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C5 conserved region of hydrophilic C-terminal part of
Saccharomyces cerevisiae Nha1 antiporter determines its
requirement of Erv14 COPII cargo receptor for
plasma-membrane targeting
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Abstract
Erv14, a conserved cargo receptor of COPII vesicles, helps the proper trafficking of
many but not all transporters to the yeast plasma membrane, for example, three out
of five alkali-metal-cation transporters in Saccharomyces cerevisiae. Among them, the
Nha1 cation/proton antiporter, which participates in cell cation and pH homeostasis,
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is a large membrane protein (985 aa) possessing a long hydrophilic C-terminus (552
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veals that only ScNha1 versions possessing the complete C5 region are dependent

aa) containing six conserved regions (C1–C6) with unknown function. A short Nha1
version, lacking almost the entire C-terminus, still binds to Erv14 but does not need
it to be targeted to the plasma membrane. Comparing the localization and function
of ScNha1 variants shortened at its C-terminus in cells with or without Erv14 reon Erv14. In addition, our broad evolutionary conservation analysis of fungal Na+/H+
antiporters identified new conserved regions in their C-termini, and our experiments
newly show C5 and other, so far unknown, regions of the C-terminus, to be involved
in the functionality and substrate specificity of ScNha1. Taken together, our results
reveal that also relatively small hydrophilic parts of some yeast membrane proteins
underlie their need to interact with the Erv14 cargo receptor.
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1 | I NTRO D U C TI O N

et al., 2018)) resides in the plasma membrane of yeast cells, where
it is involved in the export of alkali metal cations using the en-

Intracellular homeostasis needs to be tightly regulated in all living

ergy of the electrochemical gradient of protons generated by the

cells, including the model yeast Saccharomyces cerevisiae. Various

Pma1 H+-ATPase. Thanks to its broad substrate specificity for

transport systems localized either in the plasma membrane or in the

four alkali metal cations (Li+, Na+, K+, and Rb +), it not only takes

membranes of organelles cooperate to ensure the proper concen-

part in the detoxification of cells, but also plays a housekeeping

trations of alkali metal cations in cellular compartments (reviewed in

role while being involved in the maintenance of cell potassium

(Arino et al., 2010)).

homeostasis, intracellular pH, or plasma-membrane potential

The Nha1 Na+, K+/H+ antiporter (Prior et al., 1996) belonging

(Prior et al., 1996; Banuelos et al., 1998; Kinclova et al., 2001b;

to the CPA1 group of cation/proton antiporters (CPAs, (Masrati

Kinclova-Zimmermannova et al., 2006). Nha1 is a large polytopic
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transmembrane protein which is predicted to be composed of a
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the COPII coat (Powers and Barlowe, 2002), and also mutations of

short hydrophilic N-terminus, at least 12 transmembrane domains

the luminal DYPE site (amino acids D33, Y34, P50, and E51) reduce the

connected by short loops, and a cytoplasmically oriented long hy-

incorporation of Erv14 into ER-derived vesicles (Pagant et al., 2015).

drophilic C-terminal part (552 of a total of 985 amino-acid residues)

The FLN site (F62, L63, and N74) located in the second transmem-

(Kinclova-Zimmermannova et al., 2015). Previously, comparisons

brane domain of Erv14 seems to be part of a binding site of some,

of Nha homologs from various yeast species revealed a very high

but not all, Erv14 cargo proteins (Pagant et al., 2015). A C-terminal

level of sequence conservation in the transmembrane domains

acidic motif of Erv14, which is shared by fungi and plant cornichons,

and connecting loops (Pribylova et al., 2006), and also six con-

also participates in the interaction with at least three different plas-

served regions (C1–C6), whose function is not known, located in

ma-membrane transporters (Rosas-Santiago et al., 2017).

their hydrophilic C-terminal parts (Kamauchi et al., 2002). With the

Despite differing significantly in their structure and function,

exception of the C1 region located just behind the last transmem-

all known Erv14 cargoes are membrane-spanning proteins working

brane segment, the C-terminal part of Nha1 is dispensable both for

in the plasma membrane or late secretory pathway. A comparison

its cation-antiport function and localization in the plasma mem-

of membrane proteins with a single transmembrane domain from

brane. However, the C-terminus plays an important role in the reg-

both fungi and vertebrates showed a difference in the length of

ulation of Nha1 activity, both positively and negatively (Kinclova

transmembrane domains between the early and late parts of the

et al., 2001b; Kamauchi et al., 2002). The C-terminal part of Nha1

secretory pathway, with longer transmembrane domains in pro-

also participates in the regulation of the cell cycle and in the cell

teins in the trans-Golgi network, endosomes, and plasma membrane

response to osmotic shock, which is connected to the phosphor-

(Sharpe et al., 2010). As no specific Erv14-binding motif has been

ylation of the Nha1 C-terminus by the kinase Hog1 (Simon et al.,

identified in its cargoes, it was suggested that Erv14 recognizes its

2001; 2003; Proft and Struhl, 2004; Kinclova-Zimmermannova

cargo proteins based on their structure, namely the length of their

and Sychrova, 2006). Recently, we showed the interaction of the

transmembrane domains (Herzig et al., 2012). This proposal was ex-

C-terminal part of Nha1 with regulatory 14-3-3 proteins, resulting

perimentally confirmed by shortening a synthetic polyleucine trans-

in a negative regulation of Nha1 (Zahradka et al., 2012; Smidova

membrane domain that replaced the native transmembrane segment

et al., 2019).

of Mid2, a cargo protein of Erv14, in increments of two amino-acid

To perform their physiological functions, all transporters must

residues, given a set of variants with transmembrane domains in the

be properly targeted to the site of their function in the plasma mem-

range of 14–26 residues. Only the trafficking of variants with longer

brane or in the membranes of particular organelles. S. cerevisiae

transmembrane domains was dependent on the presence of Erv14

Erv14 is a member of the cornichon family of proteins conserved in

(Herzig et al., 2012).

fungi, plants, and also animals (Roth et al., 1995; Castro et al., 2007;

The role of Erv14/cornichon proteins in the proper trafficking

Rosas-Santiago et al., 2015). Erv14 is a cargo receptor of COPII ves-

of some ion transporters seems to be conserved in various and

icles that ensure the transport of proteins from the ER to the Golgi

phylogenetically distant groups of organisms. Mammalian Erv14

apparatus (Powers and Barlowe, 1998; 2002). It is a 14-kDa integral

homologs, CNIH2 and CNIH3, are involved in the trafficking and

membrane protein with three predicted transmembrane domains. It

also regulation of gating of ionotropic AMPA-type glutamate

helps to incorporate its cargoes into COPII vesicles by the simultane-

receptors (Schwenk et al., 2009). In plants, the rice cornichon

ous binding of both the cargo and Sec24, a COPII complex subunit. In

OsCNIH was found to interact with the Golgi-localized sodium

the absence of Erv14, its cargoes are at least partially stacked in the

transporter OsHKT1;3 (Rosas-Santiago et al., 2015). Moreover,

ER of cells. The PAIRS (pairing analysis of cargo receptors) approach

in Arabidopsis thaliana, CNIH proteins play a role in the sorting

showed that Erv14 is required for the ER exit of approximately one

and activation of pollen-expressed glutamate receptor-like Ca2+

third of the plasma-membrane proteins tested (18 of 57) (Herzig

channels (Wudick et al., 2018). Studying the role of yeast Erv14 in

et al., 2012). So far, about 40 diverse cargoes of Erv14 have been

the maintenance of alkali-metal-cation homeostasis, we recently

identified; mainly transporters (including some cation transporters

showed that this COPII cargo receptor is important for the main-

(Herzig et al., 2012; Rosas-Santiago et al., 2016; Zimmermannova

tenance of several physiological parameters, such as cell size, plas-

et al., 2019)), and proteins involved in budding, sporulation, cell

ma-membrane potential, and intracellular pH (Zimmermannova

wall synthesis, and other processes (Powers and Barlowe, 1998;

et al., 2019). Moreover, the lack of Erv14 affects the growth of

Nakanishi et al., 2007; Sacristan et al., 2013). With at least some

cells in the presence of low potassium levels or in media supple-

Erv14 cargoes, its function may be partially substituted by Erv15,

mented with high concentrations of toxic sodium or surplus po-

a paralog of the Erv14 protein (Powers and Barlowe, 1998; Pagant

tassium (Rosas-Santiago et al., 2016; Zimmermannova et al., 2019).

et al., 2015).

