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ABSTRACT Yeast exomer is a heterotetrameric complex that is assembled at the trans-Golgi network, which is required for the delivery
of a distinct set of proteins to the plasma membrane using ChAPs (Chs5-Arf1 binding proteins) Chs6 and Bch2 as dedicated cargo
adaptors. However, our results show a significant functional divergence between them, suggesting an evolutionary specialization
among the ChAPs. Moreover, the characterization of exomer mutants in several fungi indicates that exomer’s function as a cargo
adaptor is a late evolutionary acquisition associated with several gene duplications of the fungal ChAPs ancestor. Initial gene duplication
led to the formation of the two ChAPs families, Chs6 and Bch1, in the Saccaromycotina group, which have remained functionally
redundant based on the characterization of Kluyveromyces lactis mutants. The whole-genome duplication that occurred within the
Saccharomyces genus facilitated a further divergence, which allowed Chs6/Bch2 and Bch1/Bud7 pairs to become specialized for specific
cellular functions. We also show that the behavior of S. cerevisiae Chs3 as an exomer cargo is associated with the presence of specific
cytosolic domains in this protein, which favor its interaction with exomer and AP-1 complexes. However, these domains are not conserved
in the Chs3 proteins of other fungi, suggesting that they arose late in the evolution of fungi associated with the specialization of ChAPs as
cargo adaptors.
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THE trans-Golgi network (TGN) constitutes a major sort-
ing platform for the intracellular trafficking of proteins in

all eukaryotic cells (Guo et al. 2014); therefore, it is not surpris-
ing that the molecular mechanisms involved in protein sort-
ing at the TGN are evolutionarily conserved. However, despite
this conservation, very little is known about the mechanisms
that participate in this event.

Chitin synthesis in yeast was envisioned several years ago
asamodel for the studyof the intracellular traffickingofproteins
because the activity of the major chitin synthase depends on
the efficient traffic of its catalytic subunit, Chs3, to the plasma
membrane (PM) (Roncero 2002). In Saccharomyces cerevisiae,

the trafficking of Chs3 to the PM is blocked at the TGN/EE
boundary in the absence of Chs5 (Santos and Snyder 1997) or
Chs6 (Ziman et al. 1998) proteins. A further characterization
of these proteins showed that both form the exomer together
with three Chs6 paralogs, a complex that is required for the
TGN to cell surface transport of Chs3 (Santos and Snyder
1997; Sanchatjate and Schekman 2006; Trautwein et al.
2006; Wang et al. 2006). Later on, it was demonstrated that
the proteins Fus1 (Santos and Snyder 2003; Barfield et al.
2009) and Pin2 (Ritz et al. 2014) also depend on exomer for
their delivery to the PM. Fus1 and Pin2 are proteins that
contain a single transmembrane (TM) domain with very dif-
ferent functions; while Fus1 is required for cell fusion during
mating (Trueheart et al. 1987), Pin2 is a prion-inducing pro-
tein (Ritz et al. 2014). Despite their different secondary struc-
tures and functions, these three proteins are fully retained
at the TGN in the absence of exomer and have thus been
described as bona fide exomer cargos. Accordingly, exomer
is currently described as a specialized sorting platform at the
TGN (Spang 2015).
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Exomer is assembled at the TGN as a heterotetrameric
complex formed by a dimer of Chs5 bound to two other mol-
ecules of either Bch1, Bud7, Chs6, or Bch2 (Paczkowski et al.
2012), all members of the ChAPs (Chs5-Arf1 binding pro-
teins) family (Trautwein et al. 2006). This complex interacts
directly with the Arf1 GTPase through both Chs5 and ChAPs
components (see Supplemental Material, Figure S1 in File S1
for a model of exomer assembly). Based on sequence com-
parisons, ChAPs are separated into two groups: Bch1/Bud7
and Chs6/Bch2 (Trautwein et al. 2006). Bch1 has been
shown to have a defined role in the recruitment of the GTPase
Arf1 to the exomer and, consequently, influences the capacity
of exomer to bend membranes in vitro (Paczkowski and
Fromme 2014). Accordingly, Bch1 is also the most efficient
ChAPs in the functional assemblage of exomer (Huranova
et al. 2016). Bud7, which to date is poorly characterized,
probably has redundant functions with Bch1 (Huranova
et al. 2016). In contrast, Chs6 does not seem to have any
critical role in the assembly of exomer but acts as a dedicated
exomer cargo adaptor. Chs3 interacts with Chs6 through its
C- and N-terminal cytosolic regions (Rockenbauch et al.
2012; Weiskoff and Fromme 2014), facilitating its sorting
at the TGN. Hence, in the absence of Chs6, Chs3 is retained
at the TGN. Interestingly, the concomitant absence of Bch1/
Bud7 also blocks Chs3 at the TGN, which is most likely due to
a general defect in the functioning of exomer (Paczkowski
and Fromme 2014). The function of Bch2, the closest homo-
log to Chs6, is not understood, owing to the absence of dis-
tinct phenotypes for the single mutant bch2D. However, Bch2
is possibly the cargo adaptor of Pin2 (Ritz et al. 2014) and
could also have a minor role in exomer assembly at the TGN
(Huranova et al. 2016).

All of the bona fide cargos of exomer described so far share
the additional characteristics of a polarized distribution and
their arrival at the PM through an alternative route in the ab-
sence of any of the clathrin adaptor complexes AP-1, Gga1/2,
or Ent3/5, which are known to regulate endocytic recycling
(Valdivia et al. 2002; Copic et al. 2007; Barfield et al. 2009;
Ritz et al. 2014). This poorly defined route allows the arrival
of these cargos at the PM even in the absence of exomer. The
mechanisms by which these cargos follow either route to the
PM are not understood; however, it is known that a single
mutation in the N-terminal domain of Chs3, L24A, triggers its
transport via the alternative route by abolishing the physical
interaction between Chs3 and the AP-1 complex (Starr et al.
2012). The role of Gga1/2 in this process is probably indirect,
due to their early acting function, which recruits AP-1 for coat
assembly at the TGN (Daboussi et al. 2012).

However, exomer mutants display several additional phe-
notypes (Trautwein et al. 2006) that cannot be linked to the
defective transport of any of the exomer cargos described to
date. Accordingly, our laboratory recently showed that the PM
ATPase Ena1 relies on exomer for its polarized transport under
several forms of stress, although this protein effectively reaches
the PM in the chs5D mutant (Anton et al. 2017). This finding
suggests a potential role for exomer in the trafficking of a

higher number of proteins that are not recognized as bona
fide exomer cargos.Moreover, the absence of exomer also affects
RIM101 signaling by altering the recruitment of the molecu-
lar machinery involved in the proteolytic processing of Rim101.
These findings are consistent with exomer having a more
general role in the organization of the TGN, which has been
proposed following the characterization of exomer-deficient
mutants in Schizosaccharomyces pombe (Hoya et al. 2017).

The basic rules governing intercellular trafficking are sim-
ple and relatively well conserved, but its complexity is enor-
mous, providing specific solutions for the traffic between
different organelles (Schlacht et al. 2014). Part of this com-
plexity is achieved by the presence of multiple families of
paralogous proteins that can act at discrete localizations or
interact with different groups of cargos. Hence, the specificity
of trafficking is in part encoded in the combinatorial interac-
tions of these various players, including small GTPases and
their regulators, cargo adaptors, and coat proteins. The func-
tional relationship between exomer and several of the adaptor
complexes described above, togetherwith the evolutionary con-
servation of both complexes (Trautwein et al. 2006; Barlow
et al. 2014) in fungi, provides an attractive framework for
studying the potential coevolution between both complexes.
Moreover, the evolutionary divergence of the ChAPs family
provides the possibility of testing the potential specialization
of exomer function along fungal evolution, while also address-
ing the ancient and conserved function of exomer.

