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Summary

1.1. Summary

Transport processes across cellular membranes have been a challenging and fascinating field
of research for the past 50 years.

Mrs2p and its bacterial homolog CorA belong to a large family of Mg?" transporters.
Common characteristics of members of this family are two transmembrane domains (TMs) in
the C-terminal part of the protein and the highly conserved G-M-N motif at the end of TM 1.
In order to obtain new insights into the molecular mechanisms of regulation of these
transporters, mutational analyses on members of the CorA/MRS2 family were performed. For
CorA from Thermotoga maritima we confirmed the key gating role of residue Leu294 by
forming a mechanical barrier for ion permeation. Mutations at this position strongly affect the
ability of the channel to close the ion conduction pathway, which is eventually lethal for the
cell.

In contrast, our studies on MRS2 suggest that the regulation of Mg?®* transport is more
complex in eukaryotic members of this family. We performed a comparative analysis of the
crystal structure of T. maritima CorA and the structure of the N-terminal domain of
Saccharomyces cerevisiae Mrs2p, including the pore forming TM 1. We thereby identified
amino acid residues most likely involved in gating of the channel. Our results show that in
Mrs2p, Met309 is the equivalent to Leu294 in CorA and fulfils a similar function in gating the
channel. However, mutations at this position do not lead to a complete deregulation of the
closing mechanism as observed for Leu294 in CorA. A second gate formed by Val315 was
identified but appears to be less important in controlling ion translocation.

By structure-based sequence analysis, we identified a potential cation binding site putatively
involved in sensing the intramitochondrial Mg®* concentration. However, our attempts to
experimentally demonstrate the involvement of the highly conserved amino acid Asp97 in
formation of a cation binding site did not yield a clear result.

We also performed a random mutational analysis of the highly conserved G-M-N motif of
Mrs2p. It has been shown that even conservative single amino acid substitutions in this motif
abolish the transport activity of CorA and Mrs2p. Surprisingly, we identified a series of
mutants with sequences completely different from G-M-N, but still able to transport Mg*".
However, these mutants exhibited reduced selectivity for Mg?*. Our results suggest that the
G-M-N motif plays a central role for the substrate specificity in the CorA/Mrs2p family.
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Besides Mrs2p the genome of S. cerevisiae encodes a homologous protein, namely Lpel0Op. In
this study LpelOp was investigated in more detail. Deletion of LPE10 or MRS2 similarly leads
to impaired growth on non-fermentable carbon sources. However, in contrast to deletion of
MRS2, deletion of LPE10 results in a strong reduction of the mitochondrial membrane
potential. LpelOp alone cannot form a Mg -selective channel but it is able to hetero-
oligomerize with Mrs2p and thereby reduces the conductance of the Mrs2p channel. Our
results indicate that the interplay between the two proteins is important to maintain the
mitochondrial Mg?* homeostasis in S. cerevisiae.

Compared to LpelOp or CorA, S. cerevisiae Mrs2p has an exceptionally long C-terminus. We
performed site-directed mutagenesis on the non-conserved positively charged KRRRK motif
and created a C-terminally truncated version of Mrs2p. While the KRRRK motif does not
appear to be crucial for the function, large deletions in the C-terminal part of the protein

strongly affect the transport activity of the channel.

The second part of this thesis focuses on the biochemical characterization of the two yeast
members of the MDM38/LETM1 family. Mdm38p has previously been characterized as an
essential factor for mitochondrial K'/H* exchange in S. cerevisiae. In a genome-wide
suppressor screen, the proteins Mrs7p and YdI183cp were identified as strong suppressors of
the MDM38 deletion. While Mrs7p exhibits a high sequence similarity to Mdm38p and
Letml, YdI183c appears to be an unrelated protein. Since these proteins only have one
predicted transmembrane domain, it is unlikely that they form the K'/H® exchanger.
Mdm38p/Letm1 and Mrs7p were found to form high molecular weight complexes in the inner
mitochondrial membrane suggesting that they form homo-multimers or rather associate as a
cofactor with the so far unidentified K*/H" exchanger. To tackle this question, we aimed here
at identifying the interaction partners of Mrs7p, and expected to find the antiporter among

them.
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1.2. Zusammenfassung

Transportprozesse durch Zellmembranen sind ein herausforderndes und faszinierendes
Forschungsgebiet.

Mrs2p und sein bakterielles Homolog CorA gehéren zu einer groBen Familie von Mg®*
Transportern. Charakteristische Eigenschaften der Mitglieder dieser Familie sind zwel
Transmembrandomanen (TMs) im C-terminalen Bereich der Proteine und das
hochkonservierte Motiv G-M-N am Ende der TM 1. Um weitere Einblicke in die molekularen
Mechanismen der Regulation dieser Transporter zu bekommen, wurden Mutationsanalysen an
Mitgliedern der CorA/MRS2 Familie durchgefuhrt. Bei CorA von Thermotoga maritima
konnte die Schlisselrolle der Aminosaure Leu294 als Schleuse des Kanals bestatigt werden.
Mutationen an dieser Position haben eine starke Auswirkung auf die F&higkeit des
lonenkanals die Pore zu schlieffen und sind letal fur die Zelle.

Im Gegensatz dazu deuten unsere Ergebnisse mit MRS2 darauf hin, dass die Regulation des
lonentransports in den eukaryotischen Vertretern der Familie wesentlich komplexer ist. Wir
haben eine vergleichende Strukturanalyse der Kristallstrukturen von T. maritima CorA und
der N-terminalen Doméane von Saccharomyces cerevisiae Mrs2p durchgefihrt. Es konnten
Aminosduren identifiziert werden, die hochstwahrscheinlich am Schliefen des Kanals
beteiligt sind. Unsere Ergebnisse zeigen, dass Met309 in Mrs2p und Leu294 in CorA eine
gleichwertige Rolle in der Regulation des lonenflusses spielen. Mutationen an dieser Position
fiihren aber nicht zu einer vollstandigen Deregulierung des SchlieBmechanismus, wie es bei
Leu294 von CorA beobachtet wurde. Eine zweite Schleuse (von Val315 gebildet) wurde
ebenfalls identifiziert - scheint aber fir die Kontrolle des lonentransports eine untergeordnete
Rolle zu spielen.

Durch strukturbasierende Sequenzanalyse konnte auch eine potentielle
Kationenbindungsstelle identifiziert werden, die als Messfuhler der intramitochondrialen
Mg®* Konzentration fungiert. Die Beteiligung der hochkonservierten Aminosiure Asp97 an
der Bildung einer Kationenbindungsstelle konnte experimentell aber nicht eindeutig gezeigt
werden.

Zusétzlich wurde das hochkonservierte G-M-N Motiv von Mrs2p mittels Zufallsmutagenese
analysiert. In friheren Arbeiten wurde gezeigt, dass sogar konservative Substitutionen
einzelner Aminosduren in diesem Motiv nicht toleriert werden und die Transportaktivitat von
CorA und Mrs2p stark minimieren. Eine Serie von Mutanten zeigt aber noch immer

Transportaktivitdt, obwohl die Sequenzen uberraschend stark von der Sequenz G-M-N
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abweichen. Die Selektivitat dieser Mutanten fiir Mg?* war aber reduziert. Diese Ergebnisse
lassen darauf schlieflen, dass das G-M-N Motiv eine zentrale Rolle fir die Substratselektivitat

der CorA/Mrs2p Familie spielt.

In der vorliegenden Arbeit wurde auch die Funktion von Lpel0p, dem Homolog von Mrs2p in
Hefe, genauer untersucht. Die Deletion von LPE10 oder MRS2 fuhrt in beiden Féllen zu
einem Wachstumsdefekt auf nicht-fermentierbaren Kohlenstoffquellen. Im Gegensatz zur
Deletion von MRS2 fiihrt die Deletion von LPE10 aber zusatzlich zu einer starken Reduktion
des mitochondrialen Membranpotentials. LpelOp alleine kann keinen Mg®* selektiven
lonenkanal bilden, es bildet aber Heterooligomere mit Mrs2p, die zu einer Reduktion der
Leitfahigkeit des Mrs2p Kanals fiihren. Unsere Ergebnisse zeigen, dass die Interaktion
zwischen den beiden Proteinen eine entscheidende Rolle fiir die mitochondriale Mg
Homd@ostase in S. cerevisiae spielt.

Im Vergleich zu LpelOp oder CorA, besitzt Mrs2p einen ungewdéhnlich langen C-Terminus.
Wir haben eine ortspezifische Mutagenese am nicht-konservierten, positiv geladenem
KRRRK Motiv durchgefiihrt und eine C-terminale Verkirzung des Mrs2 Proteins hergestellt.
Wahrend das KRRRK Motiv selbst keine entscheidende Rolle fur die Transportaktivitat des
Kanals spielt, fihrt die groflere Deletion am C-Terminus zu eine starken Reduktion der

Funktionalitat des Kanals.

Im zweiten Teil dieser Arbeit wurden zwei Mitglieder der MDM38/LETM1 Familie aus Hefe
charakterisiert. In vorangegangenen Studien wurde Mdm38p bereits als essentieller Faktor im
mitochondrialen K*/H* Austausch in S. cerevisiae beschrieben. In einer genomweiten Suche
nach Suppressoren, wurden die Proteine Mrs7p and YdI183cp als starke Suppressoren der
MDM38 Deletion identifiziert. Wéhrend Mrs7p eine groBe Ahnlichkeit zu Mdm38p aufweist,
scheint YdI183c ein nicht verwandtes Protein zu sein. Da beide Proteine vermutlich nur eine
Transmembrandoméne besitzen, ist es relativ unwahrscheinlich, dass sie den aktiven K*/H*
Austauscher alleine bilden. Mdm38p/Letml und Mrs7p wurden als Teil von
Proteinkomplexen mit hohem Molekulargewicht in der inneren Mitochondrienmembran
nachgewiesen. Diese Beobachtung lasst darauf schliefen, dass diese Proteine Homomultimere
formen oder- noch wahrscheinlicher- als Cofaktoren mit dem bisher unbekannten K*/H*
Austauscher assozieren. Um diese Fragestellung zu klaren, wurde versucht Interaktionspartner

von Mrs7p zu identifizieren, mit der Erwartung den verantwortlichen Antiporter zu finden.
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2. Introduction

2.1. The importance of magnesium in living cells

Magnesium has a crucial function in countless biological processes; it acts as cofactor with
ATP in multiple enzymatic reactions, interacts with exonuclease III, ribonuclease H and
hairpin ribozymes (Garcia Vescovi, et al., 1996; McCarthy, et al., 2005; Romani, 2007). The
ion exerts a stabilizing function on membranes and protein complexes, e.g. in the absence of
Mg”" ribosomal subunits are disassembled (Smith and Maguire, 1998). Furthermore Mg*"
plays an important role in signaling processes, extracellular magnesium concentrations exert a
regulatory effect on K and Ca®* channels in the plasma membrane (Brunet, et al., 2005) and
stress caused by Mg”>" depletion in yeast results in a rise of cellular Ca®* concentrations which
in turn triggers the calcineurin signaling pathway, a major regulator of environmental stress

conditions (Wiesenberger, et al., 2007).

Cellular total magnesium concentrations are in the order of about 14-30 mM, only a small
fraction of which is found in the free ionized form (~ 0.5 mM), whereas the vast majority is
bound to negatively charged ligands, like phosphate, ATP, RNA and DNA (Romani and
Scarpa, 1992; Jung, et al., 1997; Maguire and Cowan, 2002). Altered Mngr levels are
observed in a variety of human diseases. Changes in the intracellular concentration of the ion
in myocytes were reported in several cardiovascular diseases (Murphy, 2000). Furthermore,
due to its important role in glucose metabolism, hypomagnesia is implicated in insulin
resistance and diabetes (Garfinkel and Garfinkel, 1988; de Valk, 1999; Humphries, et al.,
1999; Kao, et al., 1999).
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2.2. Magnesium transport systems in prokaryotes

2.2.1. The CorA family of magnesium transporters

Members of the CorA family are ubiquitous throughout eubacteria and archaea, with sequence
homologies ranging from 98% between E. coli CorA and that of S. typhimurium to 15-20% in
more distantly related species (Smith, et al., 1993; Kehres, et al., 1998).

CorA was the first molecularly characterized magnesium transport protein. The name CorA
originates from its ability to transport cobalt besides of magnesium, which is toxic for the cell
at higher concentrations. The deletion of CorA therefore confers resistance to high cobalt
concentrations in the growth medium (Hmiel, et al., 1986; Hmiel, et al., 1989; Snavely, et al.,

1989).

In 2006 three crystal structures of Thermotoga maritima CorA have been published
independently with a resolution of 3.9 A, 2.9 A and 3.7 A, respectively (Lunin, et al., 2006;
Eshaghi, et al., 2006; Payandeh and Pai, 2006).

The crystal structures unisonously demonstrated that CorA is a homopentamer with two
transmembrane helices (TMs). The ion conduction pathway is entirely formed by TM 1, while
five TM 2 domains form an outer anchoring ring in the membrane. The channel has a narrow
entrance (~ 5 A) and a wide mouth (~ 20 A). The N-terminal domain of the protein is
localized in the cytoplasm and folded into a seven stranded parallel/antiparallel B-sheet (B 1-
7), sandwiched between two sets of a-helices (al, 02, a3 and a4, a5, a6). The helices a5, a6
are called “willow helices” and extend towards the membrane (a5) and back (a6). This
cytosolic domain is followed by an unusually long (~100 A) stalk helix (a7) forming the
funnel and TM 1 (Figure 1) (Lunin, et al., 2006).

The short loop connecting TM 1 and TM 2 is missing in all published structures, indicating a
high flexibility (Lunin, et al., 2006; Eshaghi, et al., 2006; Payandeh and Pai, 2006). The helix
forming TM 2 domain ends with the highly conserved KKKKWL motif (Lunin, et al., 2006).
In the pentameric structure these lysine residues form the “basic sphincter”, a highly
positively charged ring around the pore at the membrane-cytosol interface. This high
accumulation of positive charge is counterbalanced by a high number of negatively charged
residues, mainly aspartic acid and glutamic acid residues situated in the tips of a5 and a6 as

well as in the loop connecting the two willow helices (Lunin, et al., 2006).
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Figure 1: Structure of the CorA Mg®" channel: (A), Ribbon diagram of the CorA pentameric
complex, viewed in the plane of the membrane. On the right a single unit of the CorA channel
highlighting the following structural features is shown: Stalk helix and inner TM1 helix (turquoise),
outer helix TM 2 (dark blue) and willow helices (purple). The a-helices 1-4 are colored in red and 8 -
sheets in yellow. The membrane surface is indicated. (B) View from the intracellular region. (C), View
from the periplasm. Adapted from (Lunin, et al., 2006)

Magnesium exhibits several exceptional characteristics: a fully hydrated ion has a diameter of
5 A which is approximately the same size as a glucose molecule, whereas the unhydrated
cation is only about 0.65 A in diameter (Maguire, 2006b). The finding that cation
hexaammines, mimicking the hydrated ion, are able to block the channel suggests that initially
the fully hydrated ion interacts with CorA (Kucharski, et al., 2000). In most CorA homologs
as well as in Mrs2p and Alrlp the short loop connecting TM 1 and TM 2 contains negatively
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charged residues, suggesting that this is the initial interaction site for Mg*" (Weghuber, et al.,
2006; Wachek, et al., 2006). In view of the high transport rates of members of the CorA/Mrs2
family, the concept that hydrated magnesium ions literally bind to the loop through strong
ionic interactions has been questioned recently (Moomaw and Maguire, 2010).

The ring of asparagines (Asn314) from the highly conserved F/Y-G-M-N motif located at the
end of TM 1 completely blocks the entrance of the channel at the membrane-periplasm
interface in the closed channel conformation (Lunin, et al., 2006). Further constrictions of the
pore are formed by Met302 in the center of the membrane and at the membrane-cytosol
interface the bulky, hydrophobic amino acids Leu294 and Met291, narrow the pore to 2.5 A
in the closed state. Leu294 in combination with the positive potential of the basic sphincter is
supposed to be the major barrier for ion movement (Lunin, et al., 2006; Payandeh, et al.,

2008; Eshaghi, et al., 2006).

How is sensing the intracellular Mg>" concentration linked to opening and closing of the
channel? Recent data obtained from structural and mutational analyses led to the
identification of two Mg*" binding sites (Asp89 in helix a3 and Asp253 in the stalk helix) in
the intracellular domain of the protein (Figure 1). A secondary site was proposed to
coordinate the ion indirectly through water molecules (Lunin, et al., 2006; Eshaghi, et al.,
2006; Payandeh and Pai, 2006; Maguire, 2006b).