These phenotypes result from the fact that we have identified

The interactions of Erv14 with its cargoes and COPII vesicles

three out of five plasma-membrane transporters mediating the

are not yet fully understood. So far, several amino-acid residues of

fluxes of alkali metal cations as Erv14 cargoes—the Na+, K+/H+ an-

the Erv14 molecule have been shown to be critical for its function.

tiporter Nha1, the K+ importer Trk1, and K+ channel Tok1 (Rosas-

Amino acids 97–101 (IFRTL) from the cytoplasmic loop of Erv14 have

Santiago et al., 2016; Zimmermannova et al., 2019). The reason of

been identified to be necessary for the interaction of Erv14 with

the lack of interaction of Erv14 with other two plasma-membrane
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alkali-metal-cation transporters, Ena1 and Trk2, is not known at

when Nha1 lacks the majority of its hydrophilic C-terminal part (i.e.,

this moment, but may be connected to various factors, such as dif-

is shortened by 513 aa), despite the fact that the shortened Nha1

ferent expression patterns, transporters’ structure, or interaction

version (Nha1-472) is still able to bind Erv14 (Rosas-Santiago et al.,

with other specific cargo receptors (discussed in (Zimmermannova

2016). As the C-terminal part of Nha1 forms 56% of the whole mol-

et al., 2019)).

ecule, we wanted to determine whether it is the presence of a spe-

As for Nha1, we have shown that it physically interacts with

cific region of the C-terminus or the large size of this hydrophilic part

Erv14 via its transmembrane segments (Rosas-Santiago et al., 2016).

of the transporter which determines the antiporter’s requirement of

However, no intracellular stacking was observed for the C-terminally

Erv14.

shortened Nha1 in erv14Δ cells (Nha1 long 472 aa, lacking the ma-

For this purpose, we used the BW31 strain (a salt-sensitive de-

jority of its C-terminal part), despite the fact that this truncated pro-

rivative of W303-1A lacking its own Nha1 and Ena Na+, K+ ATPases,

tein may still bind the Erv14 protein (Rosas-Santiago et al., 2016).

Table 1), because this strain was previously used to study the effect

This finding points to the specific requirements of Nha1 with its long

of C-terminal shortening on the function of Nha1 (Kinclova et al.,

C-terminus in the transporter’s exit from the ER.

2001b) and to characterize all Nha1 homologs used in this study (see

The aim of this work was to study the putative role of the pres-

below). As the effect of ERV14 deletion on the salt tolerance of S.

ence, of specific amino-acid region(s) and/or size of the large hydro-

cerevisiae cells has so far been only shown in the BY4741 genetic

philic C-terminal portion of Nha1 in the transporter’s requirement

background (Rosas-Santiago et al., 2016), we first deleted the ERV14

of Erv14 for efficient transport through the secretory pathway. To

gene in both the W303-1A and BW31 strains, and verified whether

achieve this, we used two different approaches: (i) the heterologous

ERV14 deletion also results in a salt sensitivity as in the BY4741 back-

expression of yeast Nha1 homologs differing in the lengths of their

ground. As Figure S1 shows, W303-1A erv14Δ cells grew slightly

C-termini and (ii) the production of various C-terminally shortened

worse in the presence of both 1,500 mM NaCl and 1,800 mM KCl

versions of ScNha1. The localization and function of all these pro-

than cells possessing Erv14. An even higher impact of the lack of

teins were compared in pairs of S. cerevisiae strains differing in the

Erv14 on the salt tolerance of cells was observed in the salt-sensitive

presence or absence of Erv14. Taken together, our results show that

BW31 strain (Figure S1). Thus generally, the effect of ERV14 deletion

the presence of the C5 C-terminal conserved region of ScNha1 de-

on salt tolerance is similar in both W303-1A and BY4741 strains and

termines the transporter’s requirement of Erv14 for its transport

their salt-sensitive derivatives lacking alkali-metal-cation exporters.

through the secretory pathway. In addition, we identified new spe-

As an initial approach, we heterologously expressed eight Nha1

cific regions of the ScNha1 C-terminus that are important for the

homologs from various yeast species in BW31 cells with or with-

antiporter’s proper localization and determination of its substrate

out Erv14. All the studied antiporters were previously functionally

specificity and cation-extrusion efficiency at the whole-cell level.

expressed in BW31 cells (Kinclova et al., 2001a; Papouskova and
Sychrova, 2006; Velkova and Sychrova, 2006; Krauke and Sychrova,
2008; 2011; Pribylova et al., 2008). Figure 1a shows the phyloge-

2 | R E S U LT S

netic relatedness of these Nha proteins and the differing lengths of

2.1 | Lack of Erv14 affects the proper localization
of some heterologous yeast Nha antiporters in S.
cerevisiae cells

their C-termini, which range from only 93 amino acids in YlNha2 to
562 amino-acid residues in ZrNha1 (Figure 1a, numbers in parentheses, Table S1).
All heterologous Nha proteins were properly targeted to the
plasma membrane of BW31 cells (Figure 1b). The shortest anti-

Full-length Nha1 (985 aa long) requires the help of Erv14 to be prop-

porter, YlNha2, was not only observed in the plasma membrane, but

erly transported through the secretory pathway and localized in the

also in the ER, which might be the result of the synthesis of more

plasma membrane of cells. This requirement of Erv14 disappears

copies of this short protein within a cell cycle. The lack of Erv14 did

Strain

Genotype

Source/References

W303-1A

MATa leu2-3/112 ura3-1 trp1-1 his311/15 ade2-1 can1-100

(Wallis et al., 1989)

W303-1Aerv14Δ

W303-1A erv14Δ::loxP

This work

BW31

W303-1A ena1Δ::HIS3::ena4Δ
nha1Δ::LEU2

(KinclovaZimmermannova et al.,
2005)

BW31erv14Δ

BW31 erv14Δ::loxP

This work

BYT45

BY4741 nha1Δ::loxP ena1-5Δ::loxP

(Navarrete et al., 2010)

BYT45erv14Δ

BYT45 erv14Δ::loxP

(Rosas-Santiago et al.,
2016)

TA B L E 1

Strains used in this study
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F I G U R E 1 Localization and function of various yeast Nha antiporters in Saccharomyces cerevisiae BW31 and BW31erv14Δ cells.
(a) Phylogenetic tree of studied yeast Nha antiporters. Numbers in parentheses show the length in amino acids of their C-termini. (b)
Fluorescence (left) and Nomarski (right) pictures of BW31 cells with or without Erv14 producing various yeast Nha antiporters tagged with
GFP. (c) NaCl tolerance of BW31 cells with or without Erv14, containing an empty vector (pGRU1) or producing various yeast GFP-tagged
Nha antiporters, determined on YNB plates supplemented as indicated. Pictures were taken after 3 days of growth at 30°C. Ca, Candida
albicans, Cd, C. dubliniensis, Cg, C. glabrata, Cp, C. parapsilosis, Dh, Debaryomyces hansenii, Sc, S. cerevisiae, Yl, Yarrowia lipolytica, and Zr,
Zygosaccharomyces rouxii. Erv14-dependent antiporters are underlined
not affect the localization of CaCnh1, CdCnh1, and both YlNha an-

observed similar results in the BY4741 genetic background (strains

tiporters, as we did not observe differences in the GFP signal be-

BYT45 and BYT45erv14Δ, not shown).