Materials and Methods

Yeast strain construction

S. cerevisiae mutant strains were all made in the W303 back-
ground. Kluyveromyces lactis KHO69-8C, Candida albicans
BWP17, andUstilagomaydis FB1 background strainswere also
used (Table 1). Specific transformation protocols were used
for each species (see below).

S. cerevisiae constructions: Yeast cells were transformed
using the standard lithium acetate/polyethylene glycol pro-
cedure (Rose et al. 1990). Gene deletions were made using
the gene replacement technique,with different deletion cassettes
based on the natMX4, kanMX4, or hphNT1 resistance genes
(Goldstein andMcCusker 1999). For the insertion of the GAL1
promoter in front of the different ORFs, the cassette was am-
plified from pFA6a-kanMX4-pGAL1 (Longtine et al. 1998).
Proteins were tagged chromosomally at their C-terminus with
GFP or mCherry, employing integrative cassettes amplified
from pFA6a-GFP-hphMx6/pFA6a-GFP::natMx4 or pFN21 (Sato
et al. 2005). The delitto perfetto technique was performed to
generate the gene truncations within the genome. In brief,
this approach allows in vivomutagenesis using two rounds of
homologous recombination. The first step involves the inser-
tion of a cassette containing two markers at or near the locus
to be altered. The second one involves complete removal of
the cassette and transfer of the expected genetic modification
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Table 1 Yeast strains used

Strain Genotype Origin/reference

S. cerevisiae
CRM67 W303, MATa, (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) Laboratory collection
CRM2268 W303, MATa, chs5D::natMx4 Laboratory collection
CRM1590 W303, MATa, chs3D::natMx4 Laboratory collection
CRM1278 W303, MATa, chs3D::URA3 chs5D::natMx4 Laboratory collection
CRM2775 W303, MATa, bch1D::kanMx4 This study
CRM2778 W303, MATa, bud7D::natMx4 This study
CRM3068 W303, MATa, chs6D::kanMx4 This study
CRM3083 W303, MATa, bch2D::natMx4 This study
CRM3066 W303, MATa, bch1D::kanMx4 bud7D::natMx4 This study
CRM3081 W303, MATa, chs6D::kanMx4 bch2D::natMx4 This study
CRM2233 W303, MATa, kanMx6::PGAL1-BCH1 This study
CRM2244 W303, MATa, kanMx6::PGAL1-BUD7 This study
CRM2379 W303, MATa, kanMx6::PGAL1-CHS6 This study
CRM2426 W303, MATa, kanMx6::PGAL1-BCH2 This study
CRM1777 W303, MATa, chs3D::URA3 aps1D::kanMx4 Laboratory collection
CRM3089 W303, MATa, bch1D::kanMx4 bud7D::natMx4 chs3D::hphNT1 This study
CRM3091 W303, MATa, chs6D::kanMx4 bch2D::natMx4 chs3D::hphNT1 This study
CRM3155 W303, MATa, aps1D::kanMx4 Laboratory collection
CRM3157 W303, MATa, chs5D::natMx4 aps1D::kanMx4 Laboratory collection
CRM2406 W303, MATa, PIN2-GFP::hphNT1 Laboratory collection
CRM2507 W303, MATa, chs5D::natMx4 PIN2-GFP::hphNT1 Laboratory collection
CRM2474 W303, MATa, kanMx6::PGAL1-BUD7 PIN2-GFP::hphNT1 This study
CRM2509 W303, MATa, kanMx6::PGAL1-BCH2 PIN2-GFP::hphNT1 This study
CRM2511 W303, MATa, kanMx6::PGAL1-BCH1 PIN2-GFP::hphNT1 This study
CRM2512 W303, MATa, kanMx6::PGAL1-BCH6 PIN2-GFP::hphNT1 This study
CRM2287 W303, MATa, bar1D::natMx4 This study
CRM2461 W303, MATa, bar1D::natMx4 chs5D:: hphNT1 This study
CRM2288 W303, MATa, kanMx6::PGAL1-BCH1 bar1D::natMx4 This study
CRM2289 W303, MATa, kanMx6::PGAL1-BUD7 bar1D::natMx4 This study
CRM1821 W303, MATa, CHS6-mCherry::natMx4 Laboratory collection
CRM2179 W303, MATa, CHS5-mCherry::natMx4 Laboratory collection
CRM2235 W303, MATa, BCH2-GFP::hphNT1 This study
CRM2637 W303, MATa, BCH2D118-GFP::natMx4 This study
CRM2639 W303, MATa, BCH2D31-GFP::natMx4 This study
CRM2584 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg1 This study
CRM2586 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg2 This study
CRM2588 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg3 This study
CRM2641 W303, MATa, kanMx6::PGAL1-BCH2-GFP::natMx4 This study
CRM2644 W303, MATa, kanMx6::PGAL1-BCH2D118-GFP::natMx4 This study
CRM2647 W303, MATa, kanMx6::PGAL1-BCH2D31-GFP::natMx4 This study

K. lactis
CRM2632 KHO69-8C, ΜΑΤa, (ura3 leu2 his3:loxP ku80:loxP) Heinisch et al. (2010)
CRM2823 KHO69-8C, MATa, Klchs5D::URA3 This study
CRM2666 KHO69-8C, MATa, Klchs3D::LEU2 This study
CRM2677 KHO69-8C, MATa, Klbch1D::URA3 This study
CRM2701 KHO69-8C, MATa, Klchs6D::LEU2 This study
CRM2712 KHO69-8C, MATa, Klchs6D::LEU2 Klbch1D::URA3 This study

C. albicans
CAI4 ura3::imm434/ura3::imm434 Mio et al. (1996)
CRM693 CAI4, chs3D::ura3D/chs3D::ura3D Sanz et al. (2005)
CRM743 CAI4, chs3D/chs3D ura3D/ura3D Mio et al. (1996)
CRM2499 BWP17, (ura3::imm434/ura3::imm434 his1::hisG/his1::hisG arg4::hisG/arg4::hisG) Enloe et al. (2000)
CRM2531 BWP17, Cachs5D::ARG4/Cachs5D::HIS1 This study
CRM2607 BWP17, CHS3-GFP::SAT1 This study
CRM2628 BWP17, Cachs5D::ARG4/Cachs5D::HIS1 CHS3-GFP::SAT1 This study

U. maydis
CRM2442 FB1, a1 b1 Banuett and Herskowitz (1989)
CRM2443 FB1, a1 b1, Umchs5D::hyg This study
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to the chosen DNA locus. Specific protocols for this technique
have been extensively described (Stuckey et al. 2011).

K. lactis constructions: As in S. cerevisiae, gene deletions
were made using the gene replacement technique; however,
the DNA replacement cassette was highly concentrated (153)
(Rippert et al. 2017). In brief, cells (his3:loxP ku80:loxP, see
Table 1) in log phase were made competent by resuspending
them in a specific solution (1 M sorbitol, 1 mM bicine pH 8.35,
and 3% ethylene glycol) and freezing the resuspension for
at least 2 hr at 280�. Thawed cells were incubated for 5 min
at 37� with 50 ml of FISH DNA and�15 ml of the target DNA.
Then, a 40%polyethylene glycol 3300 solutionwas added and
samples were incubated for 1 hr at 30�. Finally, the cells were
washed and plated on selective growth media.

C. albicans constructions: The replacement cassettes were
made and concentrated in the same way as the K. lactis
constructs. Yeast cells in log phase were transformed using a
modified lithium acetate/electroporation protocol (Thompson
et al. 1998).

U. maydis constructions: Deletion mutants were generated
using the Golden Gate procedure as described (Terfrüchte
et al. 2014). In short, successive steps of cleavage, using the
BsaI restriction enzyme, and DNA ligation with T4 ligase gen-
erated a plasmidwith the gene replacementmoduleflanked by
homologous regions 500 bp in length. For the transforma-
tion, protoplasts were generated using the Novozym extract
and frozen at280�. Thawed cellswere incubatedwith heparin
and concentrated DNA, incubatedwith 40%polyethylene glycol
4000, and finally plated on selective growth media as already
described (Tsukuda et al. 1988).

