample loading was estimated by Bradford assays and
Coomassie staining. Total proteins (30 μg)were separatedby
SDS-PAGE [10%(w/v) polyacrylamidegel] andelectroblotted
(Mini PROTEAN™ Tetra Cell, Bio-Rad) onto PVDF mem-
branes (Macherey-Nagel, Lab Supplies Scientific SA, Hellas)
for immunodetection. The membrane was treated with 2%
(w/v) non-fat dried milk and immunodetection was per-
formedwith a primarymouse anti-GFPmonoclonal antibody
(Roche Diagnostics, Hellas), a secondary goat anti-mouse
IgG HRP-linked antibody (Cell Signaling Technology Inc.,
Bioline Scientific SA, Hellas) and a Penta-His HRP
Conjugate antibody kit (Qiagen, SafeBlood BioAnalytica
SA, Hellas). Blots were developed by the chemiluminescent
method using the LumiSensor Chemiluminescent HRP
Substrate kit (Genscript USA, Lab Supplies Scientific SA,
Hellas) and SuperRX Fuji medical X-ray films (FujiFILM
Europe, Lab Supplies Scientific SA, Hellas).
Membrane-enriched extraction for purification

The membrane-enriched extraction protocol (adapted
from Ref. [43]) was used prior to membrane protein
purification by affinity chromatography. To increase protein
yield, we performed the extraction procedure in 6–10
eppendorf tubes, containing mycelia of the same strain.
The mycelia powder was resuspended in 2 mL of ice-cold
extraction buffer (10 mM Tris–HCl, pH 7.5, 100 mM NaCl,
5 mMMgCl2, 0.3 M sorbitol, 1 mMPMSF and 1× Protease
Inhibitor Cocktail), mixed by vortexing and incubated on
ice for 20–30 min. The samples were then centrifuged for
3 min, at 3000 rpm, 4 °C, to remove cell debris and the
supernatants were transferred in pre-frozen eppendorf
tubes. Membrane proteins were then precipitated by
centrifuging the samples for 1 h at 13,000 rpm, 4 °C.
The pellets were resuspended in 80–100 μL of ice-cold
solubilization buffer. The suspensions were collected in
eppendorf tubes and solubilized, as described below.

Purification of membrane proteins and affinity
chromatography

UapA purification was performed by combining affinity
chromatography of a His-tagged recombinant version,
UapA-His10, with gel filtration chromatography. The proce-
dure followed is an adaptation of the method described
in Ref. [43]. Prior to chromatographic purification of
UapA-His10, crude membrane protein extracts are solubi-
lized by resuspending in solubilization buffer [50 mM
NaH2PO4/Na2HPO4, pH 8.0, 150 mM NaCl, 1% (w/v)
dodecyl-β-D-maltoside (DDM), 1 mMPMSFand 1×Protease
InhibitorCocktail]. Thesamplewasstirredgently for 30 minon
ice and then centrifuged for 20 min at 12,000g, 4 °C, to
separate the solubilized from the insoluble proteins. The
supernatant (solubilized proteins) was then transferred to a
pre-frozen eppendorf tube and glycerol was added to a final
concentration of 20% (v/v) and gently mixed. The detergen-
t-solubilized protein sample was stored at −80 °C for further
use or loaded directly onto Protino Ni-NTA Columns
(Macherey-Nagel GmbH) for purification. The mobile phase
was delivered in a consistent flow rate of 1 mL/min via a
pump. The column was first equilibrated with 10–20 column
volumes ofNi-columnwash buffer [50 mMNaH2PO4, pH 8.0,
300 mM NaCl, 0.01% (w/v) DDM and 1 mM PMSF],
containing 10 mM imidazole. A total of 1–4 mg of protein in
1 mL of detergent solubilization buffer were applied to the
column and 2.5 mL of the flow-through was collected and
put on ice (fraction f0). The column was washed abundantly
(10–20 column volumes) with wash buffer containing 20 mM
imidazole and subsequently with another containing 50 mM
imidazole to remove unbound and loosely bound molecules.
A total of 2.5 mL of each eluent were collected and put on ice
(fractions f20 and f50). Bound protein was eluted with
increasing concentrations of imidazole in the column wash
buffer (250 mM, 350 mM and 500 mM) and 2.5 mL of each
eluent was collected and put on ice (fractions f250, f350 and
f500). The column was washed abundantly with the 500 mM
imidazole wash buffer and filled with 30% (v/v) EtOH before
storing at 4 °C. Desalting and concentration of purified
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proteins (UapA-His10) was achieved by gel filtration in
Sephadex G-25 columns. A total of 2.5 mL of each fraction
eluted from the Ni-NTA column were loaded onto the
Sephadex column, which was previously washed abundantly
with distilled water. After the sample volume had completely
entered the column, 3.5 mL of sterile distilled water was
added to the column and the protein was eluted and frozen at
−80 °C. The frozen protein samples were then concentrated
by overnight lyophilization. The freeze-dried samples were
resuspended in a buffer containing 50 mM NaH2PO4/
Na2HPO4, 10% glycerol, 0.1% (w/v) DDM, 1 mM PMSF
and 1× Protease Inhibitor Cocktail, adjusted to pH 7.5 and
analyzed electrophoretically and immunologically.
Kinetic analysis