According to the model proposed by Payandeh et al., ion binding to these sites would have a
stabilizing effect in the closed conformation. Under this condition the a8 domain (helices
a1-4 and the B-sheet) of one monomer would associate with the stalk helix of the neighboring
monomer. Mg”>™ dissociation in contrast would allow rotation of the ao domain away from
the stalk helix. Also the helices a5 and a6 would undergo a rearrangement relative to one
another and relative to helix a7. These large conformational changes result in opening of the
hydrophobic gate formed by Leu294 and might also propagate on the periplasmatic gate (for a
detailed description see Figure 2) (Payandeh and Pai, 2006; Payandeh, et al., 2008).
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Figure 2: A proposed gating model for CorA. (A) Cations (black spheres) bound to the DCS
(divalent cation sensor) sites have a stabilizing effect on the closed conformation of the channel. (B)
Dissociation of MgZ+ from the DCS sites destabilizes the interactions between the intracellular
electrostatic sink residues (ESR) and the neutralizing residues (NR) through charge repulsion and
initiates the transition to the open state. The structural reorganization brings the acidic ring (AR,
negatively charged residues situated in the tips of a5 and a6 and in the loop connecting the two willow
helices) in proximity to the basic sphincter (BR). The interaction between AR and BR may affect the
position of TM 2 and the short loop connecting TM 1 and TM 2 and possibly leads to opening of the
periplasmic mouth of the channel. Rotation of a6 around a7 generates a torque along a7, which
produces a gating force on the hydrophobic gate (HG) and possibly the periplasmic Pro303 gate. The
Asn314 side chains (of the G-M-N motif) are displaced from the pore entrance and uncover the
carbonyl funnel (CF). The a1-4/1-7 domain has been omitted for clarity. Adapted from (Payandeh, et
al., 2008).

Recently, also an iris-like mechanism has been proposed for opening and closing of the
channel. This model of Chakrabarti et al. proposes that only small conformational changes are
necessary for gating of the channel. The a7 helix exhibits kinks at two sites, at Pro303, near
the periplasmatic gate and at Gly274 leading to a widening of the ion conduction pathway in
the cytosol (Chakrabarti, et al., 2010). Together with its extraordinary length of ~100 A the o7
helix was proposed to operate like a lever transmitting conformational changes in the
cytosolic domain to the constrictions in the transmembrane region and the mouth of the pore

and eventually opening the channel (Chakrabarti, et al., 2010; Maguire, 2006b).
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As the channel opens, after the initial interaction of the hydrated ion with residues in the loop
between TM 1 and TM 2, the ion hydration shell is removed and the ion passes through the
pore. Interestingly, no charged amino acid is present in the pore-forming TM 1 helix as well
as in the membrane-anchoring TM 2, indicating that no interaction between the positively
charged ion and negatively charged amino acid residues is necessary for the transport process.
Mg”" rather interacts with the backbone carbonyls while passing the membrane (Payandeh and
Pai, 2006; Maguire, 2006b; Payandeh, et al., 2008). In contrast, the cytosolic portion of the
stalk helix contains negatively charged or polar residues contributing to a negative
electrostatic potential that attracts Mg”" to exit the membrane-spanning domain (Lunin, et al.,

2006; Payandeh and Pai, 2006; Eshaghi, et al., 2006).

2.2.2. The MgtA and MgtB transport systems

Besides CorA, two other systems mediating magnesium influx, termed MgtA and MgtB, have
evolved in prokaryotes (Hmiel, et al., 1989). MgtA as well as MgtB do not exhibit any
similarity to CorA. Members of the MgtA/B class are found primary in eubacteria (for review
see Maguire et al. 2006: Magnesium transporters: properties, regulation and structure)
(Maguire, 2006a) and belong to the family of P-type ATPases, using one molecule ATP per
transport cycle (Tao, et al., 1995).

The most striking physiological difference between CorA and the MgtA/MgtB system is their
regulation. In contrast to the constitutively expressed members of the CorA family, expression
of MgtA and MgtB is regulated by the two-component signal transduction system PhoPQ and
Mg*" itself serves as the sensing signal (Smith, et al., 1998; Groisman, 2001). Although both
proteins are very similar, they exhibit some differences regarding their transport activity.
Unlike MgtA, MgtB is highly temperature sensitive and looses its activity at 20°C (Snavely,
et al., 1989).
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2.2.3. The MgtE family of Mg** transporters

MgtE from Bacillus firmus was identified in the lab of Michael Maguire in a genomic library
screen to complement the magnesium dependent growth defect of the S. typhimurium triple
deletion strain MM281, which lacks all three known magnesium transport systems CorA,
MgtA and MgtB (Smith, et al., 1995).

MgtE encodes a 34 kDa protein with no similarity to other magnesium transporters like CorA
or the MgtA/MgtB system and therefore seems to represent a new class of Mg”" transporters.
Members of the MgtE family are found in both Eubacteria and Archaea (Townsend, et al.,
1995). Human and mouse homologs have been characterized as well e.g. the solute carriers
SLC41A1 and SLC41A2 (Wabakken, et al., 2003; Goytain and Quamme, 2005a; Goytain and
Quamme, 2005b; Kolisek, et al., 2008).

Recently, Hattori et al. have published the crystal structure of full-length MgtE from Thermus
thermophilus at 3.5 A and the cytosolic domain in presence and absence of Mg*" at 2.3 A and
3.9 A, respectively (Hattori, et al., 2007). The transporter in its homodimeric form has ten
transmembrane helices and exhibits a continuous ion-conducting pathway, formed mainly by
TM 5 and TM 2 and partly by TM 1 helices. A mechanism for regulation of the transporter
has been proposed in which the cytosolic part of the MgtE dimer functions as Mg”" sensor
triggering conformational changes. The presence of Mg leads to dimerization of the cation
binding site (CBS) domains and the connecting helices are fixed via Mg*" mediated
interactions with the cytosolic and membrane-spanning domains. Low intracellular Mg*"
concentrations in contrast lead to a higher flexibility of the cytosolic domain and an opening

of the pore (Figure 3) (Hattori, et al., 2007).
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Figure 3: Proposed gating mechanism of MgtE. The closed state at a high intracellular Mg2+
concentration (left). The open state at a low intracellular Mg2+ concentration (right), CBS= cation
binding site. Modified from (Hattori, et al., 2007)

Although the available structure resembles a channel, it was proposed that MgtE acts as
secondary active transporter, based on the conformation of the pore in closed state (Hattori, et
al., 2007). However, recent data obtained from patch clamping experiments characterize

MgtE as a highly selective Mg®" channel (Hattori, et al., 2009).

2.3. Magnesium transport in eukaryotes

2.3.1. The protein Alrlp controls Mg uptake through the plasma membrane in yeast cells

Alrlp was the first characterized magnesium transporter in eukaryotic cells and is distantly
related to the mitochondrial Mrs2p and the bacterial CorA (MacDiarmid and Gardner, 1998;
Bui, et al., 1999; Wachek, et al., 2006). Homologs of Alrlp are found in other fungi and some
protozoa but not in higher eukaryotic organisms. The protein is localized in the plasma
membrane and is essential for viability of yeast cells in standard rich and synthetic media
(MacDiarmid and Gardner, 1998; Graschopf, et al., 2001). A Mg”" concentration of 30 pM is

sufficient to support normal growth of wild-type cells in synthetic medium. Upon deletion of
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ALRI, cells require 50 mM Mg”" to reach wild-type growth rates. It has been shown that
expression of the bacterial Mg”" transporter CorA is able to partially compensate the deletion
of ALRI (Graschopf, et al., 2001). However unlike the constitutively expressed CorA and
Mirs2p, expression and turn-over of Alrlp is regulated by the intracellular Mg*" concentration.
Cells incubated in the presence of 1 to 10 mM Mg*" exhibit a reduced stability of the protein
and it was proposed that Alrlp is internalized via the endocytic pathway and subsequently
delivered to the vacuole for degradation (Graschopf, et al., 2001).

The yeast genome encodes a close homolog of ALRI, named ALR2. The two proteins have a
sequence identity of 69%. The most striking difference between the two proteins is the
strongly reduced Mg”" transport activity of ALR2, which is due to an amino acid substitution
in the loop region connecting the two TM domains (Wachek, et al., 2006). Other members of
the CorA-Mrs2p-Alrlp superfamily predominantly have a negatively charged residue in the
loop region at the position + 6 relative to the F/Y-G-M-N motif often followed by a second
negatively charged residue (Bui, et al., 1999; Weghuber, et al., 2006). Alrlp exhibits a
glutamic acid residue at this position, while in Alr2p a positively charged arginine residue is
found. As a consequence, even high copy expression of Alr2p is not able to elevate the
cellular Mg®* concentration to wild-type levels in an alr/A strain (Wachek, et al., 2006).
Alrlp and Alr2p were shown to form homo- and heterooligomers, however due to the
relatively low stability of the proteins no higher oligomeric states than tetramers could be

shown experimentally (Wachek, et al., 2006).

2.3.2. Mrs2p forms a Mg®* selective channel of high conductance in the inner
mitochondrial membrane

The nuclear gene MRS2 encodes a 54 kDa protein localized in the inner mitochondrial
membrane (Bui, et al., 1999). MRS2 was originally found together with several other genes
(e.g. MRS3 and MRS4) to be essential for splicing of mitochondrial group II introns and to
suppress a splice defect when overexpressed (Koll, et al., 1987). However, unlike the other
MRS genes, MRS2 was the only gene essential for splicing of all four group II introns in the
mitochondrial pre-mRNA and deletion of the gene additionally caused a growth defect on
non-fermentable carbon sources (petite-phenotype) also in intron-less yeast strains. Further
effects of the MRS2 deletion are a reduction in cytochrome b levels and absence of
cytochrome a.a3. Since these effects were also found in intron-less yeast strains, an additional

function for Mrs2p was proposed (Wiesenberger, et al., 1992).
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Mrs2p exhibits low sequence similarity to the bacterial CorA protein, in fact conservation of
the primary sequence is virtually absent except for the motif F/Y-G-M-N and the end of the
first transmembrane domain (Knoop, et al., 2005). In spite of the low sequence identity, CorA
and Mrs2p were shown to be functional homologs. Expression of a fusion protein between
CorA of S. typhimurium and the first 48 amino acids of Mrs2p localized correctly to the inner
mitochondrial membrane and partially suppressed the pet phenotype of mrs2A cells (Bui, et
al., 1999). Recently it was also demonstrated that Mrs2p is functional in a S. typhimuruium
strain lacking all major magnesium transport systems (Svidova, S., manuscript in preparation)
Furthermore, chemical cross-linking experiments (Kolisek, et al., 2003) and Blue-native
PAGE (Schindl, et al., 2007) provided evidence that Mrs2p forms high molecular weight
complexes (most likely pentamers), which is consistent with data obtained from analysis of

the CorA crystal structure (Lunin, et al., 2006; Eshaghi et al., 2006; Payandeh and Pai, 2006).

Mg”" concentrations in eukaryotic cells are in the low millimolar range and remain relatively
unaffected even when extracellular concentrations are altered drastically (Jung and Brierley,
1999; Beeler, et al., 1997). Addition of magnesium to the growth medium therefore does not
rescue the pet phenotype of mrs2A cells. As a consequence the double deletion of 4ALR] and
MRS?2 exhibits a synthetic phenotype with strongly reduced growth on fermentable as well as
non-fermentable carbon sources (Bui, et al., 1999). In contrast, overexpression of ALRI
increases cellular Mg®" concentrations by a factor of 1.5 and therefore has as a mild

suppressive effect on the pef phenotype caused by deletion of MRS2 (Gregan, et al., 2001b).

Kinetic characteristics and ion selectivity of the Mrs2p channel were extensively studied in
our laboratory. Changes in mitochondrial Mg®" concentrations can be measured by the
fluorescent dye mag-fura-2 (Kolisek, et al., 2003). Isolated mitochondria are loaded with the
membrane-permeant acetoxymethyl ester of the dye. The dye is subsequently entrapped and
activated by mitochondrial esterases. Basal mitochondrial Mg”>" concentrations measured in
nominally Mg”" free buffer are in the range of 0.6-0.7 mM. Upon stepwise addition of Mg*" a
fast and highly regulated uptake of ions takes place and steady state plateau levels are reached
within 50 seconds. The facts that magnesium uptake via Mrs2p is temperature insensitive and
that influx rates are in the range of 150 uM s-1 for wild-type cells characterize Mrs2p as a

channel (Kolisek, et al., 2003).

The driving force for Mg®" influx via the Mrs2p channel is the high, inside negative
membrane potential (A¥Y) of -130 to -160 mV generated by the electron transport chain. Given

a potential of -160 mV, Mg*" influx into mitochondria would theoretically continue until Mg
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concentrations of approx. 1450 mM are reached if 10 mM Mg”" is applied outside. This is far
above the mitochondrial matrix Mg®" concentration of 5 mM reached with 10 mM Mg*"
outside in isolated mitochondria (Kolisek, et al., 2003). A tight regulation of the channel is

therefore imperative.

Patch clamping experiments with giant lipid vesicles fused with inner mitochondrial
membrane were used to study conductivity and selectivity of the channel. Permeability of the
Mrs2p channel was tested for Ca2+, Mn2+, C02+, and Ni*". However, the channel was only
permeable for Mg®" with a very high conductance of 155 pS and for Ni*" a significantly lower
conductance of 43 pS was observed. Addition of the known CorA/Mrs2p channel inhibitor
Co(IIT)-hexaammine (Robinson and Wang, 1996; Kucharski, et al., 2000) lowered the
conductance to 33 pS, which equals vesicles prepared from mrs2A mitochondria (Schindl, et

al., 2007).

For CorA of S. typhimurium it has been shown that the F/Y-G-M-N motif at the end of TM 1
helix is essential for Mg”" transport and represents a “Mg’" signature sequence” involved in
maintenance of selectivity of the channel (Szegedy and Maguire, 1999; Knoop, et al., 2005).
Even conservative mutations at one of these positions are not tolerated and entirely abolish
transport activity (Szegedy and Maguire, 1999). Substitution of glycine in this motif by
alanine strongly reduces Mg”" influx (Kolisek, et al., 2003). Interestingly, for CorA as well as
for Mrs2p only single amino acid substitutions have been tested for their effect on magnesium

transport activity, but no random mutagenesis of the whole motif was performed so far.

Another common feature of the CorA/Alrlp/Mrs2p family is the presence of one or two
negatively charged amino acids in the short loop connecting the two membrane spanning
domains following the F/Y-G-M-N motif. By acting as a topogenic signal, this loop is
considered to be important for the correct insertion of the protein into the inner mitochondrial
membrane (Baumann, et al., 2002). Furthermore, these negatively charged residues are
believed to be important for electrostatic attraction of Mg*" ions to the channel pore and to
represent the initial contact site of the hydrated ion with the protein (Lunin, et al., 2006;
Eshaghi, et al., 2006 ; Payandeh and Pai, 2006 ; Wachek, et al., 2006 ; Weghuber, et al.,
2006 ; Hu, et al., 2009). At least for the prokaryotic CorA family, this model of electrostatic
attraction and interaction of the Mg”" ion with negatively charged loop amino acid residues
has been questioned recently. Based on mutational analysis of the loop region, Moomaw et al.

suggested that the loop region plays an important role rather as selectivity filter and in
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accelerating the dehydration process of the hydrated ion than in the so far believed function of
attracting Mg”" to the channel entrance by a direct electrostatic interaction (Moomaw and
Maguire, 2010). However, yeast and mammalian Mrs2 proteins exhibit two negatively
charged glutamic acid residues at these positions, a conservative substitution of Glu341 and
Glu342 by aspartic acid does not affect the function of yeast Mrs2p, whereas positively
charged lysine residues at these positions result in a complete loss of mitochondrial Mg*"

uptake (Weghuber, et al., 2006).

A specific feature of yeast Mrs2p is an exceptionally long C-terminal sequence following the
TM 2 helix, which is neither present in plant or human homologs nor in CorA. This C-
terminal extension contains an arginine-rich motif (ARM) which has initially been considered
as potential RNA binding domain (Schmidt, et al., 1998). Mutational analysis of this sequence
revealed that deletion of this basic region, reduced activity of the Mrs2p channel significantly,
however, overexpression of this mutant variant basically compensated for its lower activity
(Weghuber, et al., 2006). Nevertheless this positively charged sequence stretch appears to be a

potential candidate for a “basic sphincter” in S. cerevisiae Mrs2p.