Plasmid construction

The plasmids used throughout this work are described in
Table 2.

Chs3 hybrid proteins (Sc-Ca) were constructed by homol-
ogous recombination in vivo in S. cerevisiae using centromeric
plasmids and were expressed under the control of the native
promoter of ScCHS3.

TheChs3hybridprotein that contains theC-terminal endof
CaChs3 (Chs3CaCT-GFP) was constructed in two steps. First,
the plasmid pHV7-GFP(NotID) was linearized with NotI restric-
tion enzymeand treatedwithKlenow fragment, and then cotrans-
formed into wild-type S. cerevisiae together with the C-terminal
fragment of CaCHS3 (see Figure S6 in File S1), which had been
previously amplified using dual primers designed from the
genome of the C. albicans BWP17 strain. Several URA+ colonies
were selected and the plasmids were rescued in Escherichia coli
DH5a. After construct verification by sequencing, aGFP tag was
added to the end of the hybrid protein by homologous recom-
bination in the Scchs3D mutant, using the appropriate cassette
amplified from the pFA6a-GFP-hphMx6 plasmid.

The N-terminal hybrid protein (CaNTChs3-GFP) was con-
structed using the plasmid pRS313-CHS3-GFP as a template.

The plasmid was linearized with AgeI, treated with Klenow,
and cotransformed into wild-type S. cerevisiae together with
the N-terminal fragment of CaCHS3 (see Figure S6 in File
S1). HIS+ colonies were then selected, and their correspond-
ing plasmids were rescued using E. coli DH5a and sequenced.

Media and growth assays

Yeast cells were grown at 28� in YEPD (1%Bacto yeast extract,
2% peptone, and 2% glucose) or in synthetic (SD) medium
(2% glucose and 0.7% Difco yeast nitrogen base without
amino acids) supplemented with the pertinent amino acids,
and 2% agar in the case of solid mediums. For the C. albicans
strains, YEPD was supplemented with 80 mg�liter21 uridine
(YEPDU). In most cases, NaCl was added to a final concen-
tration of between 0.7 and 1M, LiCl between 0.01 and 0.2M,
NH4Cl between 0.1 and 0.2 M, hygromycin between 40 and
100 mg�ml21, rapamycin between 2 and 20 nM, and calco-
fluor white (CW) between 0.01 and 0.1 mg�ml21. CW sensi-
tivity was always tested on SD medium buffered with 50 mM
potassium phthalate at pH 6.2 as described (Trilla et al.
1999). For some experiments, yeast extract, glucose, and
supplements (YES) (0.5% Bacto yeast extract, 3% glucose, and
50 mg/liter each of adenine, L-histidine, L-leucine, L-lysine,
and uracil) media was also used.

C. albicans filamentation was induced from stationary cul-
tures as follows: cells from200ml of a stationary culture, grown
in YEPDU for at least 20 hr at 28� (OD600 . 20), were recov-
ered by centrifugation and resuspended in 5 ml of prewarmed
filamentation media (YEPDU with 10% fetal bovine serum).
This culture was incubated at 37� with agitation for 1–3 hr
before the images were taken (Calderón-Noreña et al. 2015).

Drop tests

To assess the growth phenotypes, cells of each tested strain
fromfresh cultureswere resuspended inwater andadjusted to
an OD600 of 1.0. Ten-fold serial dilutions were prepared, and
drops were spotted onto the appropriate agar plates contain-
ing media supplemented as indicated. Plates were incubated
at 28� for 2–5 days.

Gradient plateswere prepared by successively pouring two
layers of media with different compositions. The first layer
(containing the tested compound) was poured into a moder-
ately inclined square Petri dish. After solidification, the plate
was placed into a flat position and the second layer (with the
same composition, only without the inhibitory compounds)
was poured on top (Maresova and Sychrova 2005). In these
experiments, the same diluted culture (OD600 0.1)was spotted
along the plate.

Genetic screening

Wild-type yeast cells (BY4741,MATa his3D1 leu2D0 met15D0
ura3D0) were transformed using the LiAc method with
500 ng of a yEP52 genomic plasmid library (Carlson and
Botstein 1982). Approximately 30,000 transformants were
plated on YPD medium containing 75 mg/ml CW. The colo-
nies that grew on this media were retested for CW resistance
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and later expanded, and the plasmids were isolated and
sequenced.

Fluorescence microscopy

Yeast cells expressing GFP/mCherry-tagged proteins were
grown to early logarithmic phase in SDmedium supplemented
with 0.2% adenine. Living cells were visualized directly by
fluorescence microscopy. Filamentation of C. albicans was per-
formed on YEPDU media, where the cells were washed once
with SD medium before being visualized.

CW staining

Two different protocols were used throughout the work as
described (Arcones and Roncero 2016). For vital staining,
CWwas directly added to 50mg�ml21 of the fresh cells growing
on rich media, and then cultures were incubated at 28� for 1 hr.
For staining of fixed cells, 1ml of logarithmic culturewas centri-
fuged, and cells were resuspended in 200 ml of 3.2% formalde-
hyde and incubated at 4� for 30min. Then, aliquotswerewashed
twice with PBS and incubated for 5 min with 50 mg�ml21 CW.
For hyphal staining, fixed filaments were previously separated
by incubation with proteinase K at 34� for 30 min and later
stained as indicated.

Microscopic images were obtained using a Nikon 90i
epifluorescencemicroscope (3100 objective; NA: 1.45) (Nikon,
Garden City, NY), equipped with a Hamamatsu ORCA ER
digital camera. Tagged proteins were visualized using a
49002 ET-GFP (FITC/Cy2) filter for GFP and a 49005 ET-
DsRed (TRITC/Cy3) filter for mCherry. A 49000 ET-DAPI
filter was used for CW staining (Chroma Technology). The
images were then processed using ImageJ software (National
Institutes of Health) and mounted with Adobe Photoshop

CS5 (San José, CA) software. All images shown in each series
were acquired under identical conditions and processed in
parallel to preserve the relative intensities of fluorescence
for comparative purposes. In all figures, the white bar repre-
sents 5 mm.

Whennecessary, imagemeasurements obtainedwith ImageJ
were statistically analyzedusing theStudent’s t-test forunpaired
data. Analyses were performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA) software. Significantly
different values (P , 0.05, P , 0.01, and P , 0.001) are
indicated (*, **, and ***).

Protein extracts and immunoblotting

Total cell lysates were prepared by resuspending cells from
30 ml logarithmic phase cultures in 150 ml of lysis buffer
(50 mM Tris-HCl pH 8, 0.1% Triton, and 150 mM NaCl) con-
taining 13 protease inhibitor cocktail (1mMPMSF, 1mg�ml21

aprotinin, 1 mg�ml21 leupeptin, and pepstatin A 1 mg�ml21).
Cellswere disrupted using glass beads (0.45mm; Sigma [Sigma
Chemical], St. Louis, MO) during three pulses of 15 sec each
with an intensity of 5.5 units in a Fast prep cell disrupter
(FP120, BIO101). Cell debris was eliminated by centri-
fugation (5 min, 10,0003 g at 4�) and the resultant superna-
tantwas boiled for 5minwith 43 sample buffer (0.2MTris-HCl
pH 6.8, 4% SDS, 40% glycerol, and 4% b-mercaptoethanol).
Next, 100 mg of protein per sample were separated by 7.5%
SDS-PAGE and transferred to PVDF membranes (Trilla et al.
1999). Themembranes were then blockedwith skimmedmilk
and incubated with the corresponding antibodies: anti-GFP
JL-8 monoclonal antibody (Living colors, Clontech) and anti-
tubulin (T5162; Sigma). Blots were developed using an ECL
kit (Advansta).