tween BW31 and BW31erv14Δ cells producing these antiporters

Even in the absence of Erv14, all Nha1 homologs were at least

(Figure 1b). In contrast, besides the expected ScNha1, we observed

partially functional in the plasma membrane of BW31 cells, as their

a partial intracellular antiporter stacking in BW31erv14Δ cells pro-

presence increased the tolerance of cells to sodium compared to

ducing CgCnh1, ZrNha1, CpCnh1, and DhNha1 (Figure 1b). We also

the growth of cells transformed with an empty vector (Figure 1c).

|
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Cells producing individual antiporters but lacking Erv14 grew
worse in the presence of toxic sodium cations in comparison to
cells with functional Erv14 and antiporters. For YlNha2, which

45

2.2 | C-terminal shortening by about 190 aminoacid residues results in the loss of the Nha1
requirement of Erv14

actively extrudes sodium from cells (Papouskova and Sychrova,
2006), this effect of the absence of Erv14 was observed in the

To further reveal either the critical length or to specify the region of

presence of NaCl concentrations higher than 1 M (not shown). A

ScNha1 C-terminus responsible for the antiporter’s Erv14 require-

direct comparison of the effect of ERV14 deletion on the salt tol-

ment, we determined the localization and function of Nha1 versions

erance of cells producing individual Nha1 homologs was impeded

with gradually shortened C-termini in BW31 cells lacking or possess-

due to the already lower sodium tolerance of BW31erv14Δ versus

ing Erv14. At first, we tested six shortened versions of Nha1. Figure 2

BW31 cells (Figures S1, 1c 200 mM NaCl, cells with empty vec-

shows the topological model of Nha1 (Kinclova-Zimmermannova

tor) as well as by the significantly differing sodium export abil-

et al., 2015) with highlighted conserved regions C1-C6 (Kamauchi

ities of the studied antiporters. Nevertheless, the consequence

et al., 2002) present in its C-terminus and sites of C-terminal short-

of erv14Δ-dependent mislocalization could be clearly observed

enings (designated according to the lengths of the resulting Nha1

for example, for CaCnh1 and CpCnh1. These two efficient sodium

versions in amino-acid residues). The previously studied full-length

exporters (Krauke and Sychrova, 2008) that enabled BW31 cells

Nha1-985 (Erv14-dependent) and the shortest Nha1-472 (Erv14-

to grow similarly well in the presence of 500 mM NaCl, differed

independent) were used as controls.

in their provision of sodium tolerance to erv14Δ cells (Figure 1c)

As shown in Figure 3a, the lack of Erv14 affected, besides Nha1-

in agreement with the fact that only the plasma-membrane local-

985, the proper plasma-membrane localization of the two longest

ization of CpCnh1 was affected in cells lacking Erv14 (Figure 1b).

shortened versions of Nha1 (Nha1-928 and −858). These proteins

Looking at the relatedness of the studied Nha antiporters

were partially stacked inside erv14Δ cells and the peripheral GFP

(Figure 1a), ERV14 deletion affected the localization of antiporters

signal was much weaker than in BW31 cells producing these Nha1

phylogenetically close to ScNha1 (CgCnh1 and ZrNha1) and two

versions (Figure 3a). On the other hand, ERV14 deletion did not alter

transporters from yeasts belonging to the CTG clade (CpCnh1 and

the localization of Nha1-799 and shorter versions. For some of these

DhNha1). The plasma-membrane localization of Cnh1 antiporters

versions (Nha1-740, −680, and −472) we observed a GFP signal not

from C. albicans and C. dubliniensis and two Nha antiporters from the

only in the periphery of cells, but also in the perinuclear ER, irre-

phylogenetically distant Y. lipolytica was not affected in erv14Δ cells.

spective of the presence or absence of Erv14. An unusual “patchy”

Interestingly, ERV14 deletion only affected the trafficking of Nha1

pattern of GFP signal was observed together with the cell periphery

homologs with long (more than 500 amino-acid residues) hydrophilic

and perinuclear ER in cells producing Nha1-799 (Figure 3a), which

C-terminal parts (Figure 1a, Table S1). In summary, our results sug-

is shortened inside the C5 conserved region (Figure 2), suggesting

gested that the Nha antiporters’ requirement of Erv14 is (i) either

that this version of Nha1 is at least partially mislocalized, even in

conserved in some yeast species in relation to their phylogenetical

BW31 cells with functional Erv14 (Figure 3a). A not fully homoge-

relatedness, or (ii) is determined by the length of the C-terminal hy-

nous peripheral GFP signal was also observed in BW31 cells produc-

drophilic part of the antiporter.

ing Nha1-858 (Figure 3a).

F I G U R E 2 Topological model of S. cerevisiae Nha1 with sites of shortenings of studied Nha1 versions with their lengths indicated by the
numbers in boxes. Full arrows—first set of C-terminal shortenings, dashed arrows—second set of C-terminal shortenings. Δ130—arrows show
the starting and end points of the internal C-terminal deletion. Amino-acid residues forming C-terminal conserved regions C1–C6 are shown
in black

46

|

PAPOUSKOVA et al.

F I G U R E 3 Localization and function of S. cerevisiae Nha1 and its C-terminally shortened versions in BW31 and BW31erv14Δ cells.
(a) Fluorescence (left) and Nomarski (right) pictures of BW31 cells with or without Erv14 producing full-length Nha1 (Nha1-985) or its
C-terminally shortened versions tagged with GFP. (b) NaCl tolerance of BW31 cells with or without Erv14 containing an empty vector
(YEp352) or producing full-length Nha1 or its C-terminally shortened versions determined on YNB plates supplemented as indicated.
Pictures were taken after 3 days of growth at 30°C. (c) Sodium efflux from BW31 (full symbols) or BW31erv14Δ (empty symbols) cells
containing empty vector (YEp352), or producing full-length Nha1 or its C-terminally shortened versions. Cells were grown in YNB media,
preloaded with NaCl and Na+ loss was estimated as described in Experimental procedures. Data are from one typical experiment. Erv14dependent versions are underlined
The C-terminal GFP tagging of the antiporters did not change

without the GFP tag to avoid the potential influence of prolonging

the sodium tolerance of cells producing particular Nha1 versions

the C-terminus by 238 amino acid long GFP. When comparing the

(Figure S2). Nevertheless, to study the effect of C-terminus length

functionality, that is, the ability to increase cell tolerance to salts,

on Nha1 functioning in more detail, we used YEp352-based plasmids

all Nha1 versions were able to increase the sodium tolerance of

|
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BW31 and BW31erv14Δ cells, although the effectivity of individual

Na+ efflux mediated by Nha1 versions in cells with or without Erv14

versions varied (Figure 3b) in accord with the previously published

(Figure 3c).

finding that the shortening of the Nha1 C-terminus influences the

After sodium preloading (see, Experimental procedures), the

export activity of Nha1, especially for toxic sodium and lithium cat-

cells contained a sufficient initial amount of Na+ (140 ± 31 nmol/mg

ions (Kinclova et al., 2001b). A slight shortening of Nha1 to 928, 858,

dry weight in average), and its efflux could be followed effectively

and 740 amino acids, respectively, resulted in a moderately better

(Figure 3c). As no Na+ loss was observed in cells lacking cation ex-

growth of BW31 cells producing these Nha1 versions in the pres-

porters (cells transformed with an empty vector), the decrease in Na+

ence of NaCl in comparison with the growth of cells with the full-

content in cells producing individual Nha1 versions was exclusively

length protein (500 mM NaCl, compare the size of colonies in the

the result of the functioning of the antiporter present (Figure 3c).

final dilution). This observation is in agreement with the autoinhibi-

Similarly to the phenotype of salt tolerance in drop tests, the

tory role of the very terminal portion of the antiporter’s C-terminus

ability of individual Nha1 versions to mediate sodium efflux varied.