2.3.3. The role of Lpe10p in mitochondrial Mg?* homeostasis

During sequencing of the yeast genome a homolog of MRS2 has been identified, named
LPEI10. The respective gene encodes for a protein of 47 kDa localizing to the inner
mitochondrial membrane. Phylogenetic analysis of the CorA/MRS2 family suggests that
MRS?2 and LPEI0 evolved from a common ancestor by gene duplication (Knoop, et al., 2005).
Overall sequence identity between Mrs2p and LpelOp is 32%, the apparent size difference is
mostly due to the C-terminal extension of Mrs2p, not present in LpelOp (Gregan, et al.,
2001a).

The phenotype caused by deletion of LPEI0 is very similar to that observed for deletion of
MRS?2. In mitochondria of yeast cells lacking LPE10 splicing of group II introns is impaired
and cells are respiratory deficient but viable if provided with fermentable substrates (petite
phenotype) (Gregan, et al., 2001a). The pet phenotype can also be observed in intron-less
strains pointing to a more general function of LPE( in yeast mitochondria. The simultaneous

deletion of both genes leads only to a slightly stronger phenotype on non-fermentable carbon
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sources (Gregan, et al., 2001a). Despite of their sequence similarity and comparable
phenotypes both proteins cannot substitute for each other when expressed at low copy
number. Overexpression of Mrs2p in a /pelOA background suppresses the petite phenotype
weakly, whereas LpelOp exhibits no significant effect in mrs2A cells (Sponder, et al., 2010).
Interestingly, the above mentioned fusion between the first 48 amino acids of Mrs2p and
CorA of S. typhimurium as mentioned before restored growth of cells lacking LPEI0 to a
certain degree (Gregan, et al., 2001a).

In this study LPE10 was investigated in more detail to better understand the function and the

interplay of this protein with Mrs2p in regard to magnesium transport (Sponder, et al., 2010).
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2.4. Mitochondrial K'/H" exchange and volume homeostasis

Mitochondria are vital organelles of eukaryotic cells. They serve as power plants converting
pyruvate, the end product of glycolysis via the citric acid cycle and oxidative phosphorylation
into energy in the form of ATP.

Mitochondria possess two membrane systems reflecting their endosymbiotic origin. The outer
mitochondrial membrane (OM) has a composition similar to the eukaryotic plasma membrane
and exhibits a high permeability for solutes and ions. Porins, integral B-barrel proteins, form
pores in the outer mitochondrial membrane with a diameter of 2-3 nm, large enough to allow
passive diffusion of e.g. sugars, amino acids or ions up to a size of 600 Da (Zeth and Thein,
2010; Menze, et al., 2005).

In contrast, the inner mitochondrial membrane (IM) has similarity to bacterial membrane
systems and is highly folded into cristae increasing the surface for enzymes of the electron
transport chain and ATP synthesis (Garlid and Paucek, 2003). Unlike the OM, the inner
membrane is highly impermeable, even to small molecules or ions. This impermeability is an
essential prerequisite for the establishment of an electrochemical gradient across the
membrane and thereby for ATP production (Bernardi, 1999; Garlid and Paucek, 2003).
Electrons of NADH or FADH2 are funneled to oxygen through the respiratory chain and this
process drives the ejection of H' by redox pumps (Bernardi, 1999). Due to the low passive
permeability of the membrane, the ejection of protons leads to the buildup of a pH gradient
(ApH) of about 0.3 units (Garlid and Paucek, 2003) and an electrical potential gradient (AW).
The proton-electrochemical gradient (ApH) is about -150 to -200 mV and most of the gradient
is present in the form of a membrane potential under physiological conditions (Bernardi,
1999). This proton motive force is used to drive different mitochondrial transport processes
e.g. the import of nuclear encoded proteins, ion transport and most importantly it is essential

for ATP synthesis via the Fo/F; ATPase (Bernardi, 1999).

The requirement of a strong proton-electrochemical gradient for ATP synthesis, however,
poses a problem: it is a strong driving force for the uptake of K and other cations via
diffusive processes. Physiological potassium concentrations in the cytosol are very high - in
the range of 150 mM. The high, inside negative membrane potential would favour K" uptake
to an electrochemical equilibrium of approximately 150 M. The same applies for other

positively charged ions e.g. Na” with 5 mM (Bernardi, 1999). Energized mitochondria
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therefore represent infinite sinks for potassium accompanied by influx of water, resulting in
swelling and eventual lysis of the organelle (Garlid and Paucek, 2003). As stated previously,
the inner mitochondrial membrane in general has a low permeability to ions and protons,
nevertheless ions can pass the membrane by diffusive processes (leaks) and at the same time
the inner mitochondrial membrane has a high permeability to water (Garlid and Paucek, 2003;
Mitchell, 1961). Net uptake or loss of K consequently leads to osmotic swelling or shrinkage
of the organelle (Bernardi, 1999). To overcome this danger, Peter Mitchell postulated in 1961
the existence of proton/cation antiporters regulating mitochondrial osmolarity and volume
(Mitchell, 1961; Mitchell, 1966).

For more than five decades, great effort has been made to prove Mitchell’s postulate and to
identify the responsible proteins of the cation/H™ exchange systems. However, the
experimental demonstration of electroneutral K'/H" antiport in mitochondria was complicated
by the presence of different electrophoretic transport systems for K and H' in the inner
mitochondrial membrane (Garlid, et al., 1986).

The finding that cation/H" antiport activity can be demonstrated by monitoring changes in the
mitochondrial volume (swelling) has proven to be an extremely useful tool in examining these
transport processes. Swelling of the organelle results in changes in light scattering and can
therefore easily be followed (Azzone and Massari, 1971; Azzone, et al., 1976; Blondin, et al.,
1969). Classical swelling experiments as described in (Blondin, et al., 1969; Douglas and
Cockrell, 1974; Mitchell and Moyle, 1969) were carried out with isolated non-respiring
mitochondria in acetate-based media. The inner mitochondrial membrane is highly permeable
to the protonated form of acetic acid. Incubation of mitochondria in Na-acetate resulted in fast
swelling, in contrast swelling in K-acetate was extremely slow. This finding suggested that
mitochondria obviously posses a very active Na'/H" exchange mechanism and an inactive or
latent K'/H" antiporter (Douglas and Cockrell, 1974; Nakashima and Garlid, 1982;
Welihinda, et al., 1993; Rosen and Futai, 1980). However, fast swelling in K-acetate medium

could be achieved by addition of the drug nigericin, an artificial K'/H" exchanger (Figure 4).
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Figure 4: Nigericin induced swelling of mitochondria in acetate medium. Isolated, non-respiring
mitochondria rapidly swell upon addition of the electroneutral K'/H" exchanger nigericin. Nigericin
leads to K uptake, followed by rapid diffusion of acetic acid. This leads to a net-uptake of K-acetate
and eventually to swelling due to an increased uptake of water. Swelling can be followed by a

decrease in light-scattering of the organelle. Adapted from (Bernardi, 1999))

Conversely, sole addition of a protonophore (e.g. FCCP) or a K" ionophore (e.g. valinomycin)
does not lead to fast swelling. Only if these two transport processes are coupled fast swelling
can be observed (Figure 5) (Mitchell and Moyle, 1969; Douglas and Cockrell, 1974; Azzone,
et al., 1976; Bernardi, 1999).

Val FCCP
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Figure 5: Swelling of isolated mitochondria, the effects of FCCP and valinomycin. Due to the low
permeability of the membrane to protons and K*, deenergized mitochondria in acetate medium swell
only in the presence of both, a protonophore (FCCP) and a K" ionophore (valinomycin). Equivalent to
nigericin, FCCP and valinomycin together mediate electroneutral K'/H" exchange resulting in net

uptake of K-acetate and swelling of the organelle. Adapted from (Bernardi, 1999))

These experiments in principle allow an experimental demonstration of the postulated K'/H"

antiport. Nevertheless, the latent K'/H™ exchanger needs to be activated, which is in contrast

to the Na'/H™ antiporter. Treatment of isolated mitochondria with EDTA and A-23187, a
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2H/Me”*" exchanger alters the permeability of the mitochondrial membrane for K* (Figure 5)
(Dordick, et al., 1980). This effect was initially explained with the transport of K™ by A-
23187. Later it became clear that A-23187 does not transport K itself, but leads to depletion
of the mitochondrial matrix for divalent cations (Bernardi, 1999; Cockrell, 1973; Mitchell and
Moyle, 1969; Chappell, 1968).

HAC Figure 6: Stimulation of K-acetate
A23 + EDTA uptake by A-23187 and EDTA. Non-
[ respiring mitochondria in acetate

medium exhibit rapid swelling after

< incubation with A-23187 and EDTA.

HAG Net-uptake of K-acetate can either be

swelling mediated by an electroneutral K'/H*

exchanger (scheme A) or by coupling

B : " of two independent, electrical H" and

K" fluxes (scheme B). Adapted from
(Bernardi, 1999)

time

Depletion of the mitochondrial matrix for divalent cations (mostly Mg”" and Ca®") seems to
unmask conductances for H™ and K. However, as shown in Figure 6, this experiment cannot
dissect between K'/H" exchange mediated by the postulated, electroneutral K'/H™ exchanger
and coupling of two independent uniport processes for K™ and H', respectively (Bernardi,
1999).

This question was solved by passive swelling experiments in K-nitrate medium. The nitrate
anion is membrane permeable. Depletion of the mitochondrial matrix for divalent cations by
A-23187 and EDTA should lead to swelling, reflecting K" uptake. However, swelling only
occurred after addition of the protonophore FCCP. This demonstrates that the two
conductances are coupled (Bernardi, 1999).

It was not clarified, if K” influx in these experiments only occurred via the K'/H" exchanger
alone or if other transport pathways for K* were present as well (Duszynski and Wojtczak,
1977; Bernardi, et al., 1989). Furthermore, the effect of A-23187 on the permeability of the
mitochondrial membrane for K™ was controversially discussed (Garlid, 1980; Pfeiffer and

Lardy, 1976).

The demonstration that K and H' fluxes are intrinsically electroneutral was finally

accomplished with an experiment in isolated, energized mitochondria (Figure 6).
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Mitochondria were treated with a very low concentration of valinomycin in low K-sucrose
buffer. The inside negative membrane potential induces an inward directed K flux mediated
by the K" ionophore valinomycin. The K™ concentration outside decreases until a new steady
state is reached. This steady-state is perturbed by addition of A-23187 and induces a phase of
net K' efflux, increasing the K’ concentration outside to a new steady-state, which is
insensitive to further addition of A-23187. This steady state is based on K influx, mediated
by valiomycin and K" efflux via the endogenous K'/H" exchanger. The balance is destroyed
by further addition of valinomycin inducing a new phase of K uptake and nigericin resulting
in further K* efflux (Figure 7). This experiment demonstrated that A-23187 unmasks an
endogenous, electroneutral K'/H" exchanger, mediating K’ efflux against the K'-
electrochemical gradient. A-23187 obviously does not transport K' itself, since further
addition of the ionophore does not alter the steady-state (Dordick, et al., 1980; Shi, et al.,
1980; Bernardi, 1999).

Figure 7: Endogenous mitochondrial K'/H® exchange is intrinsically electroneutral and
activated by depletion for Me**. Addition of valinomycin to energized mitochondria in low K* buffer
leads to K" influx driven by the inside, negative membrane potential and the K™ concentration outside
decreases. A-23187 induces K" efflux by activating the endogenous K'/H" exchanger, until a new
steady state with higher outside K* concentration is established. Further addition of valinomycin leads
to enhanced K’ uptake, whereas addition of nigericin leads to increased K* efflux. In contrast, a
second dose of A-23187 does not alter the steady-state. Adapted from (Bernardi, 1999))

The existence of a K'/H" exchanger counterbalancing the diffusive influx of K™ solves the
problem of mitochondrial volume homeostasis but at the same time creates a threat for energy
conservation in the form of an electrochemical potential gradient. A constantly active
exchanger using the proton motive force to pump K™ out of the mitochondrial matrix would
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result in a break-down of the proton-chemical gradient and consequently of energy production
(Garlid and Paucek, 2003).

These considerations led Garlid and colleagues to propose the “Mg*" carrier brake
hypothesis”. According to this hypothesis a matrix solute would act as reversible inhibitor of
the K'/H" exchanger. Electrophoretic influx of K' is osmotically accompanied by influx of
water leading to swelling of the organelle and dilution of matrix solutes. Volume increase
would consequently reduce the inhibitor concentration and activate the exchanger (Garlid,
1980; Garlid, 1978; Garlid, 1979).

Based on the observation that K” efflux is induced by anions able to form complexes with
divalent cations (e.g. citrate, phosphate) but not by anions weakly interacting with divalent
cations (e.g. malate, succinate), the role of the inhibitor was attributed to Mg®" with a K; of
200-400 uM in heart and liver mitochondria (Nakashima and Garlid, 1982; Kakar, et al.,
1989)

Another argument, that Mg®" is the regulatory cation, is the fact that unlike Ca®*", Mg*"
concentrations are relatively stable (Nakashima, et al., 1982).

The Mg®" carrier brake hypothesis represents a mechanism which balances K influx and K*
extrusion via the K'/H" exchanger thereby preventing futile cycling of K™ and minimizing the
energetic cost for volume homeostasis. In this model Mg*" serves as a volume sensor.
Swelling is caused by the net uptake of salts, and the anions of these salts (e.g. citrate and
phosphate) would decrease the matrix free Mg>" concentration, inhibitory Mg*" bound to the
K'/H" antiporter would dissociate and thereby activating it (Garlid and Paucek, 2003).

This theory is not without controversy. It was clearly demonstrated that the antiporter is
reversibly inhibited by Mg*" in swelling experiments (Azzi, et al., 1984; Dordick, et al., 1980;
Garlid, et al., 1986). However, the availability of the Mg®" sensitive fluorescent dye mag-fura-
2 allowed for the first time to directly examine changes in the matrix free Mg”" concentration.
Changes of matrix Mg>" concentrations upon different swelling conditions were examined
and the authors concluded that Mg®" concentrations do not change in a manner compatible
with the proposed role of Mg”" being a volume sensor (Jung and Brierley, 1999).

Possible alternative regulatory mechanisms for the K'/H" exchanger are changes in matrix
protein concentration or mechanical signals caused by a stronger contact between the outer
and the inner membrane upon swelling. Also a complete equilibration between mitochondrial
matrix and the cytoplasm through transient opening of the mitochondrial permeability

transition pore was discussed (Jung and Brierley, 1999).
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Further studies demonstrated that an increased matrix volume itself stimulates the K'/H"
exchanger by an unknown mechanism (Brierley, et al., 1984; Bernardi and Azzone, 1983) and
that amphiphilic amines (e.g. antidepressants, antihistamines, antiarrhythmics and local
anesthetics) inhibit the antiporter. Also quinine exhibits an inhibitory effect (Nakashima and
Garlid, 1982; Jung, et al., 1984; Dordick, et al., 1980). These inhibitors proved to be useful
for the demonstration that mammalian mitochondria have two distinct monovalent
cation/proton antiporters, a Na' selective and a latent non selective antiporter. This non-
selective system transports various monovalent cations e.g. Na', K", Li", Rb" and Cs". Due to
the high abundance of K" in the cell, this non-selective system primarily mediates an
exchange of K™ for H' and is therefore often referred to as K'/H" antiporter (Brierley, et al.,

1994; Beavis and Garlid, 1990).

An important finding however was that DCCD irreversibly inhibits the K'/H" antiporter.
DCCD is a general inhibitor for ion transport proteins interacting with carboxylic groups in
the hydrophobic core of these membrane proteins (Azzi, et al., 1984; Dordick, et al., 1980).
Interestingly, DCCD only reacts with the activated K'/H" exchanger. Quinine and appropriate
matrix Mg®" concentrations therefore protect the antiporter from inhibition (Garlid, et al.,

1986; Martin, et al., 1984; Martin, et al., 1986).

Special protocols have been developed to purify the responsible proteins using radiolabeled
DCCD. The K'/H™ exchange activity was attributed to a 82 kDa protein from rat heart and
beef heart mitochondria (Martin, et al., 1984; DiResta, et al., 1986). Efforts to purify the
protein to homogeneity were in part successful. The 82 kDa protein was reconstituted into
liposomes where it mediated electroneutral *Rb" transport, which was sensitive to Mg®" and
quinine. These results were confirmed later with the K" sensitive, fluorescent dye PBFIL
However, determination of the amino acid sequence and identification of the corresponding

gene failed (Li, et al., 1990; Brierley and Jung, 1988).
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2.4.1. Mitochondrial K*/H" exchange in S. cerevisiae

Experiments to prove the existence of the mitochondrial K'/H" and Na'/H™ exchangers and
attempts to purify the candidate proteins have been carried out with mammalian mitochondria
(Mitchell and Moyle, 1969; Nakashima and Garlid, 1982; Martin, et al., 1984; DiResta, et al.,
1986; Garlid, et al., 1991).