Table 2 Plasmids used

Plasmid Genotype Origin/reference

CRM264 pRS315 Laboratory collection
CRM264 pRS316 Laboratory collection
CRM254 pHV7::CHS3-GFP(NotID) Laboratory collection
CRM1131 pRS315::CHS3-GFP Sacristan et al. (2013)
CRM1253 pRS313::CHS3-GFP Sacristan et al. (2013)
CRM1929 pRCW3 (yEP52::BCH2::LEU2) This study
CRM1934 pJV30 (PTPI-BCH2::LEU2) This study
CRM1205 pRS316::FUS1-GFP Santos and Snyder (2003)
CRM2670 pHV7::CHS3CaCT-GFP::hphNT1 This study
CRM2650 pRS313::CaNTCHS3-GFP This study
CRM2546 pAG25 (natMx4) Goldstein and McCusker (1999)
CRM1188 pUG6 (kanMx4) Goldstein and McCusker (1999)
CRM1451 pFA6a-hphNT1 Goldstein and McCusker (1999)
CRM2037 pFA6a-kanMx6-PGAL1 Longtine et al. (1998)
CRM1995 pFA6a-GFP-hphNT1 Sato et al. (2005)
CRM1811 pFA6a-GFP-natMx4 Sato et al. (2005)
CRM2653 pFN21 (mCherry-natMx4) Sato et al. (2005)
CRM2360 pGSHU (CORE Delitto Perfetto) Stuckey et al. (2011)
CRM2620 pJJH955L (LEU2) Heinisch et al. (2010)
CRM2621 PJJH955U (URA3) Heinisch et al. (2010)
CRM3236 pFA-CaHIS1 Gola et al. (2003)
CRM3238 pFA-CaARG4 Gola et al. (2003)
CRM2583 pFA-GFP-SAT1 Schaub et al. (2006)
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Data availability

All the strains and plasmids used throughout the work are de-
scribed in Table 1 and Table 2, and are available upon request.

Results

Bch2 is a ChAP with distinct characteristics

Chs3 depends on complex molecular machinery for its de-
livery to the PM (Roncero 2002). In addition, Chs3 has been
shown to contain several post-translational modifications
that affect its intracellular transport. These include palmitoy-
lation (Lam et al. 2006), N-glycosylation (Sacristan et al. 2013),
and ubiquitination (Arcones et al. 2016). Therefore, we aimed
to identify yeast proteins that, when overproduced, would
alter the intracellular transport of Chs3 leading to CW resis-
tance due to the reduction of Chs3 levels at the PM. Conse-
quently, we performed a screen for yeast genes that, when
overexpressed in the yEP52 plasmid, would confer CW resis-
tance. Among the plasmids isolated in this screen, the plasmid
RCW3 contained the BCH2 gene previously linked to the func-
tion of Chs3 (Trautwein et al. 2006) and was used to carry out
the work presented here.

BCH2was subcloned into plasmid pJV30under the control of
the strong triose phosphate isomerase (TPI) promoter, a con-
struct that also promoted CW resistance (Figure 1A). More-
over, overexpression of BCH2 using the plasmid pJV30 resulted
in a strong reduction in fluorescence after CW staining (Fig-
ure 1B), consistent with a reduction in chitin synthesis in
these cells. This result was compatible with our original hy-
pothesis that the overexpression of some proteins could affect
Chs3 trafficking; therefore, the intracellular localization of
Chs3-GFP after BCH2 overexpression was addressed. It was
found that Chs3-GFP was mostly localized at intracellular

spots resembling the TGN in cells containing the pJV30 plas-
mid (Figure 1C). Moreover, localization of Chs3-GFP at the
neck was severely impaired, which explained resistance to
CW and the lower fluorescence staining observed in these
strains. The absence of Chs3 at the ER after BCH2 overe-
xpression discounted the idea of any role of Bch2 in the exit
of Chs3 from the ER, suggesting that Chs3 might be retained
at the TGN. Interestingly, Bch2 is a member of the exomer, a
complex that is involved in the exit of Chs3 from the TGN
(Trautwein et al. 2006). In the absence of a functional
exomer, its cargos are retained in the TGN and their delivery
to the PM is rescued by deletion of the clathrin adaptor com-
plex AP-1; therefore, the effects of BCH2 overexpression in
the aps1D mutant were addressed. As shown in Figure 1D,
deletion of AP-1 alleviated the effects of BCH2 overexpres-
sion, restoring CW sensitivity. Together, these results are con-
sistent with a defect in exomer function with respect to Chs3
traffic after BCH2 overexpression. To test whether this defect
was due to a general failure of exomer assembly or one that
specifically affected Chs3 transport, the localization of Chs5
and Chs6 proteins was monitored. The dotted Chs5 localiza-
tion was not affected by pJV30, but Chs6, the ChAP protein
acting as the dedicated cargo adaptor for Chs3, was not as-
sembled into the exomer, as can be seen by its diffuse cytoplas-
mic localization upon BCH2 overexpression. Moreover, the high
level of Bch2 did not affect the intracellular localization of the
other exomer cargos Fus1 and Pin2 (see Figure S2 in File S1
and Table 3). Apparently, high levels of Bch2 specifically dis-
placed the dedicated cargo adaptor for Chs3 from the exomer
complex.

Then, we addressed whether overexpression of other
ChAPs would have similar effects by expressing individual
ChAPs from the strong inducible GAL1 promotor. In glucose
media, only the absence of CHS6 led to CW resistance, the

Figure 1 Phenotypes of BCH2 overexpression. (A) Calco-
fluor white (CW) resistance promoted by multicopy plas-
mids pRCW3 and pJV30, both containing BCH2. (B) CW
vital staining of the indicated strains. Note the reduction of
fluorescence after BCH2 overexpression. (C) Localization
of Chs3-GFP in chs3D strains transformed with the indi-
cated plasmids. Numbers indicate the percentage of cells
showing localization at the neck (n . 100). (D) CW resis-
tance of the indicated mutants transformed with control or
pJV30 plasmids. Note the sensitization to CW in the aps1D
mutant after BCH2 overexpression. These experiments
were always performed in strain CRM1590 (chs3D::natMx4)
transformed with plasmids pRS315 or pRS315-Chs3-GFP as
indicated. (E) Localization of Chs5-mCh and Chs6-mCh after
BCH2 overexpression (pJV30). Chs5-mCh and Chs6-mCh are
tagged on the chromosome. (F) CW resistance after over-
expression of the different ChAPs. Experiment was carried
out in wild-type (WT) cells in which the pGAL promoter was
inserted at the chromosome replacing the endogenous pro-
moter of each ChAP. Overexpression of the different ChAPs
was achieved by growth in galactose-supplemented media.
Note that cells grown in glucose should behave similarly to
null mutants of the corresponding genes. Also see Figure S2
in File S1 for a more complete set of experiments.
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same result as reported for the chs6D mutant (Trautwein
et al. 2006). In galactose, overexpression of BCH2, but not
of any of the other ChAPs, promoted CW resistance (Figure
1F). In addition, none of the overexpressed ChAPs produced
sensitivity to lithium, another classical phenotype associated
with the absence of exomer (Ritz et al. 2014) (see Figure S2
in File S1 and Table 3). However, overexpression of BCH2
also caused partial sensitivity to ammonium that may be as-
sociated with the reduced functioning of the Bud7/Bch1
proteins.

Altogether, these results indicate that the deleterious ef-
fects of ChAPs overexpression are specific for BCH2 and di-
rectly linked to Chs6 function, probably due to the similarity
between these proteins (Trautwein et al. 2006). Interestingly,
Bch2 contains a unique C-terminal region (see Figure S3A in
File S1) that makes it longer than any of the other ChAPs.
This region includes a potential SH3 interaction domain
(Tonikian et al. 2009). To assess the potential function of
the C-terminal region, the most C-terminal 31 amino acids
were deleted. Wild-type Bch2-GFP typically localizes at the
TGN but, after overexpression, Bch2-GFP also appeared ex-
tensively associated with cellular membranes (Figure S3, B
and C in File S1). However, while Bch2D31-GFP localized at
the TGN, similar to the wild-type protein, its overexpression
did not lead to it being accumulated on internal membranes
to the same extent (Figure S3, B and C in File S1). The primary
TGN localization signal appeared to be upstream of the unique
C-terminal region, because a larger deletion in the C-terminal
region of Bch2 (D118) completely altered the TGN localization
of the protein. More importantly, unlike overexpression of
Bch2-GFP, overexpression of Bch2D31-GFP did not produce
CW resistance, indicating that the effects of BCH2 overex-
pression on Chs3 transport are associated with its unique
C-terminal region (Figure S3D in File S1). However, this re-
gion is not the only reason for the CW resistance phenotype, as
transplanting the C-terminal region of Bch2 onto Bch1 did not
promote CW resistance upon overexpression (Figure S3E in
File S1).