(Kinclova et al., 2001b). The Nha1-799 version provided BW31 cells

The Nha1-740, −858, and −928 versions provided BW31 cells with a

with a lower sodium tolerance than both longer (Nha1-858) and

better ability to export Na+ than the full-length protein (Nha1-985,

shorter (Nha1-740) versions, most likely as a result of the observed

Figures 3c and 4 full bars, Table S2). Sodium export from BW31

partial mislocalization of this particular Nha1 version (Figure 3a). The

cells producing Nha1-680 was similar to the export measured from

sodium tolerance of BW31 cells producing Nha1-680 was similar to

cells with the full-length Nha1. On the other hand, sodium loss from

the NaCl tolerance of cells producing Nha1-985, while the shorter

cells with the Nha1-799 and −568 versions was significantly lower

versions, Nha1-568 and Nha1-472, were less efficient than the full-

(Figures 3c and 4 full bars, Table S2); in cells with Nha1-799, the

length Nha1 (Figure 3b), which is again in agreement with previous

decrease in sodium efflux was probably a consequence of the ob-

results (Kinclova et al., 2001b). The observed sodium tolerance dif-

served partial mislocalization of this Nha1 version in BW31 cells

ferences among cells producing particular Nha1 versions were con-

(Figure 3a).

+

firmed in Na efflux measurements (see, below and Figure 3c).

The partial intracellular stacking of native Nha1 (Nha1-985) re-

The lack of Erv14 diminished the salt tolerance of cells produc-

sulted in a lower sodium efflux from erv14Δ cells compared to cells

ing individual Nha1 versions to various extents (Figure 3b). Versions

with functional Erv14 (Figures 3c left panel, 4 compare full and

whose localization was apparently less affected by the absence of

empty bars), in agreement with previous results (Rosas-Santiago

Erv14 provided the cells with an accordingly less affected salt tol-

et al., 2016). Similarly, and as expected from our microscopic obser-

erance (e.g., Nha1-740 and Nha1-680, Figure 3a,b). Nevertheless,

vations and the drop tests, ERV14 deletion resulted in a significantly

the observed worse growth of all erv14Δ cells in the presence of

lower sodium export from cells producing the Nha1-928 and −858

NaCl might be the result of either the mislocalization of particular

versions (Figures 3c left panel, 4, Table S2), but it did not affect the

antiporters, the lower general sodium tolerance of the BW31erv14Δ

sodium loss from cells with shorter versions, whose localization was

strain compared to BW31 (Figures S1 and 3b 200 mM NaCl, cells

not changed in cells lacking the Erv14 protein (Figures 3c right panel,

with empty vector), or a combination of both factors. Thus, to de-

4, Table S2). Thus we showed that the partial intracellular stacking

termine the direct effect of ERV14 deletion on the sodium extrusion

of the long Nha1 versions resulted in a lower sodium efflux from

efficiency of cells producing particular Nha1 versions, we compared

erv14Δ cells.

F I G U R E 4 Sodium content in BW31 (full bars) and BW31erv14Δ (empty bars) cells producing S. cerevisiae Nha1 or its C-terminally
shortened versions after a 30min incubation in a Na+-free buffer. [Na+]in in the beginning of measurement corresponds to 100%. Data are
means ± standard deviation. Asterisks denote significantly higher values in BW31erv14Δ cells than in BW31 cells producing the same Nha1
version (*p < 0.05, **p < 0.01). The presence/absence (±) of the C5 region and Erv14 dependence of the antiporters are indicated. 1/2—
approx. half of the C5 is present. Erv14-dependent versions are underlined
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2.3 | The presence of the C5 C-terminal conserved
region determines the Nha1 requirement of Erv14

them showed that the Nha1 versions truncated by 186 or more
amino acids (Nha1-799 and shorter versions) are not dependent on

To further elucidate whether the loss of Erv14 requirement of

the presence of Erv14. Importantly, all Erv14-dependent Nha1 ver-

Nha1 version −799 and shorter is connected solely to the reduced

sions were shortened behind the C5 C-terminal conserved region

lengths of these antiporter versions or with the loss/disruption

(Figure 2).

of the C5 C-terminal region, we prepared four additional Nha1

F I G U R E 5 Localization and function of S. cerevisiae Nha1-822, −779, and Δ130 versions in BW31 and BW31erv14Δ cells. (a) Fluorescence
(left) and Nomarski (right) pictures of BW31 cells with or without Erv14 producing C-terminally shortened Nha1 versions tagged with GFP.
(b) NaCl and KCl tolerance of BW31 cells with or without Erv14 containing an empty vector (YEp352) or producing full-length Nha1 or its
C-terminally shortened versions was determined on YNB plates supplemented as indicated. Pictures were taken after 3 days of growth at
30°C. (c) Sodium efflux from BW31 (full symbols) or BW31erv14Δ (empty symbols) cells containing empty vector (YEp352), or producing
Nha1 C-terminally shortened versions. Cells were grown in YNB media, preloaded with NaCl and Na+ loss was estimated as described in
Experimental procedures. Data are from one typical experiment. Erv14-dependent versions are underlined
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versions and the localization and function of them were again de-

Surprisingly, the deletion of 130 amino-acid residues between

termined in BW31 cells in the presence or absence of Erv14. First,

the C3 and C4 conserved regions strongly affected the antiporter’s

we shortened Nha1 to lengths of 822 and 779 amino-acid residues

ability to support the growth of BW31 cells in the presence of so-

(Figure 2). These versions allowed us to specify the length/region

dium (Figure 5b), suggesting that the region between the C3 and C4

responsible for the Erv14 requirement in more detail without dis-

is important for the full transport efficiency of Nha1, though it does

rupting the C5 region, which strongly affected both the localiza-

not belong among the six known conserved regions of the yeast

tion and export efficiency of the antiporter (Nha1-799 version,

Nha antiporters. BW31 cells producing Nha1-928Δ130 grew better

Figure 3).

in the presence of NaCl than cells with Nha1-985Δ130 (Figure 5b),

The Nha1-822 version, shortened closely (7 aa) behind the C5

showing that the effect of Δ130 deletion is independent of the ef-

region (Figure 2), was localized both to the periphery and perinuclear

fect of the lack of the very C-terminal autoinhibitory part of Nha1

ER in both types of cells (Figure 5a). Similarly to what we observed

(Kinclova et al., 2001b). The sodium tolerance of erv14Δ cells pro-

for Nha1-858, and more strongly for Nha1-799 in cells with Erv14

ducing Δ130 Nha1 versions was lower than the tolerance of the cor-

(Figure 3a), the localization of Nha1-822 was not fully homogenous,

responding BW31 cells, similarly to what we observed for all studied

with patches of a stronger signal in some cells (Figure 5a). Nha1-

Nha antiporters (Figure 5b). The less efficient Nha1-985Δ130 ver-

779, shortened closely (7 aa) before the C5 (Figure 2), was detected

sion was not able to increase the sodium tolerance of erv14Δ cells

both in the periphery and in the ER of both types of cells (Figure 5a)

compared to cells transformed with the empty vector, though a

similarly to what we observed for the shorter Nha1 versions −740

proportion of its molecules seemed to be localized to the plasma

and −680 (Figure 3a). Both Nha1-822 and −779 efficiently provided

membrane (Figure 5a). To see if this version is functional in erv14Δ

BW31 cells with sodium tolerance (Figure 5b). Nevertheless, the

cells, we tested the growth of cells in the presence of 800 mM KCl,

function of Nha1-822 seemed to be more affected by the lack of

a concentration which strongly inhibits the growth of BW31erv14Δ

Erv14 than the function of the shorter Nha1-779 antiporter (com-

cells lacking cation exporters (Figures S1 and 5b cells with empty

pare the growth of erv14Δ cells producing both antiporters in the

vector). Under these conditions, Nha1-985Δ130 was able to support

presence of 500 mM NaCl; Figure 5b). The dependence of Nha1-822

the growth of erv14Δ cells similarly to all other tested Nha1 versions,

on Erv14 was confirmed in sodium efflux measurements (Figures 4

showing that it did not lose its ability to export cations completely

and 5c, Table S2). In contrast, the lack of Erv14 did not affect sodium

(Figure 5b). Measurements of sodium export from cells with or with-

export in cells producing Nha1-779 (Figures 4 and 5c, Table S2). In

out Erv14 confirmed that the Δ130 deletion highly affected the abil-

summary, the Nha1-822 version shortened closely behind the C5

ity of Nha1-985 and −928 to export sodium from BW31 cells. The

region was still functionally dependent on the presence of Erv14 ac-

lack of Erv14 resulted in an even lower sodium efflux with Nha1-

cording to Na+ efflux measurements, though we did not observe sig-

928Δ130, and no sodium efflux was observed in BW31erv14Δ cells

nificant differences in the localization of Nha1-822 in the presence

producing Nha1-985Δ130 (Figures 4 and 5c, Table S2).

or absence of Erv14 (Figure 5). On the other hand, the Nha1-779,
ending just before the C5 region, was independent of Erv14.