Initial results obtained with the classical light scattering assay showed that mitochondria of
yeast cells do not possess a specific Na'/H' exchanger (Welihinda, et al., 1993). However,
Na'/H" exchange was later attributed to NHX1/NHA2. Antiport activity was measured by
’Na uptake form acetate medium, a significantly more sensitive method which could
determine the very low transport activity of this antiporter (Numata, et al., 1998; Kapus, et al.,
1988). Although deletion of the NHX1/NHA2 gene abolishes **Na uptake, these results have
been questioned recently (Nass and Rao, 1999). According to Brett et al. and Qiu et al.
Nhx1p/Nha2p is not localized in the inner mitochondrial membrane but mediates Na'/H"
exchange in vacuoles and late endosomes (Brett, et al., 2005; Qiu and Fratti, 2010).
Accordingly, to date it is not clear if yeast mitochondria, analogously to mammalian
mitochondria, possess two distinct proton/cation exchangers, a specific antiporter for Na" and
a non-specific one transporting virtually all monovalent cations, referred to as the K'/H"

antiporter.

2.4.2. The role of the MDM38 (MKH1)/MRS7 (YPR125)/LETM1 family in mitochondrial
K*/H" exchange

Mdm38p is a nuclear encoded, 65 kDa protein localized in the inner mitochondrial membrane
(Nowikovsky, et al., 2004). The gene was originally found in a screen for genes involved in
mitochondrial distribution and morphology (Dimmer, et al., 2002). Deletion of the open
reading frame YOL027 (MDM38) results in fragmentation of the mitochondrial network and
reduced growth on non-fermentable carbon sources (Dimmer, et al., 2002; Nowikovsky, et al.,
2004). Fermentative growth is reduced as well, indicating that deletion of MDM38§ affects also
other functions than mitochondrial energy production.

The simultaneous deletion of MDM38 and MRS?2 exhibits a synthetic growth defect; cells fail
to grow on non fermentable carbon sources and are rho 0 (devoid of mitDNA) (Nowikovsky,

et al., 2004). A strong indication for an involvement of MDM38 in mitochondrial K'-
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homeostasis came from the observation that mitochondria of mdm384 cells are heavily
swollen lacking the typical cristae structures, have a severely reduced mitochondrial
membrane potential and strongly increased K content of 84%. Mg”" and Na* contents are

increased by about 40% and 10%, respectively (Nowikovsky, et al., 2004).

As previously described, passive swelling experiments with non-respiring yeast mitochondria
of DBY747 cells in KOAc buffer showed a high swelling capacity after addition of A-23187
and EDTA, and swelling is strongly inhibited by quinine and DCCD, comparable to
mammalian mitochondria. In contrast, mitochondria of mdm38A cells did not exhibit rapid
swelling as they are already swollen. Importantly, addition of the K'/H" ionophore nigericin
to the growth medium restored growth of mdm38A cells on non-fermentable carbon sources,

strongly indicating a primary role of Mdm38p in K'/H" antiport (Nowikovsky, et al., 2007).

Submitochondrial particles (SMPs) loaded with the H'- and K'-sensitive fluorescent dyes
BCECF and PBFI proved to be in particular useful for a direct characterization of proton and
cation fluxes across the inner mitochondrial membrane (Froschauer, et al., 2005; Brierley and
Jung, 1988). The advantage of the SMP system is that the milieu on both sides can be
controlled at will and that SMPs are not swollen prior to the measurements. An obligatory
coupled transport of K* and H' can be observed in SMPs when either a K' or pH
concentration gradient between the inside and outside of SMPs is applied. This electroneutral
K'/H" exchange is absent in mdm38A mitochondria but could be induced by addition of
nigericin (Froschauer, et al., 2005).

Despite the strong evidence for a direct involvement of MDM38 in K™ homeostasis, recently,
Frazier et al. suggested a role of MDM38 in the translation of mitochondrially encoded
proteins. This conclusion was based on the finding that Mdm38p was found to be associated
with newly synthesized mitochondrial proteins via ribosomes. An interaction of the protein
with ribosomes was also found in the absence of translation products (Frazier, et al., 2006).
The authors reported reduced levels of the respiratory chain complexes III and IV in mdm38A
mitochondria. Interestingly, steady state levels of Coxlp, Cox2p, cytochrome b (Cob), the
nuclear encoded Riplp of complex III and also to some extent Cox3p were diminished, in
contrast, Atp6p levels were not reduced but a stable pool of unassembled Atp6p accumulated
in mitochondria. Other membrane complexes e.g. Tim22p were not affected in mdm38A cells.

This led the authors to propose that MDM38 is a factor of a so far uncharacterized Oxalp-
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independent protein export and insertion pathway in mitochondria (Frazier, et al., 2006;

Bauerschmitt, et al., 2010).

However, reduced levels of respiratory chain complexes, impaired protein export and
insertion into the mitochondrial membrane observed in mdm38A mitochondria, may
alternatively arise as secondary effects of a deletion of this gene. The question if these effects
were caused by impaired K™ homeostasis, the reduced membrane potential or the fact that
mdm38A mitochondria are heavily swollen was subsequently addressed by Nowikosky et al.
(Nowikovsky, et al., 2007). The finding of Frazier et al. that Cox2p, cytochrome b and Cox3p
levels are reduced upon deletion were indeed confirmed. Interestingly, this effect could be
efficiently reversed by addition of nigericin, pointing to a direct involvement of MDM38§ in
K'/H" exchange. Furthermore, doxycycline induced down-regulation of MDM38 was used, to
follow the consequences of loss of the protein in the course of time. Levels of mitochondrially
expressed proteins remained unaffected over 50 hours. In contrast loss of K'/H" exchange
activity, swelling and a drop in the mitochondrial membrane potential occurred early. These
results strongly indicated that the primary effect of down-regulation of MDM38 was the
impairment of K'/H" exchange (Nowikovsky, et al., 2007). A defect in K* homeostasis
furthermore leads to morphological changes of both types of organelles, mitochondria and
vacuoles. Mitochondria are heavily swollen, the mitochondrial network is disrupted and a
close association between mitochondria and vacuoles can be observed eventually resulting in
mitophagy, a degradative uptake of mitochondrial material by vacuoles (Priault, et al., 2005;

Nowikovsky, et al., 2007).

The yeast genome encodes a close homolog of MDM38, named MRS7 (YPRI125). In fact, this
gene was identified as multi-copy suppressor of MRS2 (Waldherr, et al., 1993). MDM38 and
MRS7 exhibit about 40% sequence identity and both have one predicted transmembrane
domain (Nowikovsky, et al., 2004). Compared to MDM38, the growth defect caused by
deletion of MRS7 on non-fermentable carbon sources is significantly less pronounced and on
fermentative media loss of MRS7 has no effect at all. Overexpression of MRS7 rescues the
growth defect of mdm38A cells pointing to a functional homology of these two proteins
(Nowikovsky, et al., 2004; Zotova, et al., 2010) Furthermore, Frazier et al. found both
proteins MDM38 and MRS7 associated with ribosomes and MRS7 coeluted with Protein A-
tagged Mdm38p and vice versa (Frazier, et al., 2006). Taken these findings together, MRS7
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appears to be less important for normal mitochondrial function and is therefore, in contrast to
MDM38, poorly characterized.

Homologs of MDM38 and MRS7 are found in all sequenced eukaryotes and the human
homolog, LETM1, is implicated in the hereditary disease Wolf-Hirschhorn syndrome (WHS).
The Wolf-Hirschhorn syndrome is caused by a heterozygous deletion of a region of variable
length on the short arm of chromosome 4 (Endele, et al., 1999; Zollino, et al., 2003). Clinical
hallmarks of this disease are severe growth and mental retardation, hypotonia, midline fusion
defects and facial dysmorphism (Johnson, et al., 1976; Wilson, et al., 1981). Several genes are
affected by this deletion and the extent of the deletion correlates with the severity of the
syndrome. Interestingly, the complete WHS phenotype including seizures frequently leading
to death involves the hemizygous deletion of LETM1 (Zollino, et al., 2000).

LETM] has also one predicted transmembrane domain in the N-terminal part of the protein
exhibiting the highest sequence similarity to Mdm38p (Nowikovsky, et al., 2004). The C-
terminal part of the protein contains two EF-hand calcium binding domains and a leucine
zipper domain. Very recently LETM1 was identified in a genome-wide RNAi screen in
Drosophila S2 cells as being an essential factor for coupled Ca®/H" exchange. Patch
clamping experiments with permeabilized S2 cells exhibited reduced Ca*" uptake in the
absence of Letml. From this and reconstitution experiments of Letml in liposomes the
authors concluded that the protein forms a Ca”"/H™ antiporter mediating Ca®" transport into
mitochondria and extrusion of H' (Jiang, et al., 2009). This conclusion is surprising,
considering the inside directed driving force for cation uptake, Ca*" uptake is expected to be
mediated by a uniporter or a channel. In contrast, cation/H" antiporters are expected to rather
extrude cations from energized mitochondria. Consequently, down-regulation of the Ca*"/H"

antiporter would result in increased Ca’" levels in mitochondria (Mitchell, 1966).

In summary, the role of MRS7, MDM38 and LETM]1 is highly controversially discussed and a
function of these proteins in different biological processes has been implicated. This thesis
focuses on the characterization of MRS7, specifically aiming at the identification of its

interaction partners.
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The Leu294 residue in the cytoplasmic neck of Thermotoga maritima CorA is considered to be the main gate for
Mg?™" transport. We created three site-directed mutants at this position: in the Leu294Asp and Leu294Gly
mutants we observed a defect in closing of the pore, while in the Leu294Arg mutant not only gating, but also
the regulation of Mg?™ uptake was affected. Our results confirmed the importance of the Leu294 for gating of
Mg?* transport and in addition revealed the influence of the charge and structural features of the amino acid
residues on the gating mechanism.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium transporters of the CorA family are widely distributed
amongst Eubacteria and Archaea. The CorA gene encodes a constitu-
tively expressed integral membrane protein [1]. Previous investiga-
tions showed that it is essential for bacterial growth [2] but standard
rich media provide sufficient magnesium concentrations for growth
[3].

In the last years three crystal structures of Thermotoga maritima CorA
have been published [4-6]. All showed that the transporter exists in a
pentameric form, consisting of a cytosolic funnel shaped part, linked to
the transmembrane region by long o7 helices (Fig. 1a, b). The pore is
formed by the first trans-membrane helices and surrounded by the
second trans-membrane helices, which anchor the complex in the
membrane and end in a highly conserved positively charged motif
(KKKKWL) called “basic sphincter”. In the cytoplasmic neck of the pore a
hydrophobic ring is created by residues Leu294 and Met291,
surrounded by the aforementioned basic sphincter (Fig. 1c). This
concentration of positive charges and the significant conservation of the
bulky hydrophobic residues at positions 291 and 294 in the CorA protein
family is considered to be of high importance for gating of Mg?™ ions.
Opening and closing of the gate is most probably regulated by
interaction of the Mg?™ ion with a divalent cation sensing site (DCS),
placed between Asp89 in the a3 helix in the N-terminal part of one
monomer and Asp253 of the a7 helix of the adjacent monomer [4-6]

* Corresponding author. Campus Vienna Biocenter 5, A-1030 Vienna, Austria. Tel.: +43
14277 52203/52201; fax: +43 14277 9522.
E-mail address: kristina.djinovic@univie.ac.at (K. Djinovi¢-Carugo).

0005-2736/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2010.10.017

(Fig. 1b). A second DCS site, involving residues Glu88 and Asp175, was
identified by Eshaghi et al. [5] and Payandeh et al. [6] (Fig. 1b).

The exact gating mechanism of the TmCorA transporter could not
been revealed yet. It has been proposed that binding of the Mg?™ ions
to the DCS sites evokes a structural rearrangement of the cytosolic
domain causing positively charged residues of the basic sphincter to
close the pore by drawing the negative charges away from the middle
of the pore, and thereby preventing the positively charged Mg?* ion
to pass. Removal of Mg? " from the DCS sites would cause a movement
of the N-terminal domain, resulting in drawing the basic sphincter
away from the neck of the pore and allowing the Mg>™ ion to pass [4].
According to the recently performed 110-ns molecular-dynamics
simulations, based on the CorA structures published by Eshaghi et al.
[5] and Payandeh et al. [8], the binding or unbinding of Mg?™ ions to
the DCS sites evokes structural rearrangements of the cytosolic
domains and the o7 helices transmit these changes to the gate region
causing closing or widening of the pore [7].

Leu294 in the hydrophobic ring is the critical residue for Mg?™
gating. It creates a strong energetic barrier for ion permeation and
probably controls the movement of Mg?* ions indirectly through the
movement of water. According to Payandeh et al. [8], not only an
energetic, but also a mechanic barrier can influence the uptake of Mg?*
and “opening sensitivity” of the transporter. To investigate this
hypothesis in more detail, this mutational study was focused on
Leu294 which was mutated to 15 different amino acids using random
PCR mutagenesis. After a preliminary screen, three of these mutants
representing different types of amino acids: positively charged
hydrophilic arginine, negatively charged hydrophilic aspartic acid and
small neutral glycine, were chosen for closer investigations.
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Fig. 1. Structure of the TmCorA Mg?* transporter. (a) Single monomer: green — transmembrane domains TM1 and TM2, blue — a7 helix, red — N-terminal domain. (b) Side view of
the homopentamer: cyan — DCS sites 1 and 2. (c) View from the top: blue — basic sphincter, yellow — aromatic ring, green — the gate forming residues Leu294 and Met291.

2. Materials and methods
2.1. Bacterial strains, growth media and genetic procedures

Salmonella enterica serovar Typhimurium strain LB5010 was used as
wild-type reference.

Salmonella enterica serovar Typhimurium strain MM281 (DEL485
(leuBCD)mgtB::MudJ;mgtA21::Mud];corA45::mud];zjh1628::Tn10
(cam) Cam®, Kan®, Mg?" dependent) was kindly provided by M.E.
Maguire. It lacks all major magnesium transport systems CorA, MgtA
and MgtB and requires Mg?™ concentrations in millimolar range for
growth.

Strains were grown in LB medium (10 g tryptone, 5 g yeast extract,
10 g NaCl per liter) with ampicillin (100 pg/ml). MM281 required
addition of 10 mM MgCl,.

LB plates contained 2% Difco™ Agar Noble, minimizing possible
Mg?* contamination.

2.2. Plasmid constructs

The Thermotoga maritima CorA coding sequence was kindly provided
by S. Eshaghi and used as template for PCR. The sequence was amplified
using the following primers: TmCorwoSfw 5'-CGCGGATCCGAGGAAAA-
GAGGCTGTCTGC-3’ and TmCorrev 5’-TCCCCCGGGTCACAGC-
CACTTCTTT-TTCTTG-3". The 1035 bp PCR product was cut with BamHI
and Smal restriction enzymes and cloned into the pQE8OL vector with an
IPTG-inducible promoter.

2.3. Random PCR mutagenesis

In order to introduce various amino acid substitutions in CorA, an
overlap extension PCR according to Pogulis et al. [9] was used.

Random mutagenesis of the Leu294 amino acid with the mutagenic
forward primer 5'-GCGGTCTTCTTGATGTGTACCTTTCGAGTGTAAGTAA-
CAAAACAAACGAAGTGATGAAGGTGNNNACCATCATAGCG-3’ and the
reverse primer 5'-CGCTATGATGGTNNNCACCTTCATCACTTCGTTTG-
TITTGTTACTTACACTCGAAAGGTACACATCAAGAA-GACCGC-3’ was per-
formed with mutagenic PCR according to standard protocols. PCR
product was cut with BamHI and Pstl restriction enzymes and cloned
into a BamHI and Pstl digested pQE CorA construct. Correctly ligated
constructs were identified by deletion of the BsaBI restriction site in the
CorA gene, resulting in a silent mutation from a thymine to a cytosine.
No additional mutations were found by sequencing.