The evolutionary story of the ChAPs family

Our results clearly indicated that Bch2 behaved differently
from other members of the ChAPs family. Therefore, we
addressed the evolutionary divergence among the different
ChAPs, taking into consideration that exomer is a complex
that is conserved across the fungi kingdom.While the exomer
scaffold Chs5 is well conserved across fungi (Roncero et al.
2016), the ChAPs are not, since most fungi contain a unique
ChAP. Moreover, duplication of ChAPs occurred later on in
their evolution because more than one ChAPs can only be
found within the Saccharomycotina group (Figure 2A, see
also Figure S4 in File S1). A direct comparison of ChAPs se-
quences (Figure 2B) indicated that the oldest ChAP, Bch1,
was relatively well conserved, and the dendrogram identified
three separated clades that resembled the evolutionary history
of the Saccharomycotina group. When Bch1 sequences from
different fungi (Figure 2B) were compared, early branching

genera, such as Yarrowia, (Figure 2, A and B) appeared pref-
erentially associated with fungi from the other major groups
rather than with other members from the Saccharomycotina.
This Bch1 comparison clearly separated the CTG clade (spe-
cies that translate CTG codon as serine) (Wang et al. 2009)
within the Saccharomycotina group. Both CTG and non-CTG-
containing genera contained two ChAPs, but the direct compar-
ison of the second ChAP, Chs6, clearly differentiated the two.
Also, the CTGmembers that were outside the main branches of
the tree had very divergent versions of Chs6 (Figure 2B), with
some intermediate representatives like Wickerhamomyces
anomalus. Somehow these differences effectively recapitulate
the evolutionary history reported within the Saccharomycotina
group (Figure 2A). Later on, the whole-genome duplication
(WGD) associated with the WGD clade (Saccharomyces genus)
led to the appearance of the four ChAPs that have been pre-
viously identified and characterized in S. cerevisiae.

Addressing exomer function across fungi

Considering the evolutionary divergence of the ChAPs family,
additional studies were conducted to investigate the most
primitive function of exomer by deleting CHS5, the core com-
ponent of exomer in several fungi. The basidiomycete U.
maydis and the CTG representative C. albicans were chosen
because chitin synthesis has been studied in some detail in
both organisms (Weber et al. 2006; Lenardon et al. 2010b). In
addition, K. lactis was used as a close relative of S. cerevisiae
without genome duplication. Deletions were performed as
described for each organism (see Materials and Methods sec-
tion for details), and CW resistance was addressed using
the corresponding chs3D mutant as a control. As shown in
Figure 3A, deletion of CHS5 only conferred resistance to CW

Table 3 Effects of altering exomer configuration by deleting or
overexpressing different ChAPs

Growtha Cargo localizationb

Strain CW LiCl NaCl Hyg NH4Cl Chs3 Fus1 Pin2

WT — ++ ++ ++ ++ + + +
chs5D +++ — — — — — — —

chs6D +++ ++ ++c NT ++ — + +
bch2D — ++ ++c NT ++ + + +
bch1D — ++ NT NT ++ + + +
bud7D — ++ NT NT ++ + + +
chs6D bch2D +++ — + ++ ++ — + +
bch1D bud7D +++ ++ + — 6 — — +
pGAL-BCH1OE — ++ ++ ++ ++ + + +
pGAL-BCH2 OE +++ ++ ++ ++ + — + +
pGAL-BUD7 OE — ++ ++ ++ ++ + + 6
pGAL-CHS6 OE — ++ ++ ++ ++ + + +

WT, wild-type; NT, not tested.
a Growth was assessed on YEP plates, using glucose or galactose (OE) as carbon
sources and defined as being from maximum (+++) to minimum (2). Also see
Figure S2 in File S1 for the real results after serial dilutions of the different strains.

b Localization was assessed microscopically using the tagged versions of the exomer
cargos Chs3-GFP, Fus1-GFP, and Pin2-GFP expressed from their own promoters
from centromeric plasmids or the chromosome, as indicated in Materials and
Methods. (+) indicates normal arrival of the cargo at the PM, while (2) indicates
retention at the trans-Golgi network.

c Data collected from previous reports (Trautwein et al. 2006; Ritz et al. 2014).
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in S. cerevisiae. This result is consistent with the absence of
caspofungin sensitivity outside S. cerevisiae considering that
both phenotypes have been previously linked to defective
chitin synthesis (Markovich et al. 2004). Next, chitin was
visualized directly using CW staining after cell fixation (Figure
3B). Chitin rings similar to those of wild-type were neatly
visible in Klchs5D and Cachs5D strains at the neck region,
but not in the corresponding chs3D controls. Likewise,U.maydis
chs5D cells also showed apparent normal CW staining. Sur-
prisingly, the best-studied role of exomer in S. cerevisiae, namely
controlling Chs3 PM localization and hence chitin synthesis,
is not conserved in U. maydis, C. albicans, or even K. lactis.

S. cerevisiae exomermutants display additional phenotypes
like sensitivity to cationic compounds or rapamycin (Parsons
et al. 2004). Therefore, these exomer mutant phenotypes
were also tested in these other fungi (Figure 3C). As a result,
no phenotypes were found for U. maydis or C. albicans chs5D
mutants, except for a slight sensitivity to rapamycin. How-
ever, the K. lactis chs5D mutant was sensitive to lithium and

hygromycin, the same as S. cerevisiae (see also Figure 4A).
However, in contrast to Scchs5D, Klchs5D was resistant to
high concentrations of NaCl.

In summary, most of the phenotypes associated with the
absence of exomer in S. cerevisiae, including reduced chitin
synthesis or sensitivity to NaCl, were not observed in other
fungi, and only sensitivity to LiCl was observed in K. lactis, a
close relative of S. cerevisiae. Taken together, our data indi-
cate that at least some of the exomer functions reported to
date were most probably acquired in correlation with the
expansion of the ChAPs family.

ChAPs have maintained redundant functions in K. lactis,
but have acquired divergent functions in S. cerevisiae

If the previous statement is true, then what is the conserved
function of exomer? To answer this question, the phenotypes
exhibited by the different exomer mutants of K. lactis and
S. cerevisiae were studied. In S. cerevisiae, individual ChAPs
mutants other than chs6D had no clear phenotypes (Table 3),

Figure 2 Phylogeny of ChAPs (Chs5-Arf1 binding proteins) along fungi. (A) Phylogenetic tree of the Saccharomycotina clade. Major evolutionary
lineages are indicated, including the proposed EB groups. Tree images were obtained from MycoCosm portal (Grigoriev et al. 2014). The number of
ChAPs members identified in each group is indicated on the right. Note the presence of a single ChAP in all early branched genera, which is similar to
other major groups of fungi (see also Figure S4 in File S1). (B) A phylogenetic analysis of the ChAPs family. Individual proteins were identified by BLAST
analysis and a multiple alignment with CLUSTALW was later performed. Analysis is represented as a rooted phylogenetic tree (UPGMA) with branch
lengths. Only the genes within the genus Saccharomyces have been named, and the letters A and B have been used to indicate the homologous closest
to ScBch1 and ScChs6, respectively. See text for a more detailed description of the tree. BLAST, basic local alignment search tool; CTG, species that
translate CTG codon as serine; EB, early branched; WGD, whole-genome duplication.
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owing to genetic redundancy between the homologous pro-
tein pairs Bud7/Bch1 and Chs6/Bch2. Only the simultaneous
deletion of both CHS6 and BCH2 genes produced lithium
sensitivity in S. cerevisiae, which turned out to be identical
to that of the chs5D mutant (Figure 4A). In contrast, the
bch1D bud7D doublemutant was sensitive to hygromycin like
the chs5D mutant, but the mutant chs6D bch2D was not (Fig-
ure 4A). All together, these results indicate that the S. cerevisiae
ChAPs pairs have distinct and nonredundant roles regarding
their function on exomer. In K. lactis, the individual ChAPs
mutants exhibited no distinctive phenotypes, since bothKlbch1D
and Klchs6Dmutants were resistant to lithium and hygromycin,
similar to wild-type (Figure 4B). Furthermore, only deletion of
both ChAPs (Klbch1D chs6Dmutant) fully reproduced the phe-
notypes associated with the absence of exomer (Klchs5D), a
clear indication of the functional redundancy between both
ChAPs.