Figure 4 and Table S2 give a summary of all of our Na+ efflux
measurements, and clearly show that the C-terminal shortening of

Second, we internally shortened the C-termini of the Nha1-985

Nha1 leading to the disruption or deletion of the C5 region results

and −928 versions by deleting 130 amino-acid residues from the less

in the loss of the antiporter’s Erv14 requirement. The partial intra-

conserved amino-acid stretch between the C3 and C4 C-terminal re-

cellular stacking in cells without Erv14 and the Erv14-dependence

gions (Figure 2). These Δ130 Nha1 versions contained all C1-C6 con-

of the Nha1-928Δ130 version, whose C-terminus is as short as in a

served C-terminal regions with the exception of the second half of

version which does not require Erv14 (Nha1-799), showed us that it

C6 in Nha1-928Δ130 (the C6 region does not influence the Nha1 re-

is not solely the length of the C-terminal part of the antiporter, but

quirement of Erv14, as Nha1-858 lacking the C6 is Erv14-dependent,

more importantly the presence of the C5 conserved region which

Figure 3). Moreover, both Δ130 versions have both the C5 region

determines the Nha1 requirement of Erv14.

and its surroundings fully preserved. The C-terminal lengths of the
Nha1-985Δ130 or −928Δ130 versions corresponded to the lengths
of the above studied shortest Erv14-dependent (Nha1-858) or longest Erv14-independent (Nha1-799) antiporter versions, respectively (Table S1).

2.4 | Nha1-779 and −740 are efficient cation
exporters whose production affects the growth of
cells in the presence of low K+

Both the Nha1-985Δ130 and −928Δ130 antiporters were exclusively localized in the plasma membrane of BW31 cells, showing that

Our drop test experiments and sodium efflux measurements

the Δ130 deletion did not affect the antiporter’s plasma-membrane

(Figures 3–5, Table S2) showed that the C-terminal shortenings of

targeting (Figure 5a). On the other hand, both Δ130 versions were

Nha1 inside and in the surroundings of the C5 C-terminal region

observed not only in the periphery but also in the perinuclear ER

influence the functioning of the antiporter. To further examine in

of cells without Erv14, suggesting that both these shortened anti-

detail the importance of this region or other specific C-terminal

porters require Erv14 for their trafficking via the secretory pathway

regions for Nha1 transport properties and physiological functions,

(Figure 5a).

we tested the growth of BW31 cells producing individual Nha1
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F I G U R E 6 Salt tolerance and potassium-efflux efficiency of BW31 cells producing various S. cerevisiae Nha1 versions. (a) LiCl and lowKCl tolerance of BW31 cells containing an empty vector (YEp352) or producing full-length Nha1 or its C-terminally shortened versions. (b)
LiCl, KCl, and RbCl tolerance of BW31 cells containing an empty vector (YEp352) or producing Nha1-985, −928, and corresponding Δ130
versions. Growth was determined on YNB or YNB-F plates supplemented as indicated. Pictures were taken after 4 or 5 (RbCl) days of
growth at 30°C. (c) Potassium efflux from BW31 cells containing empty vector (YEp352), or producing full-length Nha1 or its C-terminally
shortened versions. Cells were grown in YNB media and K+ loss was estimated as described in Experimental procedures. Initial potassium
amount in cells was 441 ± 37 nmol/mg dry weight. Data are from one typical experiment
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versions in the presence of highly toxic lithium cations, another sub-

only affects the ability of Nha1 to export sodium, or other alkali

strate of Nha1 antiporters. The full version of Nha1 (Nha1-985) is

metal cations as well, we compared the lithium, high potassium, and

only able to slightly increase the tolerance of BW31 cells to lithium

rubidium tolerance of BW31 cells producing Nha1-985Δ130 and

(Figure 6a, (Kinclova et al., 2001b)). The shortening of the very end

Nha1-928Δ130. As Figure 6b shows, the Δ130 deletion completely

of the Nha1 C-terminus results in a higher lithium export activity

abolished the ability of Nha1 to improve cell lithium tolerance,

+

of Nha1 (Kinclova et al., 2001b), leading to a higher Li tolerance of

even with the Nha1-928 version which enables a better growth of

cells producing the Nha1-928 and −858 versions in comparison with

cells in the presence of LiCl than the full-length protein (Figure 6b,

cells producing the full-length antiporter (Figure 6a, Table S2). The

Table S2). On the other hand, tolerance to high concentrations of

shortening of Nha1 closely behind (Nha1-822) and inside (Nha1-799)

potassium seemed to be slightly decreased only with Nha1-985Δ130

the C5 region resulted in a decrease in Nha1’s ability to support the

and both Δ130 versions were able to support the growth of cells in

growth of cells in the presence of lithium as a result of the partial

the presence of the fourth Nha1 substrate, rubidium, although less

mislocalization (more pronounced in Nha1-799) of these two Nha1

efficiently than corresponding Nha1 versions without the internal

versions in BW31 cells (Figures 3, 5, and 6a, Table S2). Interestingly,

deletion (Figure 6b). As we have shown previously, the ability of Nha

when the complete C5 region was discarded (Nha1-779 and −740

antiporters to support the long-term growth in the presence of high

versions), the ability of Nha1 to provide BW31 cells with lithium

amounts of nontoxic potassium not always fully corresponds to the

tolerance was highly enhanced, suggesting an increased capacity of

rate of potassium efflux from cells; even a low K+ loss measured in

these two versions to export lithium. Further C-terminal shortening

the absence of extracellular surplus of potassium can be sufficient to

at position 680 resulted in a decrease in the lithium tolerance of cells

ensure the growth of cells on plates (Kinclova-Zimmermannova et al.,

(Figure 6a).

2005; Papouskova and Sychrova, 2006). Thus to examine the impact

The potentially increased transport efficiency of Nha1-779 and

of the Δ130 deletion on the antiporter’s ability to extrude K+, we

Nha1-740, visible in sodium efflux capacity (Figure 4) and lithium

compared potassium efflux from BW31 cells producing Nha1-985,

tolerance (Figure 6a), was verified in growth tests of cells produc-

−928, and corresponding Δ130 versions. As Figure 6c clearly shows,

ing Nha1 variants under conditions of limited potassium. Yeast cells

potassium loss from cells producing the Δ130 versions was much

need to accumulate high intracellular concentrations of potassium

lower than K+ efflux from cells with Nha1-985 or the very efficient

(approx. 200–300 mM) to support growth and provide the turgor

−928 version, similarly to what we observed with sodium (Figures 4

necessary for cell division (Arino et al., 2010). Nha1, thanks to its

and 5, Table S2).

ability to export K+, contributes to the maintenance of cell potassium

Taken together, our results show that the deletion of 130 amino

homeostasis, that is, participates in the necessary continuous up-

acids between the C3 and C4 regions significantly lowers the Nha1

take and efflux of potassium, which regulate cell plasma-membrane

antiporter’s efficiency in alkali-metal-cation extrusion at the whole-

potential and thereby other physiological parameters such as intra-

cell level and especially affects the ability of Nha1 to support the

cellular pH (Zahradka and Sychrova, 2012). When K+ is scarce in the

growth of cells in the presence of the smallest Nha1 substrate, highly

environment, an increased potassium export might be detrimental

toxic lithium.

for cells, as they would have to cope with a higher K+ loss and spend
more energy to accumulate the necessary amount of potassium. Our
growth tests on plates with low-potassium YNB-F medium showed
that while all the tested Nha1 versions supported a similar growth of
cells in the presence of 1 mM KCl, the production of the Nha1-779