[3H]xanthine (33 Ci mmol−1; Moravek Biochemicals,
California, USA) uptake in MM was assayed in germinat-
ing conidiospores of A. nidulans concentrated at 107

conidiospores/100 μL, at 37 °C, pH 6.8, as recently
described in detail [69]. All transport assays were carried
out in at least three independent experiments, with three
replicates for each concentration or time point. Standard
deviation was b20%.

Epifluorescence microscopy

Samples for standard epifluorescence microscopy were
prepared as previously described [35,36]. In brief, germlings
incubated on coverslips in liquid MM supplemented with
NaNO3 as nitrogen source for 12–14 h at 25 °C were
observed on an Axioplan Zeiss phase contrast epifluores-
cent microscope and the resulting images were acquired
with a Zeiss-MRC5 digital camera using the AxioVs40
V4.40.0 software. Image processing, contrast adjustment
and color combiningweremade using theAdobePhotoshop
CS4 Extended version 11.0.2 software or the ImageJ
software. Images were converted to RGB and annotated
using Photoshop CS4 before being saved to TIFF. For
inverted fluorescence microscopy, germlings were incubat-
ed in sterile 35-mm micro-dishes, high glass bottom (ibidi,
Germany) in liquid MM supplemented with NaNO3 as
nitrogen source for 16–18 h at 25 °C. Images were obtained
with an AxioCam HR R3 camera using the Zen lite 2012
software either as single images or in stacks of 10–12 optical
sections along z-axis with a Z step size at 0.31 μm. Contrast
adjustment, area selection and color combining were made
using the Zen 2012 software. Images exported as tiffs were
annotated and further processed in Adobe Photoshop CS4
Extended version 11.0.2 software for brightness adjustment,
rotation and alignment. A desaturated and inverted version
of the imagewas also created in each case, so as to achieve
better visualization.

Static light-scattering measurements of purified UapA

UapA-G411VΔ1-11, a thermostabilised version of the
UapA, was expressed and isolated as described previ-
ously [37]. The oligomeric state of the UapA-G411VΔ1-11
construct at a detected protein concentration of 1.4 mg/mL
in sample buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl,
5% glycerol, 500 mM xanthine and 0.03% DDM) was
assessed with a Malvern Viscotek TDAmax Tetra detec-
tion system, including static light scattering, UV and
refractive index detectors, connected downstream of a
Superdex-200 10/30 gel-filtration column previously equil-
ibrated in sample buffer. The protein is initially separated
on the gel-filtration column prior to further analysis. The
data were analyzed with the Omnisec software (Malvern)
following the manufacturer's protocols and used to
calculate the MW of the protein particles in the individual
fractions eluting from the column. In this case, the
detergent micelles present in the sample contribute to
the size of the protein particles. The system was calibrated
first with buffer containing DDM detergent alone at the
same concentration as the test sample [0.03% (w/v)
DDMLA] and the size of the detergent micelles was
calculated. This is then subtracted from the MW of the
protein–detergent complex to provide an accurate assess-
ment of the size of the protein particles.

Selection of genetic suppressors

UV exposure conditions used for the mutagenesis of the
strain expressing UapA-Y47A were determined based on
a specifically constructed cell survival curve. According to
the resulting cell survival curve, the time for achieving
N98% lethality in 107 conidiospores, which was used for
this work, was estimated at 4 min 30 s. UV exposure of
conidiospore suspensions in 0.01% Tween in Petri dishes
was performed at a standard distance of 20 cm from an
Osram HNS30 UV-B/C lamp. Mutagenized conidiospores
were plated in standard MM supplemented with 0.5 mM
uric acid as sole nitrogen source and necessary vitamins.
Suppressors appeared as distinct well conidiating colonies
after 7 days of incubation at 25 °C.
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