Next, the sensitivity of S. cerevisiae exomer mutants to a
high concentration of NH4

+ in both defined (not shown) and
richmedia (Figure4C, see also FigureS2 inFile S1)was analyzed.
This sensitivity could be distinctively linked to the function of
Bch1/Bud7, since the chs6D bch2D mutant grew in a similar
way as the control. The K. lactis chs5Dmutant was not sensitive
to a high concentration of ammonium; however, the mutant

showed reduced growth on YES media (Figure 4C). YES is a
complexmedia capable of supporting the growth of S. cerevisiae
using yeast extract and a limited supply of amino acids (his-
tidine, leucine, and lysine; seeMaterials andMethods for further
details on the media composition) as the nitrogen source.
Figure 4C shows thatKlchs5D, as well as Klbch1D and Klbch1D
chs6D, were not able to grow on YES media, but that NH4

+

restored the full growth of all of these strains.Moreover, amino
acids like Asp or Glu, which are used as the preferred nitrogen
source in yeast, also improved the growth of the Klbch1D
ChAP mutant, although this was not the case of the Klchs5D
mutant lacking a functional exomer. Other amino acids did
not have an effect on the growth of any of the strains tested.
Interestingly, the Klchs6D mutant grew normally on YES me-
dia but, in the absence of Bch1, the presence of a functional
Chs6 was required for the use of Asp or Glu as a nitrogen
source, since these amino acids were not able to improve the
growth of the double Klbch1D chs6D mutant. These results
indicate that the K. lactis exomer mutants have a significant
defect in the utilization of amino acids as a source of nitrogen,
which requires the presence of at least one functional ChAP.
This result reinforces the idea that both ChAPs are functionally
redundant in this organism, although the role of Bch1 in this
process seems to be more important.

Figure 3 Characterization of exomer mutants in different
fungi. (A) Sensitivity of the chs5D mutants of different
fungi to calcofluor white (CW) and caspofungin, as com-
pared to the corresponding wild-type (WT) and chs3D mu-
tants used as controls. chs3D mutants were resistant to
CW and sensitive to caspofungin in all organisms, but only
the S. cerevisiae chs5D exomer mutant reproduced this
phenotype. (B) CW staining of fixed cells on the indicated
strains and organisms. Note the absence of chitin rings in
all the chs3D mutants, which did not occur in the chs5D
mutant, except in S. cerevisiae. U. maydis chs5D mutant
showed normal CW vital staining. (C) Extended character-
ization of phenotypes of the different mutants. Cells were
grown to early logarithmic phase, serial diluted, and plated
on the indicated media. Growth was score after 2–3 days
of growth at 28�.
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Exomer regulates chitin synthesis localization in
C. albicans

Chitin synthesis in C. albicans is well documented and is
mainly dependent on the delivery of CaChs3 to the PM (Sanz
et al. 2005; Lenardon et al. 2010a). Previously, it was said that
the amount of chitin seemed similar in the chs5D and wild-type
strains of C. albicans after CW staining and, accordingly, the
Cachs5D mutants did not show significant changes in their
sensitivity to CW or caspofungin (Figure 3). However, upon
CW vital staining, it was observed that fluorescence was par-
tially delocalized in theC. albicans chs5Dmutant,which showed
lateral staining in most buds in addition to the normal staining
at the neck (Figure 5A). Moreover, in the wild-type strains,
chitin was uniformly distributed during hyphal elongation ex-
cept at the tip of the hypha. This distribution was similar to that
observed in the chs5Dmutant, although a longer portion of the
tip remained consistently devoid of fluorescence in the mutant
(Figure 5A, see also Figure S5 in File S1), suggesting a partial
delocalization of chitin. This defect did not significantly affect
C. albicansmorphogenesis since cellfilamentation occurred nor-
mally in the exomer mutants under all the conditions tested
(Figure S5 in File S1 and data not shown). To understand this

phenotype, CaChs3 localization was determined by tagging
the endogenous CaCHS3 gene with GFP (Sacristan et al. 2012).
In the wild-type strain, CaChs3-GFP appeared mostly localized
at the neck of yeast cells and also showed a partial distribu-
tion along the membrane of the small buds (Figure 5, B and
C). The Cachs5D mutant showed a similar accumulation of
CaChs3-GFP at the neck, but fluorescence seemed to be
strongly reduced in the bud membranes (Figure 5, B and
C). Moreover, the intracellular spots observed for Chs3 were
significantly more intense than in the wild-type. Similar re-
sults were observed during hyphal growth, where CaChs3
was fully polarized in the tips of wild-type cells with a neat
gradient extending from the tip. This polarization seemed
reduced in the Cachs5D mutant, showing a more uniform
distribution of the protein along the tip (Figure 5B and Figure
S5B in File S1), which was associated with a higher accumu-
lation of the protein at intracellular spots. Altogether, these
results indicate that CaChs3 efficiently reaches the PM in the
absence of exomer. However, exomer could have a role in
the polarized delivery of CaChs3 from the TGN, a finding that
is similar to what has been recently observed for the Ena1
protein of S. cerevisiae (Anton et al. 2017).

Figure 4 Phenotypic characterization of
exomer mutants in S. cerevisiae and K. lac-
tis. Growth of the indicated S. cerevisiae (A)
and K. lactis (B) mutants on YEPD gradient
plates containing increasing concentrations
of different compounds. Logarithmic cultures
were diluted OD600 0.1 and spotted at iden-
tical concentrations along the gradient plate.
(C) Growth of the indicated S. cerevisiae strains
on complex media supplemented with NH4Cl.
(D) Growth of the indicated K. lactismutants
on YES media supplemented with the indi-
cated nitrogen sources. Panel on the right
represents the plate supplemented with Lys,
where the results with either amino acid were
identical. (C and D) show early logarithmic
phase cultures grown on YEPD that were se-
rial diluted and spotted onto the different
plates. Note the specific sensitivity of S. cer-
evisiae exomer mutants to high concentra-
tions of NH4Cl, which is not observed in the
corresponding mutant in K. lactis. The indi-
vidual ChAPs mutants of S. cerevisiae did not
showed sensitivity toward any of the com-
pounds used in this figure (see Figure S2B
in File S1), therefore only the double ChAPs
mutants were tested. K. lactis contains only
two ChAPs, therefore the results for the indi-
vidual mutants are presented. Note that in
S. cerevisiae always one of the double mu-
tants behaved exactly as the null exomer mu-
tant chs5D, while in K. lactis the individual
mutants lacked phenotype and only the ab-
sence of the two ChAPs showed a phenotype
equivalent to the null chs5D mutant. YEPD,
1% Bacto yeast extract, 2% peptone, and
2% glucose; YES, yeast extract, glucose, and
supplements; WT, wild-type.
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A similar situation has been previously described in S.
cerevisiae, where the absence of the AP-1 complex resulted
in partially delocalized chitin deposition (Figure 5D). More-
over, a double mutant (chs5D aps1D) lacking exomer and
AP-1 complexes regained chitin synthesis and CW sensitivity
as compared to the single exomer mutant (chs5D) (Figure
5D) (Valdivia et al. 2002). However, chitin localization in this
doublemutant wasmore diffuse than in thewild-type (Figure
5D), being also partially resistant to CW. This behavior has
been linked to the interaction of ScChs3 to both exomer and
AP-1 complexes through specific cytosolic domains of the
protein (Rockenbauch et al. 2012; Starr et al. 2012). Thus,
a simple explanation for the results found in C. albicans may
be associated with the different interactions of CaChs3 with
these complexes.