2.6 | Evolutionary conservation analysis reveals
new conserved regions in C-terminal parts of fungal
Nha1 homologs

and −740 antiporters decreased the ability of cells to grow on plates
with 15 and 40 µM KCl (Figure 6a). This result confirmed that despite

Our experiments with various C-terminally shortened versions of

their partial ER localization (Figures 3 and 5) the Nha1-779 and Nha1-

ScNha1 provided new information about the importance of several

740 versions provide cells with higher ion-extrusion efficiency than

regions of the Nha1 C-terminus for the antiporter’s proper traffick-

the others.

ing, localization and cation-extrusion efficiency. To obtain more
knowledge about putative structural and functional elements in the

2.5 | Amino-acid residues between the C3 and C4
C-terminal conserved regions are important for Nha1’s
ability to export alkali metal cations

C-terminal parts of yeast Nha antiporters, we extended a previous
sequence comparison of Nha1 homologs (Kamauchi et al., 2002) and
performed a broad evolutionary conservation analysis of C-termini
in fungal Nha1 homologs.
A multiple sequence alignment consisting of 286 sequences

The deletion of 130 amino-acid residues between Nha1 C-terminal

from the entire kingdom of fungi (see Experimental procedures for

conserved regions C3 and C4 (Figure 2) resulted in a significant de-

sequence search and clustering) was used in a ConSurf (Ashkenazy

crease in the antiporter’s ability to export sodium (Figures 4 and

et al., 2016) analysis (Figure S3) with ScNha1 as the reference se-

5, Table S2), without an apparent defect in the plasma-membrane

quence. Figure S4 depicts 25 sequences that were sampled from the

localization of Nha1 (Figure 5a). To see whether the Δ130 deletion

larger multiple sequence alignment, including ScNha1 and its yeast
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homologs used in this study (Figure 1). Purple boxes mark positions

long hydrophilic C-terminal part (Nha1-472 version) on Erv14 (Rosas-

that ranked above the confidence cut-off with a conservation grade

Santiago et al., 2016) suggested that the Nha1 C-terminus plays a role

that is equal or higher than 6 on the ConSurf conservation scale (1

in the antiporter’s trafficking. This work identifies the C5 C-terminal

being the most variable and 9 the most conserved).

conserved region to be responsible for Nha1’s requirement of Erv14

Originally, six conserved regions C1–C6 were identified in the

for proper plasma-membrane targeting and consequent functioning.

C-terminal parts of Nha antiporters, based on a comparison of se-

In addition, we provide new information about the role of specific

quences from six yeast species and Aspergillus nidulans (Kamauchi

regions of the large hydrophilic C-terminal portion of Nha1 in its

et al., 2002). Using a much larger data set of fungal Nha antiport-

proper localization and cation-export efficiency.

ers, we were able to confirm the presence of the C1 to C6 regions

Recently, we have shown that the interaction of Erv14 with the

in the C-termini of yeast Nha proteins, but we also identified new

Trk1 K+ importer in S. cerevisiae seems to be conserved in other yeast

evolutionarily conserved regions (Figure S4) in yeast Nha1 homo-

species, as Trk1 homologs from C. glabrata and C. albicans were mis-

logs. These new amino-acid segments either extend the previously

localized upon heterologous expression in S. cerevisiae erv14Δ cells

described C1–C6 regions, allowing us to determine their bound-

(Zimmermannova et al., 2019). Our pilot experiments, in which we

aries more precisely, or represent newly found conserved regions

produced various yeast Nha homologs in S. cerevisiae cells in the

(Figure S4). We found the C1–C4 regions to be only slightly (1–5

presence or absence of Erv14 (Figure 1), suggested a phylogeneti-

amino-acid residues) longer than previously predicted, and we iden-

cally conserved interaction of Erv14 with Nha antiporters at least

tified two new and highly charged evolutionarily conserved regions

in yeasts related to S. cerervisiae (C. glabrata and Z. rouxii) and some

located between the C3 and C4 regions.

species belonging to the CTG clade (C. parapsilosis and D. hansenii).

For the C5 region, the newly found conserved extension is much

Only the trafficking of heterologous antiporters that possessed a

longer than its originally determined length (approx. 46 vs. 30 ami-

long hydrophilic C-terminus (longer than 500 amino acids, Figure 1)

no-acid residues; Figures S4 and 7). In the close vicinity of C5, we

was affected by the absence of Erv14, which corresponded well with

found one short conserved segment preceding it, and another con-

our previous observation that ScNha1 with a short C-terminus does

served segment localized shortly behind its end (Figures S4 and 7),

not need Erv14 for its targeting to the plasma membrane (Rosas-

which could mean that in fact it is a single relatively long conserved

Santiago et al., 2016). In order to reveal whether it is really only

region. All these findings confirm the importance of the C5 region

the length or a specific region of the ScNha1 C-terminal part which

and its surroundings.

determines the antiporter’s requirement of Erv14, we studied the
localization and function of a series of C-terminally shortened ver-

3 | D I S CU S S I O N

sions of ScNha1 in cells with or without Erv14. This approach led
us to the conclusion that the shortening of about 190 amino-acid
residues at the very end of the C-terminus results in the loss of the

The synthesis of plasma-membrane transporters begins in the endo-

antiporter’s requirement of the Erv14 cargo receptor for its plas-

plasmic reticulum, from which they are sorted to the Golgi appara-

ma-membrane targeting (Figure 3). Nevertheless, the finding that

tus via COPII vesicles. S. cerevisiae Nha1 was identified as a binding

all Erv14-dependent ScNha1 versions also possessed a complete C5

partner of Erv14, which serves as a cargo receptor in COPII vesi-

C-terminal region (Figures 3–5, Table S2), together with the observed

cles (Herzig et al., 2012; Rosas-Santiago et al., 2016). The functional

Erv14 dependence of the Nha1-928Δ130 antiporter (Figures 4 and

independence of a version of Nha1 which lacks the majority of its

5, Table S2), which is relatively short but contains the intact C5

F I G U R E 7 Amino-acid patterns of the C5 C-terminal region (black box) and its surroundings. WebLogo analysis was based on yeast
sequences (from organisms belonging to the order Saccharomycetales) shown in Figure S3. The overall height of a stack indicates the
sequence conservation at a particular position, while the height of symbols within a stack indicates the relative frequency of each amino
acid at that position. Numbers correspond to amino-acid positions in the C-terminus of ScNha1. Newly identified evolutionarily conserved
regions are indicated with gray boxes. The arrows show positions of ScNha1 C-terminal shortenings. The … mean that less conserved aminoacid stretches between individual conserved regions are not shown
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region, showed unambiguously that it is not the length of the Nha1

apparent dimerization was detected with the shortened and Erv14-

C-terminal part that determines the antiporter’s Erv14 requirement.

independent Nha1 version lacking the majority of its C-terminus

In S. cerevisiae, the presence of the C5 region is the prerequisite of its

(Nha1-472) (Rosas-Santiago et al., 2016). Thus, the involvement of

Nha1 antiporter’s need for the Erv14 cargo receptor to be efficiently

the C5 C-terminal region in Nha1 dimerization and consequently the

transported via the secretory pathway.

antiporter’s requirement of Erv14 is an interesting possibility, which

On the other hand, and quite interestingly, the C5 region is

we plan to address in the future.