2.4. Complementation assays on solid media

The CorA, MgtA, MgtB deletion strain MM281 was transformed
with pQE8OL constructs harbouring TmCorA or mutated versions
thereof. Single colonies were inoculated in LB medium containing
10 mM MgCl, and grown over night. The cultures were washed twice
with 0.7% saline, adjusted to an ODggp of 0.1, and diluted 1:10, 1:100
and 1:1000 and spotted on LB plates containing 100 mM MgCl, or on
standard LB plates, both supplemented with different IPTG concen-
trations (0; 0.01; 0.1 mM). The cultures were incubated for 24 h at
37°C

2.5. Growth curves

Overnight cultures of MM281 cells transformed with the afore-
mentioned plasmid constructs were grown in LB medium with 10 mM
MgCl,, washed twice with LB and inoculated to an ODggo of 0.1 into
liquid LB medium containing different concentrations of MgCl, and
IPTG.

2.6. Measurement of Mg>™" uptake by spectrofluorometry

For these measurements cells were grown in low-phosphate LB
medium in order to minimize complexation of Mg?* by an excess of
phosphate, which might cause variation in Mg?™ concentration. The
measurements have been performed as described previously [10].

2.7. PAGE and western blotting

Overnight cultures of MM281 cells transformed with the afore-
mentioned plasmid constructs were washed twice with LB medium
and diluted in fresh LB + Amp medium to an ODggg of 0.1. Expression
was induced by adding 0.05 mM IPTG for 3 h. Equivalents of 3 ml
culture with an ODggp of 0.5 were taken. The cell pellet was
resuspended in 20 pl SDS-Laemmli buffer and 20yl 8 M Urea and
sonicated for 5s. After 15 min centrifugation at 13,000 rpm, equal
volumes of supernatant were loaded on 10% SDS/polyacrylamide gels,
blotted and labelled with an antiserum against the 6xHis tag (Qiagen).

3. Results
There are several hydrophobic constrictions along the TmCorA ion

conduction pathway. The narrowest one is formed by the highly
conserved residues Leu294 and Met291 [4-6]. They are considered to
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be part of the potential “hydrophobic gate” [4,8]. To verify this
hypothesis our mutations targeted the Leu294, we analysed mutants
containing three different residues: positively charged arginine,
negatively charged aspartic acid and small glycine.

3.1. Effect of positive charge at position 294 on gating of CorA: Leu294Arg
mutant

In the growth complementation assay the Leu294Arg mutant
showed similar growth as the wild-type TmCorA on plates without
MgCl, and with different IPTG concentrations, which means, that the
change from hydrophobic leucine to the hydrophilic, positively
charged arginine does not cause a dramatic change in the protein
function (Fig. 2). While on plates containing 100 mM MgCl, and
0.1 mM IPTG the wild-type TmCorA exhibited a growth defect,
probably caused by Mg?" overdose, the Leu294Arg mutant was still
able to grow indicating decreased transport efficiency of this mutant
(Fig. 2).

Mg?" uptake measurements of the Leu294Arg mutant showed
slower Mg?" influx and lower steady-state values (~80% of wild-type
values) (Fig. 3) suggesting that (i) the pore of the transporter is
smaller than in wild-type TmCorA; (ii) the sensitivity of CorA to Mg?™
or the regulation of opening and closing of the pore was affected.

The growth curves of cells transformed with TmCorA Leu294Arg
mutant (Fig. 4a, b, c) support these hypotheses. In liquid medium
supplemented with 0.05 mM IPTG the cells grew much slower than
those with wild-type TmCorA (Fig. 4b), while the shapes of the curves
remained similar, pointing to a lower Mg?* transport capacity of this
mutant. The same was true for cells growing in medium with 0.05 mM
IPTG and 3 mM MgCl, (Fig. 4c). We did not observe any indications of
Mg?" overdose, not even after 11 hour incubation (results not
shown), suggesting that closing of the transporter remained tightly
regulated. In medium without MgCl, the cells with Leu294Arg mutant
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Fig. 3. Representative recordings of Mg?* uptake. S. typhimurium strain MM281 which
lacks all three known magnesium transport systems was transformed with plasmids
indicated. The representative recordings show changes in fluorescence intensity of
Mag-Fura-2 monitored over 10 min time after adding 10 mM MgCl,. The pQE TmCorA
and pQE8OL empty constructs served as positive and negative control.

were unable to grow, exactly like those with wild-type TmCorA
(Fig. 4a).

3.2. Effect of negative charge at position 294 on gating of CorA: Leu294Asp
mutant

Cells transformed with TmCorA Leu294Asp mutant showed a
growth defect on medium containing 0.1 mM IPTG as well as on
media containing 0.1 mM IPTG and 100 mM MgCl, in the growth
complementation assay (Fig. 2). This suggests either a higher Mg?*

0 mM Mg

0.01 mM IPTG 0.1 mM IPTG

pQE TmCorA

pQE 80L

pQE TmCorA Leu294Arg
pQE TmCorA Leu294Asp
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pQE TmCorA Leu294Asp
pQE TmCorA Leu294Gly

Fig. 2. Growth complementation assay of the gating mutants. S. typhimurium strain MM281 which lacks all three known magnesium transport systems was transformed with
plasmids indicated. The pQE TmCorA and pQE8OL empty constructs served as positive and negative control.
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Fig. 4. Effect of gating mutations in different liquid medium. Growth curves of the S. typhimurium strain MM281 which lacks all three known magnesium transport systems,
transformed with plasmids indicated. Cells were grown over night in LB amp medium containing 10 mM MgCl,. Cultures were diluted to an ODggo 0f 0.1 and grown over 5 h. The data

were averaged from three independent experiments.

transport capacity, which might be caused by a defect in the
regulation process of the opening and closing of the channel or in
the closing itself, leading to Mg2™ overdose during the 24 hour
incubation and consequently to a toxic effect of this protein at high
expression levels.

Mg?" uptake of Leu294Asp mutant increased slowly and did not
reach a steady-state level within a time period of 600s (Fig. 3),
suggesting that the pore is neither completely open nor can it close
properly, causing slow, constant Mg?* uptake, leading finally to a Mg?*
overdose. This mutation apparently causes a defect in the regulation of
opening and closing or/and in the closing process itself, which was
corroborated by the growth curves (Fig. 4a, b, c): neither cells
transformed with the TmCorA nor cells transformed with the
Leu294Asp mutant were able to grow in medium without MgCl,
(Fig. 4a). In medium containing 0.05 mM IPTG we observed rapid
growth but after 4 h a steady-state phase was reached, probably due to a
Mg?" overdose (Fig. 4b). In medium containing 0.05 mM IPTG and
3 mM MgCl, the shape of the Leu294Asp mutant growth curve differed
from that of the wild-type TmCorA: the mutant cells grew significantly
slower, reaching only an ODggo of 0.6 (~50% of the wild-type CorA)
(Fig. 4c), which indicates a Mg? " overdose caused by the constant Mg?*
uptake depicted in Fig. 3.

3.3. Effect of removal of side chain at position 294 on gating of CorA:
Leu294Gly mutant

As expected, the Leu294Gly mutant was even more Mg? ™ sensitive
than the Leu294Asp variant. The cells did not grow on plates
containing 0.1 mM IPTG suggesting a defect in the closing and/or in
the regulation of the transporter and the growth on plates containing
0.01 mM IPTG points to a higher Mg?* uptake capacity compared to
the wild-type TmCorA (Fig. 2). In case of the Leu294Gly mutant the
cells also grew on plates without additional MgCl, or IPTG (Fig. 2)
which might be due to not tight enough regulation of the used
plasmid, leading to leaky expression of the CorA gene in the absence of
IPTG. This was tested by determination of expressed CorA levels using
western blots (Fig. 6). The low expression level of the wild-type
TmCorA protein was not sufficient to provide cells with enough Mg?*
in a low Mg?™ medium, but in the case of the Leu294Gly mutant cells

are able to take up enough Mg?™ to survive. This observation supports
the suggested increased Mg?* transport ability of the Leu294Gly
mutant, which was also observed in Mg?™ uptake measurements
(Fig. 3). The Mg?" influx was as fast as in cells transformed with wild-
type TmCorA, but it did not reach a steady-state, which indicates a
defect in the closing of the transporter.

In liquid medium containing 0.05 mM IPTG we observed fast growth
of the Leu294Gly cells, followed by a steady-state after 4 h (Fig. 4b). In
medium supplemented with 0.05 mM IPTG and 3 mM MgCl, the cells
stopped to grow already after 3 h, reaching only ~40% of the wild-type
level, and contrary to the wild-type cells, they began to die (Fig. 4c). This
effect can be related not only to an increased Mg?™* transport ability but
also to a closing defect of the transporter. Increased Mg?™ transport
ability of the Leu294Gly mutant (Fig. 3) allowed growth of the cells also
in medium without any supplements (Fig. 4a), suggesting eminent
structural changes caused by this mutation.

In order to confirm that the higher Mg?* uptake capacity of this
mutant is due to the Leu294Gly mutation, we used Co(Ill)hexamine, a
known blocker of the CorA transporter [8,11,12]. We compared the
wild-type Salmonella typhimurium strain LB5010, which has all major
Mg?™ uptake systems (CorA, MgtA, MgtB) with strain MM281 deficient
for these genes, transformed with wild-type TmCorA and with TmCorA
Leu294Gly mutant. In liquid LB medium (Fig. 5) strain LB5010 grew fast,
whereas strain MM281 containing the Leu294Gly mutation showed
reduced growth, and strain MM281 with wild-type TmCorA did not
grow at all. After addition of 3 mM Co(Ill)hexamine, growth of LB5010
cells and MM281 cells containing wild-type TmCorA remained
unchanged, whereas growth of MM281 cells with the Leu294Gly
mutation was completely inhibited proving that growth of cells under
low Mg?" conditions is the result of this mutation.

4. Discussion

Gating of the TmCorA magnesium transporter is a complex process,
involving several events resulting in structural rearrangements of the
pentamer: binding of Mg?" ions to the regulatory DCS site(s) with
consequent rearrangements of a-helices in the N-terminal domain, the
pore-forming o7 helices and the basic sphincter are considered to lead
collectively to conformational changes in the gating region. Leu294 lies
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Fig. 5. Effect of Co(Ill)hexamine, inhibitor of the CorA-mediated magnesium transport.
Growth curves of the S. typhimurium strains LB5010 (wild-type strain) transformed
with pQE8OL parental vector and MM281 (corAA, mgtAA, mgtBA) transformed with
pQE80 TmCorA and pQE80 TmCorA L294G in the presence or absence of cobalt
hexamine. The data were averaged from three independent experiments.

in the 15 A long region termed MM stretch (spanning residues Met291
to Met301) proposed to play a central role in controlling the ionic
conduction profile by representing both a steric as well as an
electrostatic bottleneck for Mg?™ translocation [7]. This region involves
a series of hydrophobic residues among which Leu at position 294 plays
a critical role in the gating process. The effects of the Leu294 mutation to
Asp and Gly may be mechanistically and structurally explained by local
structural and electrostatic changes due to introduction of a negatively
charged or a small amino acid residue with no side chain.

In case of glycine, the absence of the side chain could on one hand
cause a wider opening of the pore and on the other impair its
complete closing. This is in agreement with results of Payandeh et al.
[8], who showed that exchange of Leu294 to a hydrophobic amino
acid with a smaller side chain (Ile, Val or Ala) results in an increased
ability of cells to grow on media supplemented with low MgCl,
concentrations.

In case of introduction of an aspartic acid at position 294, the
negatively charged side chains coming from five protomers repulse
each other and thereby maximise the distance between them, leading
to the incapacity of the transporter to properly close and to maintain a
stable magnesium concentration in the cell. Furthermore, slow
magnesium uptake of this mutant indicates that Mg?™ ions are
probably trapped in the ring of negative charges.

qb‘?:&
&

&

o
0.05 mM IPTG -

Fig. 6. Western blot analysis of whole cell samples. S. typhimurium strain MM281 which
lacks all three known magnesium transport systems was transformed with plasmids
indicated. The synthesis of CorA protein and variants thereof was induced by addition
0.05 mM IPTG for 3 h.
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The effects observed with the Leu294Arg mutant cannot only be
explained by local changes. Concentration of positively charged arginine
residues in this region might have two opposite effects: repulsion of the
positively charged residues causing a local structural distortion, and/or
repulsion of the Mg?* ion and hindering its passing through the pore.
Both effects can explain the slow-down of Mg?* transport, but not the
low steady-state values observed in Mg? ™ uptake measurements, which
indicate a change in the regulation of Mg?" influx. According to
Payandeh et al. a valine mutation at position 294 can alter Mg "-binding
properties of the transporter [8]. Due to the distance of ~65 A between
the Leu294 and the DCS sites a direct interaction seems impossible.
Since the loss of Mg?* ions from DCS sites can induce conformational
rearrangements of the magnesium-binding domains, transmitted to the
gate region by the a7 helices and leading to changes allowing ions to
pass through [7,8], also a reverse process might be possible. Certain
mutations in the gate region may evoke structural rearrangements of
the a7 helices leading to conformational changes in the DCS sites,
resulting in their changed affinity to Mg?™ ions.

5. Concluding remarks

In summary, we confirmed the importance of the Leu294 as a
mechanical barrier to Mg?* permeation. We furthermore propose an
additional function of this residue in the regulation of Mg?™ uptake.
Since Mg? ™ transport involves multiple coordinated structural move-
ments, further structural and functional analyses will be required to
fully understand the molecular basis of this process.
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Abstract

The highly conserved G-M-N motif of the CorA-Mrs2-Alrl family of Mg*"
transporters has been proven to be essential for Mg”" transport. Here we performed
random mutagenesis of the G-M-N sequence of Saccharomyces cerevisiae Mrs2p and
employed an unbiased genetic screen. We obtained a large amount of mutants still
capable of Mg”" transport, albeit below the wild-type level. Some selected mutants
displayed reduced growth in the presence of Mn®" and Zn®" ions. We conclude that
the G-M-N motif can be partially replaced by certain combinations of amino acids.
Furthermore, we show that this motif also plays a role in ion selectivity, being part of
the selectivity filter together with the flanking negatively charged loop at the entrance

of the channel, to which selectivity function has primarily been assigned.

Keywords: magnesium transport, MRS2, G-M-N motif, Saccharomyces cerevisiae,

mitochondria
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1. Introduction

As the most abundant divalent cation within cells, magnesium is required for
numerous cellular functions, including coordination to nucleotide triphosphates,
membrane stability, regulation of gene transcription, DNA replication, enzyme
catalysis, and protein synthesis [1,2,3,4,5]. Maintenance of Mg2+ concentrations
within a certain range is therefore critical for cell viability. Cellular membranes are
impermeable to divalent cations, which necessitates transmembrane channels or

carriers that allow Mg”" to pass through in a controlled manner.

Members of the large, heterogeneous CorA/Mrs2/Alrl protein superfamily, found in
prokaryotes, eukaryotic organisms, as well as in plants are high-affinity Mg”" uptake
systems enabling growth of bacterial and yeast cells even in very low external Mg*"
concentrations. Mutants lacking these transporters cannot survive without being

provided with high external Mg2+ concentrations [6,7,8,9,10,11].

The MRS2 gene encodes a 54 kDa integral protein of the inner mitochondrial
membrane (Mrs2p). Yeast cells lacking MRS?2 are respiratory deficient and therefore
exhibit a growth defect on non-fermentable substrates (“petite phenotype™) [23].
Besides MRS?2, S. cerevisiae expresses a homologous protein known as LpelOp. Its
deletion also results in a “petite phenotype™ [15] and additionally in a considerable

reduction of the mitochondrial membrane potential (AY) [27].

Mrs2p is a distant relative of the bacterial Mg®" transporter CorA, which three-
dimensional crystal structure has already been revealed [12,13,14]. Conservation of
the primary sequences in the CorA/Mrs2/Alrl protein superfamily is in the range of
15-20% [6,8]. Despite of the low primary sequence homology there are several
structurally conserved features, in particular the two a-helices in the large N-terminal
part and two trans-membrane helices (TM1, TM2) near the C-terminus connected by a
short conformationally flexible loop [15]. The sequence G-M-N, a motif within TM1
and the presence of bulky hydrophobic amino acids in the predicted gate region at the
intracellular/intramitochondrial end of the pore are the only universally conserved

features, indicating an essential role for the function of these proteins [8,12,13,14].
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Mrs2p-mediated Mg®* transport has been extensively studied using the Mg*
sensitive, fluorescent dye mag-fura-2, where it was shown that Mrs2p mediates rapid,
highly regulated Mg*" uptake into mitochondria [9]. Isolated mitochondria respond
within seconds to a rise in the external magnesium concentration with a rapid increase
of the mitochondrial free Mg*" concentration (150 pM s™) [9]. The high conductance
of ~150 pS obtained in patch-clamp recordings, characterizes Mrs2p as a channel
[19] and preliminary data on the Mrs2p homologue, Salmonella typhimurium CorA,
suggest a similar high conductance [16]. The assumption of a common mechanism of
Mg*" transport for Mrs2p and CorA is supported by the fact that Mrs2p can be
functionally replaced by CorA [15] and vice versa (this study). Furthermore, Mg*"
transport is in both cases inhibited by cobalt(Ill)-hexaammine, an analogue for the

hydrated Mg*" ion [17,18,19].