However, whether or not the differences between the
ScChs3 and CaChs3 proteins are enough to sustain such a
hypothesis still needs to be addressed. It is known that both
proteins have a very similar sequence (see Figure S6 in File
S1) with .50% overall identity and 61% identity in the re-
gion containing the catalytic domain of the protein. However,
the C-terminal region of CaChs3 is significantly longer. In-
terestingly, this lengthy C-terminal cytosolic region is also
present in the Chs3 of different fungi (Figure S6B in File
S1), indicating unique properties for the Chs3 from Saccha-
romyces, even between the non-CTG clade. Moreover, the
N-terminal region of both proteins is also divergent and,
more importantly, the first 50 amino acids are very different
(Figure S6C in File S1). These N- and C-terminal regions of
ScChs3 contain the domains required for its interaction with
AP-1 and exomer complexes. Therefore, it is tempting to specu-
late that the differences in these regions between ScChs3 and
CaChs3 (see Figure S6, C and D in File S1) are responsible
for the different behavior. This question was addressed by

investigating the behavior of chimeric Chs3 proteins in S. cerevisiae.
CaChs3 has been shown to be nonfunctional in S. cerevisiae
because of its extensive retention at the ER (Jimenez et al.
2010). Thus, hybrid proteins were generated by replacing
the N- and C-terminal regions of ScChs3 with their corre-
sponding regions from CaChs3. The protein Chs3CaCT, which
contains the C-terminal region of CaChs3 (see Figure S6D in
File S1 for details on the construction), was not functional
since cells expressing this chimaera were resistant to CW
(Figure 6A) and showed reduced levels of chitin after CW
staining (Figure 6B). In contrast, the protein CaNTChs3, which
contains the N-terminal region (see Figure S6C in File S1 for
details), was functional because its expression led to normal
chitin levels. When these proteins were expressed in the
Scchs5Dmutant, the Chs3CaCT-containing strains had no chitin
and were resistant to CW. This was also the case for the strain
expressing wild-type ScChs3. However, the CaNTChs3 protein
promoted chitin synthesis as shown by CW staining and sen-
sitivity to this drug (Figure 6, A and B), a phenotype very similar
to that observed after the expression of the L24AScChs3 pro-
tein (Starr et al. 2012). When expressed in the aps1Dmutant,
the Chs3CaCT sustained partial chitin synthesis conferring
CW sensitivity, while CaNTChs3 behaved similar to the wild-
type ScChs3. In agreement with these phenotypic results,
Chs3CaCT-GFP was unable to efficiently reach the neck region
in the wild-type strain, although deletion of APS1 restored
the arrival of this chimeric protein at the PM (Figure 6, C and
D). Moreover, CaNTChs3-GFP partially reached the PM, even
in the absence of exomer (Figure 6, C and D). Therefore, our
results indicate that the N- and C-terminal regions of CaChs3
are unable to efficientlymediate the interaction of these hybrid
proteins with AP-1 and exomer, respectively, although it could
be argued that these results were obtained with chimeric pro-
teins in a heterologous host such as S. cerevisiae. However, the

Figure 5 Characterization of chitin synthe-
sis in C. albicans. (A) CW vital staining of
C. albicans yeast cells strains as indicated
(upper panels). Staining was performed for
60 min. For hyphal visualization (lower pan-
els), filamentation was induced for 2 hr and
staining was performed on fixed cells as de-
scribed in theMaterials and Methods section.
Note the different localization of chitin in the
mutant in both yeast and hyphal cells. (B)
Intracellular localization of CaChs3-GFP on
yeast and hyphal cultures. (C) Panel represents
numerical analysis of CaChs3-GFP localization
in yeast (n = 3, .100 cells counted in each
experiment). Note the apparent loss of signal
for CaChs3-GFP in the buds of the exomer
mutant. (D) CW vital staining of the indicated
mutants of S. cerevisiae. Note the partial de-
localization of chitin to the bud in the aps1D
mutants, a result similar to that observed in
the Cachs5D mutant (A). See Figure S5 in File
S1 for additional data on chitin and CaChs3-
GFP localization. CW, calcofluor white; WT,
wild-type.
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in vivo results obtained for C. albicans (Figure 4 and Figure
5) strongly support the model in which CaChs3 does not
depend on exomer for Chs3 delivery to the PM, justifying
the absence of exomer- and AP-1-interacting domains in this
protein. Apparently, the physiological dependence on exomer
and AP-1 for the trafficking of Chs3 is a distinctive character-
istic of the genus Saccharomyces, which was acquired very late
in the evolution of fungi.

Discussion

TGN is the main cargo sorting station in eukaryotic cells. At
this location, and with the help of several cargo adaptor
complexes, decisions for the delivery of proteins to the dif-
ferent cellular compartments aremade (Guo et al. 2014). One
of these cargo adaptors is exomer, a heterotetrameric com-
plex that is conserved across fungi with no known metazoan
homologs (Trautwein et al. 2006; Paczkowski et al. 2012).
According to studies performed using Chs3 as an exomer-
dependent cargo model, exomer is thought to mainly interact
with cargos through the ChAPs (Rockenbauch et al. 2012;
Weiskoff and Fromme 2014). These studies identified the
ChAP Chs6 as the specific adaptor for this cargo. However,
while Chs3 is a well-conserved protein across fungi, Chs6 is
not, appearing relatively late in evolution between the Sac-
charomycotina clade ((Roncero et al. 2016) and Figure 2).

This calls into question our current model that regards exomer
as a dedicated cargo adaptor.

The results reported in this work support the idea that
exomer is an evolutionarily ancient complex, and that some of
its functions have been delineated along evolution as the
number of ChAPs increased among some fungal groups.

Exomer, a single fungal complex diversified along
Saccharomycotina evolution

Our extensive search for exomer components across the fungi
kingdom identified a single Chs5 protein in all fungi, but a
variable number of ChAPs members. Interestingly, the diver-
gence of ChAPs correlates with the evolutionary history of
fungi througha singleduplicationevent fromthe singleChAPs
ancestor, Bch1, early after the branching of the Saccharomy-
cotina group. This was followed by a much later second
duplication event associated with the WGD extensively re-
ported for the Saccharomyces genus (Wang et al. 2009). More-
over, no loss of any of the ChAPs was detected among the
different groups, except forMicrosporidia. This highlights the
ancestral significance of exomer and also the potential conser-
vation of the functions associated with exomer. A specializa-
tion of ChAPs throughout evolution fits nicely with the current
model for exomer assembly. The oldest ChAP, Bch1, seems to
be the most efficient in assembling exomer complexes at the
TGN, a function partially retained by its close homolog Bud7
(Huranova et al. 2016). Accordingly, Bch1 is the ChAP protein

Figure 6 Functional characterization of chimeric Chs3
proteins. (A) Calcofluor (CW) resistance promoted by the
chimeric proteins Chs3CaCT-GFP and CaNTChs3-GFP in the
indicated S. cerevisiae strains compared to the wild-type
ScChs3-GFP used as the control. (B) CW vital staining of
the same strains as in (A). (C) Intracellular localization of
ScChs3-GFP, Chs3CaCT-GFP, and CaNTChs3-GFP in the in-
dicated strains. (D) Quantitative analysis of the images in
(C) (n = 4, .100 cells/experiment). Note the reduced
arrival of Chs3CaCT-GFP at the PM, which is restored in
in the aps1D mutant. In contrast, CaNTChs3-GFP arrives
partially at the PM even in the chs5D mutant. See Figure
S6 in File S1 and Materials and Methods for details on the
chimeric constructs.
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with the largest capacity to promote the membrane remodel-
ing activity associated with exomer in vitro (Paczkowski and
Fromme 2014). By contrast, Chs6 presents a more specialized
function such as a dedicated cargo adaptor (Paczkowski and
Fromme 2014). Moreover, our results indicate that Bch2 could
have acquired distinctive characteristics owing to the late in-
corporation of a specific region within its C-terminal domain.