conserved in most studied Nha1 homologs (Figure S4), including

Shortened versions of Nha1 lacking the C5 C-terminal region

the CaCnh1 and CdCnh1 antiporters, whose plasma-membrane

were efficiently transported to the plasma membrane irrespective

localization was not affected in BW31erv14Δ cells, though they

of the presence or absence of Erv14. Whether they are transported

are phylogenetically related to other antiporters that proved to

from the ER to the Golgi apparatus solely by bulk flow in erv14Δ cells

be Erv14-dependent in S. cerevisiae cells (CpCnh1 and DhNha1,

(Thor et al., 2009; Barlowe and Miller, 2013) or if they are incorpo-

Figure 1). More experiments would be needed to determine whether

rated into COPII vesicles via their interaction with another COPII

closely related CaCnh1 and CdCnh1 antiporters are at all binding

component still remains to be elucidated. Some Erv14 cargoes, such

partners of Erv14 (they possibly might have lost their ability to inter-

as the transporter Yor1, simultaneously bind Erv14 and Sec24 (Louie

act with Erv14 during their evolution), or determine the reason for

et al., 2012; Pagant et al., 2015), and the presence of Erv14 makes

their independence of S. cerevisiae Erv14 despite the presence of the

the trafficking of Yor1 more efficient (Pagant et al., 2015). Another

C5 region in their C-termini. We cannot exclude the possibility that

possibility is that an Erv14 homolog, Erv15 (Powers and Barlowe,

these antiporters efficiently interact with another cargo receptor of

1998), might substitute for Erv14 when there are truncated versions

COPII vesicles in C. albicans and C. dubliniensis cells, or that observed

of Nha1 in cells lacking Erv14. To date, there is no known specific

small nuances in the primary structure of C5 regions (cf. Figure S4)

cargo, whose transport from the ER to the Golgi apparatus is solely

could change the dependence of these two antiporters on ScErv14.

dependent on the presence of Erv15 (Herzig et al., 2012), but Erv15

Also, the secondary structure of particular C-termini might influence

is able to partially substitute for the function of Erv14 (Pagant et al.,

antiporters’ trafficking from the ER. The distal part of the C-terminal

2015).

tail of the human plasma-membrane Na+/H+ exchanger NHE1 has

The C5 region and the following amino-acid residues seem to

been shown to be intrinsically disordered (Norholm et al., 2011), and

play a role in proper Nha1 plasma-membrane targeting and conse-

it was suggested that this part of protein contains conserved regions

quently its cation-export efficiency, even in cells with functional

of a transient secondary structure. Such protein segments are be-

Erv14. A negative effect of C-terminal shortening on the localiza-

lieved to play a role in mediating protein-protein interactions (Vacic

tion of Nha1 could be seemingly observed in the versions −858 and

et al., 2007). Mutation within such a molecular recognition feature

−822 (nonhomogeneous GFP signal, perinuclear ER stacking in case

results in an impaired exit of the NHE1 transporter from the ER

of Nha1-822, Figures 3a and 5a), but was most striking in Nha1-799

(Norholm et al., 2011), supporting the role of structural disorder in

(Figure 3a). While Nha1-858 very efficiently supported the growth

the trafficking of ion transport proteins. Interestingly, a high degree

of BW31 cells in the presence of both Na+ and Li+, the sodium tol-

of structural disorder seems to be also typical for the S. cerevisiae

erance of cells producing Nha1-799 (shortened just in the middle of

Nha1 C-terminal part (Smidova et al., 2019).

the C5 domain, Figures 2 and 7) was lower due to a less efficient

Further studies will be needed to elucidate how the C5 C-terminal

sodium extrusion from cells with the −799 version, and both the

region determines the ScNha1 requirement of Erv14. The transport-

−799 and −822 Nha1 versions provided cells with a lower lithium

er’s exit from the ER seems to require not only proper folding, but

tolerance than Nha1-858 (Figures 3–6, Table S2). In contrast, shorter

also specific interactions with ER lipids, chaperones and also COPII-

Nha1-779 and −740 versions (completely lacking the C5 region) ex-

complex proteins (reviewed in (Diallinas and Martzoukou, 2019)).

ported sodium from cells and increased cell lithium tolerance very

Proper oligomerization also seems to play a role in the packaging

efficiently (Figures 3–6, Table S2). Thus the integrity of the C5

of membrane proteins into COPII vesicles and efficient trafficking

C-terminal region and the following amino-acid residues seems to be

via the secretory pathway (Springer et al., 2014; Martzoukou et al.,

specifically important for proper Nha1 localization and functioning,

2015). Co-precipitation of differently tagged Nha1 proteins together

although the presence of this region is not essential. Interestingly,

with in vitro cross-linking experiments revealed that Nha1 forms di-

the Nha1-799 version is shortened just before an ENEDGD sequence

mers (Mitsui et al., 2005). The dimerization seems to be important

(Figures 2 and 7). D/E-X-D/E motifs (two acidic residues separated

for the activity of the antiporter and may already occur in the ER

by any amino acid) were found to be involved in the ER exit of several

membrane (Mitsui et al., 2005). It was suggested that Erv14 plays

viral, yeast, plant, and human proteins (Mikosch and Homann, 2009).

a role in the dimerization of Nha1 (Rosas-Santiago et al., 2016). The

Figures 7 and S4 show the phylogenetic conservation of these two

full-length antiporter can be detected as a dimer both in the plasma

putative Sec24-binding motifs in the C-termini of yeast Nha1 homo-

membrane and in the ER of cells with Erv14. On the other hand,

logs. A new conserved amino-acid segment was identified closely

Nha1-985 monomers were more abundant than the dimeric form in

behind the C5 region of yeast Nha proteins (Figures 7 and S4). This

the ER, and no Nha1 dimers were detected in the plasma membrane

part of ScNha1 might also be important for the antiporter’s proper

in cells without Erv14 (Rosas-Santiago et al., 2016). Moreover, no

plasma-membrane localization and functioning, as the Nha1-822
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version, whose localization and also ability to provide cells with lith-

in proper Nha1 plasma-membrane localization and function, even in

ium tolerance were affected (Figures 5 and 6, Table S2), lacks this

cells possessing Erv14. We also identified a stretch of amino acids

region.

located between the C3 and C4 regions as being very important

Despite their partial ER localization in BW31 cells (Figures 3 and

for Nha1 proper functioning and substrate specificity. Finally, our

5), Nha1-779 and −740 shortened before the C5 C-terminal region

new broad evolutionary conservation analysis of almost 300 fun-

(Figure 2) were the most efficient versions used in this study. These

gal Na+/H+ antiporters particularized the size and position of the

antiporters efficiently supported the growth of cells in the presence

already known six conserved C-terminal regions and revealed new

of excess sodium, lithium and potassium cations (Figures 3, 5 and 6,

conserved regions in the C-terminal hydrophilic parts of yeast Nha1

Table S2) but their overproduction, resulting probably in an increased

antiporters.

loss of potassium from cells, affected cell performance under conditions of low K+ levels in the environment (Figure 6). It is not known
whether the presence of the C5 region might also play a role in an
“autoinhibition” of the antiporter under conditions where the full activity of the transporter might be disastrous for cells. Alternatively,
shortenings of Nha1 to the lengths of 779 or 740 amino acids, re-

4 | E X PE R I M E NTA L PRO C E D U R E S
4.1 | Yeast strains, media, growth conditions, and
growth tests

spectively, might change other protein’s properties, for example,
may improve its stability resulting in an increased cell ion-extrusion

The S. cerevisiae strains used in this study are listed in Table 1. The

efficiency provided by these two particular Nha1 versions.