Mrs2p is able to mediate Ni** transport, albeit with a 3.5-fold lower conductance (~45
pS) compared to Mg, whereas it is not permeable for Ca*", Mn*" or Co*" [19].
Additionally, suppression of Mg®" currents in the presence of Co®" was observed
suggesting Co®" to interact with the pore [19]. This is different to S. typhimurium
CorA and yeast Alrlp for which transport of Ni*" as well as of Co”" has been reported
[6,17].

As noted above, the G-M-N motif at the C-terminal end of the first transmembrane
helix is the signature sequence of the CorA/Mrs2/Alrl protein superfamily. The
crystal structure of Thermotoga maritima CorA revealed that main-chain carbonyl
groups of the G-M-N motif are exposed into the center of the pore entrance on the
periplasmic side and form a polar strip suited for interaction with cations [13]. Lunin
et al. proposed that the ring of five Asn314 side chains of the G-M-N motif in the
CorA pentamer at the periplasmic entrance occlude the pore in the closed state [12].
The G-M-N motif has been shown to be critical for the function of CorA and even
conservative single point mutations completely abolish Mg®* transport [20]. This was
also confirmed for Mrs2p where single mutations in the G-M-N motif were

introduced [9]. This suggests that this sequence is indispensable for the function,
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possibly through suitably positioning the periplasmic loop implicated in initial

binding of the hydrated Mg”" [12] and in assisting in the dehydration process [16].

In order to further investigate the importance and role of the G-M-N motif we
performed random PCR mutagenesis on the G-M-N triplet to obtain mutants
harbouring all possible amino acid combinations and identified those still capable of
transporting Mg”". The active mutants were further characterized using in vivo and in
vitro studies showing that the G-M-N motif can be in part functionally replaced by
certain combinations of amino acids. Furthermore, our results corroborate the notion

that this motif plays an important role in ion selectivity.

2. Materials and Methods

2.1 Yeast and bacterial strains, growth media and genetic procedures
2.1.1 Bacterial cells

Escherichia coli DH10B F endAl recAl galE15 galK16 nupG rpsL AlacX74
®80lacZAM15 araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-mcrBC) A

Salmonella enterica serovar Typhimurium transmitter strain LB5010: metA22
metESS1 ilv-452 leu-3121 trpC2 xyl-404 galE856 hsdL6 hsdSA29 hsdSB121
rpsL120 H1-b H2-e, n, x flaA66 nml (-) Fel-2(-)

Salmonella  enterica  serovar  Typhimurium  strain ~ MM281  DELA485
(leuBCD)mgtB::MudJ;mgtA21::MudJ;corA45::mudJ;zjh1628::Tn10(cam) Cam®,
Kan®, Mg ** dependent) was kindly provided by M.E. Maguire. It lacks all three
major magnesium transport systems Cord, MgtA and MgtB and therefore requires

. .. 2+ . . iy
medium containing Mg”" concentrations in the millimolar range.

Salmonella enterica serovar Typhimurium strain MM 1927

DELA485 (leuBCD);mgtB::MudJ;mgtA21::MudJ;corA45::mudJ;zjh1628::Tn10(cam)
CamR, KanR, pALTER-CorA (AmpR)
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Strains were grown in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl) with
ampicillin (100 pug/ml). MM281 required addition of 10 mM MgCl,. LB plates

contained 2% Difco Agar Noble minimizing possible Mg contamination.

2.1.2 Yeast cells

The yeast S. cerevisiae DBY 747 mrs24 deletion strain (DBY mrs2-1, short) has been
described previously [22,23,24].

Yeast cells were grown in rich medium (1% yeast extract, 2% peptone dextrose) with

2% glucose as a carbon source (YPD).

2.1.3 Plasmid constructs

The construct YEp351 MRS2-HA was described previously [15].

For cloning of MRS2 into the vector pGEX-3X with IPTG-inducible promoter the
primers

M2GEXfw: 5’-CGCGGATCCCCAATCGGCGTCTCCTGG-3’ and

MRS2HiXrev: 5’-TGCTCTAGATCAATGGTGATGGTGATGG-3" were used. The
resulting PCR fragment was cloned into the vector via BamHI and Xbal restriction

sites.

2.1.4 Random PCR mutagenesis

In order to introduce various amino acid substitutions in Mrs2p, overlap extension
PCR according to Pogulis et al. [25] was used. No additional mutations were found by

sequencing.

Random mutagenesis of the GMN motif of the MRS2 was performed with the

mutagenic forward primer 5'-
GCATCTGTTCTGCCGGCGTTCTATNNNNNNNNNTTAAAGAATTTCATCGA
GGAGAGTG -3 and the reverse primer 5'-
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CACTCTCCTCGATGAAATTCTTTAANNNNNNNNNATAGAACGCCGGCAGA
ACAGATGC -3' according to standard protocols.

PCR products were digested with Xhol and EcoRI and cloned into an Xhol and EcoRI
digested pGEX-MRS?2 construct. For transformation into the DH10B Escherichia coli
strain standard calcium chloride method was used. Correctly ligated constructs were
identified by deletion of the Bsml restriction site of the MRS2 gene, resulting in a

silent mutation from an adenine to a guanine.
2.2 ldentification of tolerated substitutions

A total of 45,600 constructs were pooled and transformed into the S. typhimurium
LB5010 transmitter strain. A total of 46,848 construct were pooled and transformed
into the S. #yphimurium MM281 strain, plated on LB plates supplemented with 10
mM MgCl, and replicaplated on LB plates containing 0.05 mM IPTG to induce
protein expression. 49 mutants able to grow on this medium were sequenced. No

additional mutations were found by sequencing.
2.3 Serial dilutions

For serial dilutions on plates, cells were grown in liquid LB medium containing 10
mM MgCl, at 37°C over night, washed twice with LB medium, adjusted to an 4ggo of
1 and diluted to an Agpo 0.1, 0.01 and 0.001. Serial dilutions were spotted onto LB
medium plates containing different concentrations of MgCl,, IPTG, MnCl, or ZnCl,
and incubated for 24 h.

2.4 lIsolation of mitochondria and measurement of changes in the

intramitochondrial Mg?* concentrations by spectrofluorometry

Isolation of mitochondria by differential centrifugation and ratiometric determination
of intramitochondrial Mg2+ concentrations ([Mg*'].,) dependent on various external

concentrations ([Mg” ) was performed as previously reported [9].
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3. Results and discussion

3.1 Screening of triple G-M-N mutants

According to the studies of Szegedy and Maguire [20] and Kolisek et al. [9] a single
amino acid substitution in the G-M-N motif of CorA or Mrs2p is sufficient to abolish
Mg®" transport. Since even single conservative mutations in the G-M-N motif are not
tolerated we performed a triple site random mutagenesis screen in order to address the
question whether any other amino acid combination can substitute for this unique and
universally conserved motif.

Since large-scale isolation of mitochondria from yeast is very time consuming and
therefore not suitable for high throughput analyses, we decided to develop a bacterial
system for screening for functional G-M-N mutants. Based on the fact, that Mrs2p can
be functionally replaced by its bacterial homologue CorA [15], we assumed that
Mrs2p expressed in the S. fyphimurium strain MM281 depleted of all major Mg®"
transport systems (CorA, MgtA and MgtB), could complement the Mg*" transport
deficiency. S. typhimurium strain MM1927, lacking the magnesium uptake systems
MgtA and MgtB and over-expressing only CorA was used as the positive control. As
depicted in Fig. 1, growth of MM281 cells is only supported at a high magnesium
concentration of 10 mM. MM281 cells expressing Mrs2p virtually grow like
MM1927 also without addition of external MgCl,. This experiment clearly proved the
ability of Mrs2p to complement the cordAdmgtAAmgtBA induced Mg deficiency of
strain MM281 and enabled us to investigate our G-M-N mutants of Mrs2p in bacteria.

After transforming the mutant library into strain MM281, we replicaplated the
transformants on LB plates without additional Mg”" but supplemented with 0.05 mM
IPTG to induce protein expression. These conditions restrict growth exclusively to

mutants still able to transport Mg,

Surprisingly, we obtained a considerable amount of mutants able to grow without
additional Mg”" supplementation. We sequenced 66 mutants, 7 of which contained the
G-M-N motif itself (showing the functional dominance of this sequence), while 59

contained mutations of the G-M-N motif, 5 of which appeared twice. These 59
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mutants were analyzed further using a growth complementation assay on plates
supplemented with different IPTG concentrations to investigate, how their Mg*"
transport activity differs from the wild-type Mrs2p. In the complementation assay four

(Y34

“+” were attributed to cells able to grow at all four dilution steps, while “-” represents

no growth at all on the plate (Tab. 1).

Bacterial cells transformed with wild-type MRS2 were able to grow on plates with
only 0.03 mM IPTG. In contrast, the analyzed mutants exhibited only poor growth at
this IPTG concentration or did not grow at all. Upon stronger expression (IPTG
concentrations of 0.035 — 0.05 mM) viability and growth of most of the mutants
improved (Tab. 1). These results indicate that several G-M-N triple mutants still
exhibited Mg”" transport albeit at lower efficiency than wild-type Mrs2p.

3.2 Sequences of the functional mutants

The prominent feature of the identified amino acid sequences of functional mutants is
their divergence from the G-M-N canonical motif. A glycine at the first position was
observed only twice (4%), a methionine appeared twice (4%) in the second position,
and in only one case there was an asparagine in the third position. The only mutant
resembling the wild type protein was characterized by the presence of a G-T-N

tripeptide instead of G-M-N.

Interestingly, about 80% of the functional mutants had a positively charged residue in
the G-M-N motif. In 59% of the cases this occurred in the first position, in 18% of the
cases in the second position, and only in 4% of the cases in the third position.
However, the co-presence of two positively charged amino acids was uncommon
(only in about 10% of the cases). There was only one evident correlation between two
positions: in the 59% of the cases in which the first position was occupied by a
positively charged residue, a small and hydrophobic amino acid (Val, Ile or Leu)

tended to occupy the third position.
By contrast, few negatively charged residues were observed in the functional mutants,

1.e. only six times in the first position and twice in the other two positions. No other

clear trends were observed.
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In a previous mutation analysis of the G-M-N motif of S. typhimurium CorA, none,
even the most conservative single mutations (A-M-N, G-A-N, G-C-N, G-I-N, G-M-A,
G-M-L, G-M-Q) were tolerated [20]. A mutational study of Mrs2p performed by
Kolisek et al. [9] also confirmed the importance of the G-M-N motif: mutation to A-
M-N reduced Mg”" uptake to the level of the mrs2A mutant. These findings are in
agreement with our results, as these mutants were not identified amongst the

functional mutants which are much more divergent from the native motif G-M-N.

3.3 The effects of mutations of the G-M-N sequence on cation selectivity of
Mrs2p

We subsequently performed a growth complementation assay on plates containing
0.05 mM IPTG and different concentrations of divalent cations (Ca2+, C02+, Mn*" and
Zn*"), known substrates of the yeast plasma membrane Mg®" uptake system Alrlp, a
homologue of Mrs2p [26]. We selected 10 mutants for this assay (Tab. 2, 3), in which
we examined if the presence of the aforementioned divalent cations in the growth

medium influenced the growth of mutants compared to wild-type Mrs2p.

Seven of the chosen mutants had a positively charged amino acid (K, R, H) in the first
position and a small, hydrophobic residue in the third position (like 35% of the
analyzed mutants). The last three mutants did not fit in the pattern “positively charged
— X — hydrophobic”, and were chosen as representatives of very well (R-A-W),

medium (R-R-T) and poorly (R-V-H) complementing mutant variants.

In case of Ca®” and Co*" we did not observe any difference (results not shown) in the
growth complementation assay compared to plates not supplemented with cations,
suggesting that no transport or blockage of the channel by these ions occured. In a
study employing patch clamp electrophysiology on giant lipid vesicles fused with
inner-mitochondrial membranes, Mrs2p was permeable for Mg*" and Ni** but not for
Ca®", Mn*" or Co®". However, suppression of Mg”" currents in the presence of Co*"
was observed [19]. In our case, an effect of Co>” was observed, neither on wild-type
Mrs2p, nor on the investigated mutants. This might be caused by the different
techniques used: patch-clamp recordings on single ion channels enable very precise

measurements of the ion currents and tight control of ionic conditions on both sides of
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the channel which is not possible in a growth complementation assay on plates.
Furthermore, ion concentrations used in the patch-clamp experiments were much
higher (~ 1000x higher in this case) than concentrations used in vivo. For this reason,
we cannot properly compare the results of the growth complementation assay and the
patch-clamping experiments. The Co®" concentration used in the growth
complementation assay might have been too small to cause suppression of Mg”"

influx in vivo.

The three tested concentrations of MnCl, reduced growth of all mutants, whereas
growth of cells harboring wild-type MRS2 remained unaffected. The negative effect
of MnCl, increased with increasing concentrations of the cation (Tab. 2).
Furthermore, the growth defect was differently pronounced in the mutants: the top
three least affected are characterized by positively charged residues in the first and the
second position (K-R-L; R-R-T), while the two most affected mutants, that exhibited
good growth in the absence of cations, carry Arg at the first, and Leu at the third
position (R-Q-L; R-V-L) (Tab. 2).

The effect of ZnCl, was similar to MnCl,, however the growth defect of the mutants
was less severe and the differences between the mutants less pronounced (Tab. 3).
Moreover, rising ZnCl, concentrations had only a moderately increasing negative
effect on growth of the cells. The three least affected and the two most affected
mutants were the same as those identified in the Mn®" case.

The R-V-H, R-A-W and R-R-T mutants do not significantly differ from the
“positively charged - X - hydrophobic” set, suggesting that the absence of a
hydrophobic amino acid in the third position does not critically affect ion selectivity,
when combined with a small hydrophobic or positively charged residue in the second

place.

3.4 Mg?" influx into isolated mitochondria

In order to directly investigate Mg”" influx into isolated mitochondria of selected
mutants we used the Mg*"-sensitive dye mag-fura-2 (Fig. 2). The mutants were
selected on the basis of good (R-M-V, R-F-V, R-C-V), medium (R-Q-L) or poor (R-
V-H) growth complementation capacity in S. typhimurium strain MM281 (Tab. 1).
After addition of MgCl, to a concentration of 1 mM Mg*" a lack of the characteristic
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rapid Mg*" influx [9] was observed in most mutants, together with significantly lower
steady-state Mg”" levels (Fig. 2). The only exception was the R-Q-L mutant, which
lacked rapid Mg*'influx, but finally reached a mitochondrial Mg”" concentration
comparable to the wild-type level during the subsequent 100 seconds. After addition
of MgCl, to the final concentration of 3 mM Mg”*", we observed Mg”" influx in all
mutants, however, it did not reach the final steady-state level of wild-type Mrs2p. The
differences between mutants were minimal, with the exception of the R-Q-L mutant,

which again reached almost wild-type Mg”" levels.

These results show that all investigated mutants maintained a certain ability to
transport Mg”™ in S. typhimurium cells (Tab. 1) and mutants R-V-H, R-M-V, R-F-V,
R-C-V and R-Q-L also in yeast mitochondria (Fig. 2), albeit in both systems the

transport activity was significantly decreased compared to the wild type protein.

4. Conclusions

The asparagine residues of the G-M-N motif have been proposed to block the entrance
of the channel in the closed conformation [12]. Furthermore, this motif has been
implicated in suitably orienting the flexible, negatively charged loop at the mouth of
the pore for interaction with the hydrated magnesium ion. The loop connecting TM1
and TM2 appears to form the initial interaction site for hydrated Mg®" and likely
participates in the dehydration process of the ion required prior to its entrance into the
pore of the channel [12,16,18]. The high conductance of Mrs2p [19] and CorA [16]
channels may be based on a mechanism which involves electrostatic interactions of

the loop residues with the hydration shell of Mg*" and not with the ion itself [16].