This model raises the significant biological question of
whether the role of exomeras a cargoadaptor is evolutionarily
conserved. If this is not the case, then what is the conserved
function of exomer?

Exomer probably has an ancestral role in the intracellular
transport of multiple TM proteins

The S. cerevisiae exomer mutants showed additional pheno-
typic traits that were not associated with known cargos such
as sensitivity to alkali metals, hygromycin, or ammonium.
Sensitivity to sodium and lithium in S. cerevisiae has been
recently associated with defects in Ena1, a protein that be-
haves as a nonconventional cargo for exomer (Anton et al.
2017). Interestingly, the Klchs5D and double Klbch1D chs6D
mutants also showed lithium sensitivity, but neither of the
individual ChAPsmutants, Klbch1D orKlchs6D, exhibited this
phenotype, clearly indicating functional redundancy between
both ChAPs. Similar results were obtained for the sensitivity to
hygromycin. However, in S. cerevisiae there is limited redun-
dancy between Chs6/Bch2 and Bch1/Bud7 pairs based on the
different phenotypes exhibited by the double mutants, sug-
gesting a functional specialization of ChAPs along the evolu-
tionary transit between the clades represented by S. cerevisiae
and K. lactis.

The results obtained with respect to ammonium toxicity,
although more difficult to interpret, point in the same direc-
tion. The absence of the Bch1/Bud7 pair would be directly
responsible for ammonium toxicity in S. cerevisiae, with the
Chs6/Bch2 pair playing a minor role. The K. lactis chs5D mu-
tantwas insensitive to ammoniumbut did showmuch reduced
growth on YES medium. This effect was probably due to a
defective intake of external amino acids, since this effect was
reversed when the media was supplemented with additional
nitrogen sources. This phenotype is probably linked to the
ammonium toxicity observed for S. cerevisiae, because it has
been shown to be ameliorated by the extrusion of intracellu-
lar amino acids through the Ssy1-Ptr3-Ssy5 (SPS) sensing
pathway induced amino acid transporters (Hess et al. 2006).
Defective transport of amino acids in the exomer mutants
could be responsible for the ammonium toxicity in S. cerevisiae,
and also for the defective use of amino acids as a nitrogen source
inK. lactis.Moreover, the restoration of growth onYESmedium,
produced by Asp or Glu inK. lactis, was only achievedwhen one
ChAPwas present, a clear indication that the use of these amino
acids depends on a functional exomer, which highlights the
functional redundancy between both ChAPs in K. lactis. At pre-
sent, it is unclear whether these exomer-associated defects are
due to a defective transport of specific amino acid permeases to
the PM or a more general defect in the SPS-sensing system.

Interestingly, the exomer mutants from all the different organ-
isms tested share a slight sensitivity to rapamycin. This pheno-
type is easily associated with a defective use of nitrogen sources
that might explain the evolutionary conservation of exomer
across fungi and provides the basis for a more thorough search
regarding the ancestral molecular role of exomer.

The unique properties of exomer as a cargo adaptor of
Chs3 in S. cerevisiae

Exomer has been defined as a cargo adaptor in S. cerevisiae
owing to the identification of three cargos—Chs3, Fus1 and
Pin2—which depend on their interaction with exomer for
arrival at the PM (Trautwein et al. 2006; Barfield et al.
2009; Ritz et al. 2014). However, only Chs3 has been clearly
shown to depend on the dedicated ChAP protein Chs6 for its
interaction with exomer (Rockenbauch et al. 2012). Based on
this, the Scchs5D and Scchs6Dmutants share strongly reduced
chitin levels and CW resistance (Roncero 2002). However,
deletion of the common exomer component Chs5 inU.maydis,
C. albicans, or K. lactis did not produce a significant reduction
in chitin synthesis, despite the fact that the Chs3 homologs of
U. maydis and C. albicans are evolutionarily conserved and
have been shown to be responsible for most chitin synthesis
in these organisms (Mio et al. 1996; Weber et al. 2006). Thus,
this result argues against a general role of exomer as a cargo
adaptor in fungi. Chs6 acts at the exomer as a cargo adaptor for
ScChs3 by interacting directly with its C-terminal cytosolic
domain (Rockenbauch et al. 2012). However, the replacement
of the C-terminal region of ScChs3 by its counterpart region
from CaChs3 led to a protein that is not exported from TGN,
probably due to its inability to interactwithChs6. Interestingly,
the C-terminal region of Chs3 is not conserved across fungi,
suggesting that interaction between Chs3 and exomer could
have been developed late along Saccharomycotina evolution,
which is in concordance with a late specialization of the mem-
bers of the ChAPs family after the WGD.

However, this does not explain the absolute requirement of
exomer for ScChs3 trafficking to the PM. An additional char-
acteristic of all known exomer cargos is their interaction with
the AP-1 complex. Moreover, ScChs3 interacts with AP-1
through a distinct region on its N-terminal cytosolic domain
(Starr et al. 2012;Weiskoff and Fromme 2014). This region is
poorly conserved across fungi, and the replacement of the
ScChs3 N-terminal region by the corresponding region from
CaChs3 produced a chimeric protein that interacted poorly
with AP-1 based on phenotypic analysis. These results sug-
gest that CaChs3 interacts poorly with exomer and AP-1 com-
plexes. The in vivo results obtained in C. albicans are also
consistentwith this interpretation, because the exomermutant
Cachs5D shows a reduced polarization of CaChs3 resulting in a
delocalized deposition of chitin. This situation is similar to that
described for the S. cerevisiae chs5D aps1D double mutant, and
thus is fully compatiblewith the absence of an in vivo interaction
of CaChs3 with exomer and AP-1 complexes in C. albicans cells.

Pin2 is another bona fide cargo of exomer in S. cerevisiae,
for which Bch2 is the probable cargo adaptor (Ritz et al.
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2014; Anne Spang, unpublished results); therefore, it would
be interesting to test our model using a different cargo. Un-
fortunately, Pin2 is poorly conserved across fungi, making it
an unsuitable experimental model. Nonetheless, our results
strongly support a model in which the role of exomer as cargo
adaptor for Chs3 has evolved in S. cerevisiae linked to the
engagement of AP-1 in the transport of Chs3.

The results presented within this paper recapitulate the
evolutionary story of exomer and highlight its progressive
specialized role as a cargo adaptor along the Saccharomyco-
tina after theWGDevent, a process that is compatiblewith the
maintenance of its ancestral functions in the transport of
diverse TM proteins. This model is fully compatible with
the role proposed for themost ancestral ChAP, Bch1, in vesicle
generation at the TGN (Paczkowski and Fromme 2014), and
the absence of any know cargos for this protein or its close
relative Bud7. Moreover, it has not been possible to identify
any role for exomer as a cargo adaptor in C. albicans and
K. lactis, once more indicating that this functional specializa-
tion most probably occurred very late. The absence of any rele-
vant phenotypes for the exomer mutants of U. maydis and
C. albicans still remains intriguing, and raises questions con-
cerning the most ancestral role of exomer. This would most
likely become relevant during stressful conditions, as has
been recently reported for S. pombe (Hoya et al. 2017).
However, fungi are adapted to very different ecological niches,
which would require additional efforts to identify common
stressful conditions for the characterization of the phenotypes
associated with the absence of exomer in different fungi.
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