W303-1Aerv14Δ and BW31erv14Δ strains were prepared using ho-

The proper plasma-membrane localization of the Nha1 Δ130

mologous recombination and the Cre-loxP system (Guldener et al.,

shortened versions together with their significantly lower ability to

1996) with the disruption cassettes and oligonucleotides listed in

extrude sodium and potassium cations and as well as their inability

Table S3. BYT45 and the corresponding erv14Δ strain are deriva-

to provide cells with lithium tolerance (Figures 4–6, Table S2) sug-

tives of S. cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0,

gest that the relatively long stretch of amino acids located between

EUROSCARF). Yeast strains were grown at 30°C either in YPD (1%

the C3 and C4 regions participates in the determination of Nha1 cat-

yeast extract, 2% peptone, 2% glucose) or in YNB (0.67% without

ion-export efficiency and substrate specificity. The ConSurf analysis

amino acids, 2% glucose) media containing appropriate auxotrophic

revealed new protein segments with a high degree of evolutionary

supplements. Two percentage agar was used for solid media. The

conservation located between the C3 and C4 C-terminal regions

growth of yeast strains on solid media in the presence of various

(Figure S4). Nevertheless, despite a certain level of evolutionary

concentrations of NaCl (100–1,500 mM), KCl (0.015–2,000 mM), LiCl

conservation, these regions seem to differ even in various related

(10–25 mM), or RbCl (800 mM) was monitored in drop test experi-

groups of yeast species (e.g., yeasts related to S. cerevisiae or to C.

ments. Ten-fold serial dilutions of fresh cell suspensions (OD600 = 2,

albicans, Figure S4). We suggest that the Δ130 deletion might have

Eppendorf BioPhotometer) were spotted on YNB or YNB-F (0.17%

affected the proper conformation of the C-terminal part of Nha1,

YNB-F without ammonium sulphate and potassium (ForMedium,

which resulted in the worse functioning of the antiporter and a

(Navarrete et al., 2010)), 0.4% (NH4)2SO 4, 2% glucose, pH adjusted

+

complete loss of ability to support the tolerance of Li (Figure 6b).

to 5.8 with NH4OH) plates supplemented as indicated, and growth

A similar modulation of the function/substrate specificity by cyto-

was monitored for 3–5 days. A representative result of three inde-

solic tails of transporters was shown for example, for the A. nidulans

pendent experiments with similar results is shown.

FurE, a uracil-allantoin-uric acid transporter (Papadaki et al., 2017;
2019). Its N- and C-cytosolic tails interact with other internal loops
of the transporter and thus regulate FurE fine gating and substrate

4.2 | Plasmids and plasmid construction

specificity. Mutations within these regions can lead either to an extended number of substrates or to an increase in the transporter’s

The plasmids used in this study are listed in Table S4. Genes encoding

specificity.

various Nha transporters were expressed from the same multicopy

In conclusion, we show here, to the best of our knowledge for the

vectors (pGRU1, YEp352) under the control of the weak and consti-

first time, that a relatively small hydrophilic part of a plasma-mem-

tutive ScNHA1 promoter. In pGRU1-based plasmids, a GFP-encoding

brane protein might be important for the protein’s need for Erv14

sequence was added in frame to the 3ʹ terminal part of the genes.

COPII cargo receptor help. Until now, the length of transmembrane

New plasmids were prepared by homologous recombination in S.

domains was the only known reason why the targeting of some

cerevisiae cells. The oligonucleotides used for DNA-fragment ampli-

membrane proteins was dependent on Erv14 (Herzig et al., 2012).

fication are listed in Table S3. Amplified DNA fragments encoding

For the S. cerevisiae plasma-membrane Nha1 antiporter, we show

C-terminally shortened versions of NHA1 were inserted into YEp352

that it is the C5 conserved region in its long hydrophilic C-terminus,

or pGRU1 plasmids behind the NHA1 promoter, replacing the ENA1

which determines the requirement of Erv14.

gene in the plasmid pScENA1 or pScENA1-GFP (Zimmermannova

In addition, our study revealed three very new and important re-

et al., 2019), respectively. The NHA1-985Δ130 and −928Δ130 ver-

sults, not directly related to the function of Erv14. We found the C5

sions were created from two separately amplified DNA fragments,

region and following amino-acid residues to play an important role

one of them encoding Nha1 amino acids 1 to 551, and the second
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fragment corresponding to the other part of Nha1-985 and −928,
respectively, starting from amino acid 682. Both DNA fragments ex-
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4.5.1 | Evolutionary conservation analysis of
C-terminal part of fungal Nha1 homologs

tended with homologous ends were then inserted into the YEp352
or pGRU1 plasmid by homologous recombination. Escherichia coli

Plasma-membrane fungal CPAs were first retrieved from the

XL1-Blue (Stratagene) was used for plasmid amplification, and suc-

manually curated Swiss-Prot database (Boutet et al., 2016). This

cessful cloning was verified by restriction analysis and sequencing.

search yielded five sequences of yeast plasma-membrane Nha
antiporters (Uniprot entries Q99271, O42701, Q99173, O14123,

4.3 | Fluorescence microscopy

and P36606). These sequences were then aligned using MAFFT
(Katoh and Standley, 2013) with default parameters, and the
alignment was utilized to produce an HMM profile using HMMER

Microscopic pictures of exponentially growing cells (OD600 ≈ 0.2–

(Eddy, 1998). To broaden the sequence search, the HMM profile

0.3, Spekol, Carl Zeiss) producing transporters C-terminally tagged

was then used in a HMMER search (e-value 0.0001) against the

with GFP were acquired using an Olympus BX53 microscope

UniProt database (Apweiler et al., 2004). This search resulted in

equipped with a Cool LED light source with 460 nm excitation and

a total of 2,767 fungal sequences. Fragmented sequences and

515 nm emission and an Olympus camera DP73. Nomarski optics

sequences denoted with a “CAUTION” mark in UniProt were

was used for whole-cell images.

discarded, resulting in a “clean” data set of 1,264 sequences.
Next, the sequences were clustered using CD-HIT (Huang et al.,

4.4 | Cation loss determination

2010) with a 90% sequence identity threshold, resulting in 835
representatives.
In order to only retrieve the C-terminal part, a preliminary align-

Sodium and potassium efflux were determined as previously de-

ment was computed using MAFFT (Katoh and Standley, 2013) with

scribed (Kinclova-Zimmermannova et al., 2005). Briefly, cells were

default parameters. This alignment contained both the membrane

grown in YNB medium to the early exponential growth phase

and C-terminal regions. Next, the sequence of the archaeal CPA

(OD600 ≈ 0.2–0.3, Spekol, Carl Zeiss). To measure sodium loss, har-

member NhaP1 from Methanocaldococcus jannaschii (MjNhaP1,

vested cells were incubated in YNB supplemented with 100 mM

UniProt entry Q60362) was introduced into the preliminary align-

NaCl at pH 7.0 (to preload them with sodium and to minimize the

ment. MjNhaP1 had its structure solved (Paulino et al., 2014), and

transport activity of Nha1, which is driven by the energy of the

thus it was used to accurately discern between the membrane and

proton gradient across the plasma membrane) for 60 min. No pre-

C-terminal regions of the fungal antiporters. In addition, 20 random

loading was necessary when potassium efflux was measured. Cells

sequences were selected for an analysis using the transmembrane

were collected by centrifugation, washed with deionised water, and

topology detector Phobius (Käll et al., 2004). Both approaches

resuspended in an incubation buffer containing 10 mM Tris, 0.1 mM

placed the boundary between the membrane and C-terminal parts

MgCl2, 2% glucose, and 10 mM KCl or 10 mM RbCl (to prevent Na+

roughly in the same region. After discarding the membrane por-

or K+ reuptake, respectively), the pH was brought down to 4.4 with

tion, we eliminated CPAs that lacked a significant C-terminus, by

citric acid and adjusted to 4.5 with Ca(OH)2. Aliquots of cells were

screening out all the sequences that contained more than 99% gaps.

withdrawn over a period of 40 (sodium loss) or 120 (potassium loss)

Finally, the remaining sequences were re-aligned and sequences that

min. Cells were harvested by filtration, washed with 20 mM MgCl2,

introduced large gaps into the alignment were discarded. The final

acid extracted, and the cation content was determined by atomic

multiple sequence alignment consisted of 286 sequences. The mul-

absorption spectrometry. Measurements were repeated with simi-

tiple sequence alignment was then used in a ConSurf (Ashkenazy

lar results, and data from one typical experiment (Figures 3, 5 and

et al., 2016) analysis with the default settings. WebLogo (Schneider

6) or means ± standard deviations (Figure 4, Table S2) are shown.

and Stephens, 1990; Crooks et al., 2004) was used for graphical

Statistically significant differences were analyzed by an unpaired

representations of amino-acid patterns of conserved regions in the

Student t test using MS Office Excel (*p < 0.05, **p < 0.01).

C-termini of yeast Nha proteins.

4.5 | Sequence analysis
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