Our study on the G-M-N motif identified viable triple mutants hosting a positively
charged residue. At a first glance, the presence of positively charged residues in
functional mutants might seem counterintuitive as these mutations could in fact hinder
the transport of Mg”" ions by electrostatic repulsion. However, since it is structurally
unfeasible for all three amino acid residues of the motif to be in direct contact with the
ion, it is more probable that these residues form a structural motif critical for ion
uptake, which can be partially accomplished by different amino acid combinations,

eventually leading to a functionally equivalent structure.
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Changes in the positioning of the loop could lead to an improved interaction with
cations with a different diameter of the hydration shell, like Zn>" or Mn*", and cause
blockage of the channel by these ions and changes in the selectivity.

In order to assess the impact of mutations in the G-M-N motif on the selectivity of
Mrs2p, we performed growth complementation assays on plates supplemented with
different cations (Ca®", Co®", Mn”*" and Zn®").

Our results show that mutations in the G-M-N motif lead to reduced growth of the
cells in presence of Mn®" and Zn*". This can take place via two possible mechanisms:
(i) Mn?" and Zn*" are transported through the pore and the growth defect is caused by
Mn*"/Zn*" overdose, or (ii) Mn>" and Zn®" ions enter the channel where they get
trapped and block the channel for Mg®" transport causing the growth defect by Mg®"

deficiency.

In summary we conclude, that although the highly conserved G-M-N motif is
important for Mg®" transport, it can be functionally replaced by certain combinations
of amino acid residues. Most frequently a positively charged residue in the first and a
hydrophobic residue in the third position were found. Our studies suggest that the G-
M-N motif plays a role in ion dehydration as well as in ion selectivity, being therefore
part of the selectivity filter together with the flanking negatively charged loop, at the
entrance of the Mrs2p channel. The concurrent involvement of the G-M-N motif in
the gating process and in ion selectivity as well, might be the molecular basis for its

universal conservation throughout the phyla.
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Table 1

S. typhimurium strain MM281 was transformed with plasmids indicated, serially

diluted and replicaplated on plates with increasing IPTG concentrations. The number

of pluses corresponds to the number of dilution steps exhibiting growth.

Sequence | 0.03 mM IPTG | 0.035 mM IPTG | 0.04 mM IPTG | 0.045 mM IPTG | 0.05 mM IPTG
G-M-N ++++ ++++ ++++ ++++ ++++
R-F-V* + ++++ ++++ ++++ ++++
R-I-L + ++++ ++++ ++++ ++++
R-M-V + ++++ ++++ ++++ ++++
R-Q-I + ++++ ++++ ++++ ++++
R-Q-L* + ++++ ++++ ++++ ++++
R-V-L* + ++++ ++++ ++++ ++++
L-R-C ++ +++ +++ ++++ ++++
R-A-W + ++++ +++ ++++ ++++
R-V-M + ++++ +++ ++++ ++++
I-R-I ++ +++ ++ ++++ ++++
K-A-1 - ++++ +++ ++++ ++++
K-R-L - ++++ +++ ++++ ++++
R-F-I + ++++ +++ ++++ +++
R-V-I + ++++ +++ ++++ +++
R-N-L - +++ +++ ++++ ++++
R-P-L + +++ +++ ++++ +++
C-F-L ++ ++ ++ +++ ++++
R-G-F + +++ +++ +++ +++
R-S-V + +++ +++ ++++ ++
R-C-V - ++ ++ ++++ ++++
F-R-L* + ++ ++ +++ +++
D-F-G + ++ + +++ +++
K-A-M - ++ ++ +++ +++
R-F-Y + ++ ++ +++ ++
R-R-T - ++ ++ +++ +++
V-R-A + ++ ++ ++ +++
V-R-C + ++ ++ ++ +++
D-F-P* + ++ + ++ +++
E-F-P + ++ ++ ++ ++
K-H-V - ++ ++ +++ ++
E-Q-V + ++ + ++ ++
G-D-M + ++ + ++ ++
K-Y-I - ++ ++ ++ ++
R-T-Y - ++ ++ ++ ++
E-F-A + + + ++ ++
G-T-N + + + ++ ++
K-M-L - ++ + ++ ++
P-D-L* - + ++ ++ ++
R-F-Q - ++ + ++ ++
R-V-H - + + +++ ++
R-Y-S - ++ ++ ++ +
R-F-S - + + ++ ++
T-S-E + + + + ++
E-S-K - + + — "
F-R-E - + + ++ +
K-I-T - + + o "
P-N-V - + + + +
P-R-L - + + + +
P-T-L - - - + +

* Mutants which appeared two times.
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Table 2
S. typhimurium strain MM281 was transformed with plasmids indicated, serially
diluted and replicaplated on plates with 0.05 mM IPTG and different MnCl,

concentrations. The number of pluses corresponds to the number of dilution steps

exhibiting growth.

Sequence 0mM 0.01 mM 0.03 mM 0.1 mM
MnC|2 MnC|2 MnC|2 MnC|2
G-M-N ++++ ++++ ++++ ++++
K-R-L ++++ +++ +++ ++
R-A-W ++++ +++ ++ ++
R-R-T +++ +++ +++ ++
K-A-| ++++ ++ ++ +
R-M-V ++++ ++ ++ +
R-C-V ++++ + + +
R-F-V ++++ + + +
R-Q-L ++++ + + +
R-V-L ++++ + + +
R-V-H ++ ++ + +
Table 3

S. typhimurium strain MM281 was transformed with plasmids indicated, serially
diluted and replicaplated on plates with 0.05 mM IPTG and different ZnCl,

concentrations. The number of pluses corresponds to the number of dilution steps

exhibiting growth.

Sequence

ZnC|2

0.001 mM
ZnC|2

0.005 mM
ZnC|2

0.01 mM
ZnC|2

G-M-N

++++

++++

++++

++++

K-R-L

++++

+++

+++

+++

R-R-T

+++

+++

+++

+++

R-A-W

++++

+++

+++

++

K-A-|

++++

++

++

++

R-C-V

++++

++

++

++

R-F-V

++++

++

++

++

R-M-V

++++

++

++

++

R-Q-L

++++

++

++

++

R-V-L

++++

++

++

++

R-V-H

++

++

++

++
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LB + 10mM LB + 0,056mM LB + 0,025mM

MM 1927

MM28 + pGEX empty

MM281 + pGEX-MRS2

Figure 1

Growth complementation assay of the MM281 mutant strain by ScMrs2.

Over night cultures of MM1927 and MM281 were transformed with plasmids
indicated, serially diluted and spotted on LB medium plates with 10 mM magnesium

or 0.05 mM and 0.025 mM IPTG concentrations and incubated on 37°C for 24 hours.

2.5

YEp351 MRS2
YEp351

2.0 YEp351 MRS2 R-V-H
YEp351 MRS2 R-M-V
YEp351 MRS2 R-F-V

YEp351 MRS2 R-C-V

YEp351 MRS2 R-Q-L

1.5

[MG++]

1.0

0.5
1 mM Mg?* 3 mM Mg
0.0
I I I I 1
0 50 100 150 200 250 300
S
Figure 2

Representative recordings of [Mg?‘] uptake.

S. cerevisiae strain DBY747 mrs2A was transformed with the indicated plasmids and
mitochondria were isolated. The representative recordings show changes in
fluorescence intensity of mag-fura-2 monitored over 300 seconds after step-wise
addition of MgCl..
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Saccharomyces cerevisiae LpelOp is a homologue of the Mg " -channel-
forming protein Mrs2p in the inner mitochondrial membrane. Deletion of
MRS2, LPEI0 or both results in a petite phenotype, which exhibits a respi-
ratory growth defect on nonfermentable carbon sources. Only coexpression
of MRS2 and LPEIO0 leads to full complementation of the mrs2A/Ipel0A
double disruption, indicating that these two proteins cannot substitute for
each other. Here, we show that deletion of LPEI0 results in a loss of rapid
Mg?* influx into mitochondria, as has been reported for MRS2 deletion.
Additionally, we found a considerable loss of the mitochondrial membrane
potential (AYW) in the absence of LpelOp, which was not detected in mrs2A
cells. Addition of the K¥/H™-exchanger nigericin, which artificially
increases AW, led to restoration of Mg?" influx into mitochondria in
Ipel0A cells, but not in mrs2A/Ipel0OA cells. Mutational analysis of LpelOp
and domain swaps between Mrs2p and LpelOp suggested that the mainte-
nance of AW and that of Mg?>" influx are functionally separated. Cross-
linking and Blue native PAGE experiments indicated interaction of LpelOp
with the Mrs2p-containing channel complex. Using the patch clamp tech-
nique, we showed that LpelOp was not able to mediate high-capacity
Mg?" influx into mitochondrial inner membrane vesicles without the pres-
ence of Mrs2p. Instead, coexpression of LpelOp and Mrs2p yielded a
unique, reduced conductance in comparison to that of Mrs2p channels.
In summary, the data presented show that the interplay of LpelOp and
Mrs2p is of central significance for the transport of Mg?" into mitochon-
dria of S. cerevisiae.

Structured digital abstract

* MINT-7905005: LPEI0 (uniprotkb:Q02783) physically interacts (MI1:0915) with M RS2 (uni-
protkb:Q01926) by anti tag coimmunoprecipitation (M1:0007)

® MINT-7905028: LPEIO (uniprotkb:Q02783) and LPEI0 (uniprotkb:Q02783) covalently bind
(MI:0195) by cross-linking study (M1:0030)

® MINT-7905072: LPEI0O (uniprotkb:Q02783) and M RS2 (uniprotkb:Q01926) covalently bind
(MI:0195) by cross-linking study (M1:0030)

Abbreviations

BN-PAGE, Blue native PAGE; HA, haemagglutinin; JC-1, 5,5’,6,6"-tetrachloro-1,1",3,3’-tetraethylbenzimidazolocarbocyanine iodide; [l\/IgZ"]e,
external I\/Igz* concentration; [I\/Igz*]m, inner mitochondrial Mgz* concentration; WT, wild-type; AY, mitochondrial membrane potential.
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Introduction

The inner mitochondrial membrane forms a tight bar-
rier to the passage of cations. Their movement across
this barrier requires the action of transporters and
ion channels. Physiological studies suggest that
uptake of cations is driven by the inside-negative
membrane potential of the organelle, whereas extru-
sion from mitochondria occurs against the electro-
chemical gradient by the influx of protons [1,2].
Mrs2p was the first molecularly identified cation
channel of mitochondria [3]. It forms an oligomeric,
Mg? " -selective channel of high conductance in the
inner mitochondrial membrane, whose probability of
being open is controlled by the Mg®>" concentration
inside the organelle [4,5].

Mrs2p is distantly related to the bacterial Mg>™"
transport protein CorA [6] and to the Mg>" trans-
port protein Alrlp in the plasma membrane of fungi
[7]. Proteins of this superfamily are characterized by
two adjacent transmembrane domains (TMI1 and
TM2) in their C-terminal part, an F/YGMN motif at
the end of TM1, a short loop with a surplus of nega-
tive charges connecting TM1 and TM2 [8], and a ser-
ies of helical structures in the long N-terminal
protein part. Crystallization and X-ray diffraction
analysis of the Thermotoga maritima transporter
CorA, determined in a closed state, have revealed a
homopentamer with a membrane pore formed by five
TM1 helices and a funnel-shaped structure composed
of the N-terminal extension of TMI in the cytoplasm
[9,10].

Vertebrates express only a single M RS2 gene in their
mitochondria, whereas plant genomes contain at least
10 MRS2-related genes, whose products are not
restricted to mitochondria [11,12]. The genome of
Saccharomyces cerevisiae encodes not only Mrs2p but
also a homologue with 32% sequence identity, which
has been named LpelOp. Like Mrs2p, it is located in
the inner mitochondrial membrane with an N;,—Ci,
orientation, and it has been reported to be involved in
Mg " uptake as well, but the mode of action remains
undefined [13]. Notably, disruption of only one of
mrs2A or IpelOA has been shown to cause a growth
defect on nonfermentable carbon sources (petite phe-
notype) and a reduction in mitochondrial Mg>" con-
tent [13,14].

Here, we found that deletion of LPEI0 led to a loss
of Mg?>" influx, comparable to what is seen with
MRS2 deletion, but also resulted in a prominent
decrease in the mitochondrial membrane potential
(AY¥). To obtain further insights into the diverse
functions of LpelOp and Mrs2p, we constructed

FEBS Journal 277 (2010) 3514-3525 © 2010 The Authors Journal compilation © 2010 FEBS
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Mrs2-LpelOp fusion proteins and investigated their
ability to transport Mg®" and to oligomerize. The
results presented indicate an influence of LpelOp on
the size of Mrs2p-containing complexes, and show a
direct interaction between LpelOp and Mrs2p. Further-
more, single-channel recordings of giant lipid vesicles
with fused inner mitochondrial membranes revealed a
significantly decreased conductance for the Mrs2p
channel if LpelOp was coexpressed. On the basis of
these results, we assume that LpelOp has the potential
to interact with the Mrs2p-based Mg?" channel and,
in addition, modulates its activity.

Results

Secondary structure prediction of Lpe10p

Full-length secondary structure prediction of S. cerv-
evisiae LpelOp and Mrs2p [5,13,15] reveals similarities
to Arabidopsis thaliana Mrs2—7 [11], and T. maritima
CorA [16]. As shown in Fig. S1, secondary structure
similarity is particularly high in the o-helical regions
N-terminal to TM1, which appear to be homologous
to helices a5, a6 and o7 (highlighted in blue, yellow
and green) of T. maritima CorA, whose tertiary
structure has been solved [10]. A unique feature of
Mrs2p is the extended C-terminus containing a box
of positively charged amino acids [15], which is
absent in LpelOp and other members of the Mrs2p
family.

Complementation of mrs2A and Ipe70A mutants
as well as the mrs2A/Ipe10A double mutant with
Mrs2p and Lpe10p

Chromosomal deletion of LPEIO (lpel0A mutant)
results in growth reduction on nonfermentable sub-
strates (petite phenotype), which is less pronounced
than that resulting from MRS2 disruption [13]. We
analysed the complementation of strains with deleted
MRS2 and/or LPEIO by Mrs2p or LpelOp expressed
from episomal high copy number (H) or low copy
number (L) vectors (Fig. 1). In the cross-wise combina-
tions, (MRS2); and (MRS2)y partly complemented
Ipel0A, whereas LpelOp did not detectably restore
growth of mrs2A cells. The double disruption
mrs2A/Ipel0A  was only partly complemented by
(MRS2)y. Interestingly, coexpression of (MRS2)y and
(LPE10)y, fully restored growth of double-disruption
cells, whereas the presence of (MRS2)y and (LPE10)y
led to only weak complementation. These data suggest
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mrs2A
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mrs2A (LPE10).
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mrs2A (LPE10). + (MRS2).

Ipe10A
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Ipe10A (LPE10).

Ipe10A (LPE10)4

Ipe10A (MRS2).

Ipe10A (MRS2)x

Ipe10A (LPE10). + (MRS2).

mrs2A, Ipe10A
WT

mrs2A, Ipe10A (LPE10).
mrs2A, Ipe10A (LPE10)1
mrs2A, Ipe10A (MRS2).
mrs2A, Ipe10A (MRS2)1

)
mrs2A, Ipe10A (MRS2)+ + (LPE10)x
- mrs2A, Ipe10A (MRS2)x + (LPE10).

YPD YPG

Fig. 1. Growth phenotypes of yeast strains with deleted MRS2
and/or LPET0. Serial dilutions of DBY 747 mrs2A, DBY747 Ipe10A
and the double-deletion strain DBY747 mrs2A/Ipe10A expressing
MRS2 or LPE10 from high (H) or low (L) copy number vectors were
spotted on fermentable (YPD) or nonfermentable (YPG) plates and
incubated at 28 °C for 3 or 6 days, respectively.

that mitochondrial Mg>"™ homeostasis in yeast may be
dependent on the relative expression levels of Mrs2p
and LpelOp, with the latter playing an inhibitory role
if overexpressed. Consistently, high copy number
expression of LpelOp reduced growth.

To determine whether parts of Mrs2p and LpelOp
are exchangeable, we created Mrs2-LpelOp and
LpelOp-Mrs2p fusion proteins in an attempt to exam-
ine respective domain functions (Fig. 2A). Secondary
structure prediction data revealed two coiled-coil
domains for Mrs2p [15], which turned out to be helical
structures homologous to helices a5/a6 and o7 of
T. maritima CorA [10]. We chose the fusion site
between o6 and o7. The chimeric proteins were
expressed at similar levels (Fig. 2B), but only weakly
restored growth of mrs2A and also /pel0OA mutant
cells. We detected slightly better complementation on
expression of Lpel0-Mrs2p fusion proteins, which con-
tained the pore of Mrs2p (Fig. 2C). It is noteworthy
that complementation with Lpel0-Mrs2p was more
pronounced in both single disruption backgrounds.
However, neither of the chimeras could restore growth
of mrs2A/Ipel0A mutant cells.
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Loss of high-capacity Mg?* influx in Ipe70A
mitochondria is partly restored by Mrs2-Lpe10p
fusion proteins

Our previous studies with Eriochrome blue as an indi-
cator to measure Mngr concentration in mitochondrial
extracts have revealed that mitochondria from LPEI0
disruptants contain lower steady-state concentrations
of Mg?>" than mitochondria from wild-type (WT) cells
[13]. Alternatively, we used the Mg®" -sensitive dye
mag-fura 2 to determine changes in free ionized inner
mitochondrial Mg®" ([Mg”>"],) [4], with the aim of
examining whether disruption of LPEI( affects Mg> ™"
influx into mitochondria isolated from these mutant
cells (Fig. 3A). The resting [Mg”> "] of IpelOA mito-
chondria was slightly reduced (to 0.4-0.5 mMm) as com-
pared with that of mitochondria overexpressing
Lpelop (0.8 mM) in nominally Mg®"-free buffer.
When the external Mg>" concentration [Mg®*]. was
increased stepwise to final concentrations of 1 and
3 mM, lpel0A mitochondria lacked the rapid, Mg”"-
dependent influx. High copy number expression of
LpelOp led to an increased rate of uptake of Mg>™"
upon addition of 1 and 3 mm [Mg”?*].. Expression of
Mrs2-LpelOp or Lpel0-Mrs2p chimeric proteins par-
tially restored Mg " influx in Ipe/0A mitochondria. In
particular, the presence of the Lpel0-Mrs2p chimeric
protein resulted in almost complete restoration of
Mg " influx.

In mrs2A mitochondria expressing the Mrs2-LpelOp
fusion protein, Mg®" influx was similar to that in
Ipel0A, with both mutants restoring the influx to a
considerable degree (Fig. 3B). We did not find influx
of Mg?>" into mitochondria isolated from mrs2A/
IpelOA cells expressing the Mrs2-LpelOp chimeric
proteins (data not shown).

We conclude that the presence of endogenous
LpelOp or Mrs2p in combination with expression of
Mrs2-LpelOp chimeric proteins is sufficient to restore
moderate influx of Mg?™ into mitochondria.

Deletion of LPE10 causes reduction of
mitochondrial membrane potential (AY)

We have shown that Mg> " influx of Mrs2p channels is
dependent on AW as a driving force [4]. Using the AW-
sensitive dye 5,5,6,6’-tetrachloro-1,1",3,3’-tetracthyl-
benzimidazolocarbocyanine iodide (JC-1), we analysed
AY of IpelOA and IpelOA/mrs2A mitochondria, and
observed a pronounced loss of relative AW as com-
pared with WT or mrs2A mitochondria. Expression of
(LPE10)y in IpelOA or mrs2A/IpelOA cells restored
AY close to WT levels, meaning that the loss of
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Fig. 2. Characterization of Lpe10-Mrs2p l

a1 1

chimeric proteins. (A) Schematic represen-
tation of two chimeric proteins with

I

indicated transmembrane (black boxes) and
helical regions (a5-a7). (B) Western blot
analysis of isolated mitochondria from
mrs2A/Ipe10A cells transformed with an
empty plasmid (lane 1) or a high copy
number vector expressing MRS2-HA

(lane 2), LPE10-HA (lane 3), LPE10-MRS2-
HA (lane 4) or MRS2-LPE10-HA (lane b).
The samples were separated by
SDS/PAGE, and proteins were visualized by
immunoblotting with an antiserum against
HA. The porin protein was used as a loading
control. (C) Serial dilutions of DBY 747
mrs2A, DBY747 Ipe10A and the double-
deletion strain DBY747 mrs2A/Ipe10A
expressing Lpe10-Mrs2p or Mrs2-Lpe10p
fusion proteins from high (H) or low (L) copy
number vectors were spotted onto ferment-
able (YPD) or nonfermentable (YPG) plates
and incubated at 28 °C for 3 or 6 days,
respectively.

Mrs2p

AY was dependent on the /pel/OA deletion. Consis-
tently, (MRS2)y failed to restore AY (Fig. 4A).

Expression of (LPE10-MRS2); in the mrs2A/Ipel0A
background led to restoration of AW up to levels com-
parable to those detected with full-length LpelOp pres-
ent, whereas (MRS2-LPEI10); was less efficient
(Fig. 4A). This is in good agreement with the better
complementation and Mg®" influx restoration in
Ipel0A cells by the Lpel0-Mrs2p chimeric protein.

We assume that deletion of LPEI0 caused a distur-
bance in the maintenance of AW, which could be a
major cause of the substantial reduction in Mg*"
influx. To further test this hypothesis, we repolarized
Ipel0A mitochondria to determine whether Mg” "
influx could be restored. Addition of nigericin, an
Na™, K*/H" ionophore, to the growth medium or to
isolated mitochondria is known to restore AY in yeast
mutants [17]. Thus, we used mag-fura 2 to measure
Mg”>" influx into mitochondria isolated from Ipel0A
cells pretreated with nigericin. We found Mg”>" influx
to be restored nearly to WT levels, whereas no signifi-
cant Mg?" influx could be detected in repolarized
mitochondria from mrs2A/Ipel0OA cells (Fig. 4B). Addi-
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tion of nigericin did not have an effect on Mg?" influx
into mitochondria isolated from WT cells (data not
shown). These experiments clearly showed that LpelOp
has a key regulatory role by maintaining AY. How-
ever, mitochondria with deleted LpelOp still retained
30% of WT AY. The remaining level might explain
why high copy number expression of Mrs2p in
mrs2A/Ipel0A cells led to weak growth restoration in
the absence of LpelOp.

The F/YGMN motif is essential for the Mg?*
transport activity of Lpe10p

The conserved F/YGMN motif in TM1 of CorA-like
proteins cannot be varied without loss of Mg®* uptake
[4,18]. We performed site-directed mutagenesis,
replacing the F/YGMN motif of LpelOp with ASSV,
resulting in the mutant Lpel0-J1. These amino acid
substitutions were chosen to create a nonfunctional
pore, without substantially affecting the charge or
polarity of the protein in this region, which could lead
to incorrect folding. Growth of mutant IpelOA
or mrs2A cells expressing (LPE10-J1)y was only
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Fig. 3. Expression of Lpel10-Mrs2p chimeric proteins restores
Mg?* influx into isolated mitochondria from jpeT0A or mrs2A cells.
[Mg?*],-dependent changes in [Mg?*l,,, in lpe10A (A) or mrs2A (B)
mitochondria isolated from cells expressing either Lpe10p, Mrs2p
or Lpe10-Mrs2p chimeric proteins from a high copy number vector.
Mitochondria were loaded with the Mg?*-sensitive fluorescent dye
mag-fura 2, and [Mg®*],, values were determined in nominally
Mg?*-free buffer or upon addition of Mg?* to the level of [Mg?*le,
as indicated in the figure. Note that the framing of the different
samples (solid, dotted, dashed or dash-dotted lines, respectively)
matches the style of the individual traces (identical description in
Figs 4B and 5B). Representative curve traces of four individual
measurements are shown.

minimally restored, and the double-deletion mutant
failed to grow (Fig. 5A). (LPE10-J1)y led to only a
minor decrease in AW (~ 10%) as compared with the
level of WT mitochondria, but Mg>* influx could not
be detected (Fig. 5B) if this mutant was present in
IpelOA cells. These data suggest that the F/YGMN
motif of LpelOp is critical for restoration of Mg”>"
influx, possibly in conjunction with Mrs2p. By con-
trast, mutations in this motif did not affect the ability
of the protein to maintain AW.

Homo-oligomerization and
hetero-oligomerization of Mrs2p and Lpe10p

For a better understanding of how expression of
LpelOp influences the assembly of the Mrs2p channel,
we performed cross-linking, Blue native (BN)-PAGE
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Fig. 4. Chromosomal deletion of LPET0 leads to loss of A¥. Mito-
chondria isolated from mrs2A, WT, [peT0A or mrs2A/Ipe10A yeast
cells transformed with various MRS2-containing or LPE10-contain-
ing high (H) or low (L) copy number plasmids were incubated with
JC-1, and the intensity changes of the monomeric and multimeric
forms were recorded (A). Relative AY was determined as
described in Experimental procedures. (B) [Mg?*].-dependent
changes in IMg®*1,, in WT, IpeT0A or mrs2A/|pe10A mitochondria.
As indicated in some experiments, 1 uM nigericin was added prior
to measurements. Representative curve traces of four individual
measurements are shown.

and coimmunoprecipitation experiments. Initially, we
tested for the potential of LpelOp to homo-oligomer-
ize. Mitochondria were isolated from mirs2A/Ipel0A
double-disruption cells expressing [LPE10-haemagglu-
tinin (HA)]y, and treated with the chemical cross-
linker oPDM. We found that the anti-HA serum
reacted with a major product representing the LpelOp-
HA monomer (50.4 kDa), and upon addition of the
cross-linker, additional bands of higher molecular mass
of ~ 110 kDa and ~ 160 kDa, as expected for an
LpelOp-HA dimer and possibly trimer, respectively,
were obtained (Fig. 6A). Accordingly, LpelOp was
apparently able to form homo-oligomers, as previously
shown for Mrs2p [4]. However, we cannot exclude the
presence of an undefined protein interacting with
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Fig. 5. The highly conserved F/YGMN motif is essential for the
Mg?* influx mediated by Lpe10p. (A) Serial dilutions of mrs2A or
lpe10A or the double-deletion strain mrs2A/Ipe10A transformed
with high (H) or low (L) copy number plasmids expressing MRS2,
LPE10 or the mutant variant LPE10-J1, were spotted on ferment-
able (YPD) or nonfermentable (YPG) plates and incubated at 28 °C
for 3 or 6 days, respectively. (B) [Mg?*l,-dependent changes in
[IMg?*], in WT or JjpeTOA mitochondria expressing WT LPE10 or
the mutant variant LPE10-J1 from a high copy number plasmid.
Representative curve traces of three individual measurements are
shown. Mitochondrial membrane potential was determined as
described in Experimental procedures for wild-type (1) and jpe70A
(2) cells, as well as for lpeT0A cells expressing LPE10 (3) or the
mutant version LPE10-J1 (4) from high copy number plasmids.

LpelOp on addition of the cross-linking reagent. We
did not detect LpelOp complexes as large as Mrs2p
oligomers, which were shown to be homopentameric
[4]. When we coexpressed (LPE10-HA)y and (MRS2-
Myc)y and added oPDM, anti-HA serum recognized
LpelOp-HA-containing  complexes,  which  were
increased in size as compared with those detected
without coexpression of Mrs2p-Myc (Fig. 6B, upper
picture). Incubation of the same blot with anti-myc
serum resulted in identification of Mrs2p-Myc-contain-
ing complexes of high molecular mass, which were of
similar size as the largest complexes found with the
anti-HA serum (Fig. 6B, lower picture). Interestingly,
no intermediate dimeric or trimeric assemblies were
detected in Mrs2p-cross-linking experiments in the
absence of LpelOp [4].

We continued with BN-PAGE experiments, and
transformed mrs2A/IpelOA cells with different combi-

FEBS Journal 277 (2010) 3514-3525 © 2010 The Authors Journal compilation © 2010 FEBS

Magnesium channel modulating protein Lpe10p

nations of Mrs2p-Myc, Mrs2p-HA or LpelOp-HA (64,
57.5 and 50.4 kDa, respectively). Proteins from iso-
lated mitochondria were separated by BN-PAGE
according to Schagger et al. [19]. As shown in Fig. 6C,
expression of (LPE10-HA); or (LPEI0-HA)y resulted
in a band with an apparent molecular mass of
~ 230 kDa (lanes 2 and 3). Upon coexpression of
(MRS2-Myc)y and (LPE10-HA) or (LPEI0-HA)y,
the anti-HA serum recognized additional bands of
~ 300 and 400 kDa, and the intensity of the band at
~ 230 kDa decreased markedly (Fig. 6C, lanes 4 and
5). No bands were visible when proteins of mitochon-
dria lacking an HA tag were immunoblotted (Fig. 6C,
lane 1). These results strengthened our assumption that
LpelOp is involved in the assembly of the Mrs2p-based
Mg>" channel in vivo.

To confirm a direct interaction between LpelOp
and Mrs2p, we performed coimmunoprecipitation
experiments. Mitochondria from mrs2A/Ipel0A double-
disruptant cells coexpressing LPE1I0-HA and MRS2-
Myc, as well as mitochondria from cells expressing
either LPE10-HA or MRS2-Myc or the empty vectors,
were used. Upon coexpression of LPEIO-HA and
MRS2-Myec, both proteins were detected in the anti-HA
immunoprecipitate (Fig. 6D, elution fractions, lanes 1
and 5). In the control experiments with mitochondria
from cells expressing only LPE10-HA, the protein was
found unbound (Fig. 6D, supernatant fraction, lane 3)
as well as bound to HA-coated beads (Fig. 6D, elution
fraction, lane 3). If mitochondria from cells expressing
only MRS2-Myc were used, the respective protein was
exclusively found in the unbound fraction (Fig. 6D,
supernatant fraction, lane 4). These results confirm a
tight interaction between the two proteins.

Lpe10p modulates the conductance of the Mrs2p
channel

To initially investigate whether LpelOp is able to gen-
erate a homomeric Mg® " -permeable channel in the
absence of Mrs2p, we used single-channel patch clamp
recordings on giant lipid vesicles fused with inner mito-
chondrial membranes from (LPE10)y-expressing
mrs2N/Ipel0A cells. We have previously used this tech-
nique to characterize the Mrs2p-based high-conduc-
tance channel with a calculated conductance of
~ 155 pS [5]. Inside-out patches were studied in
a 105mmMm MgCl,-based pipette solution and an
N-methyl-D-glucamine gluconate-based bath solution.
Current traces at test potentials ranging from +5 to
—35mV resulted in an increase in single-channel
amplitudes with decreasing potentials in four of 14
experiments, consistent with Mg> " -permeable channels
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Fig. 6. Lpe10p influences the Mrs2p channel complex. (A) Isolated mitochondria of Jpe70A cells transformed with LPE10-HA-expressing
high copy number plasmid were incubated in sulfhydryl buffer without (lane 1) or with the chemical cross-linker oPDM at final concentrations
of 30 um (lane 2), 100 um (lane 3) and 300 pm (lane 4), separated by SDS/PAGE, and analysed by immunoblotting with anti-HA serum. (B)
Isolated mitochondria of mrs2A/Ipel0A cells transformed with LPE10-HA and MRS2-Myc from multicopy plasmids were incubated in
sulfhydryl buffer without (lane 1) or with the chemical cross-linker oPDM (lanes 2-4; 30, 100 or 300 uMm, respectively), separated by
SDS/PAGE, and analysed by immunoblotting with anti-HA serum (upper blot) or anti-Myc serum (lower blot). (C) High molecular mass
complexes containing Lpe10p-HA and/or Mrs2p-Myc detected by BN-PAGE. Mitochondria of mrs2A/Ipe10A cells were transformed with an
empty plasmid (lane 1) or the following proteins expressed from high (H) or low (L) copy number plasmids: (LPE10-HA), (lane 2), (LPE10-
HA)y (lane 3), (MRS2-Myc)y and (LPE10-HA)_ (lane 4) or (MRS2-Myc)y and (LPET10-HA)y (lane 5). Samples were solubilized in 1.2%
laurylmaltoside, and products were visualized anti-HA serum. (D) Coimmunoprecipitation experiments with Lpe10p-HA and Mrs2p-Myc.
Isolated mitochondria of mrs2A/Ipe10A cells expressing LPE10-HA and MRS2-Myc from high copy number plasmids (lanes in blot area 1),
the empty vectors (lanes in blot area 2), LPE10-HA or Mrs2-Myc alone (lanes in blot area 3 and 4, respectively) and coexpressing LPE10-HA
from a low and Mrs2-Myc from a high copy number vector (lanes in blot area 5) were solubilized and incubated with anti-HA serum-coated
beads. Unbound (supernatant, SN) and bound (elution, E) fractions were separated by SDS/PAGE, and analysed by immunoblotting with
anti-HA serum (upper blot) or anti-Myc serum (lower blot).
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(Fig. 7A). A current-voltage relationship determined
at negative potentials yielded a single-channel conduc-
tance of 61 £ 5 pS (Fig. 7C). No single-channel events
were recorded in the other 10 experiments. As a similar
conductance of 67 £ 4 pS (in three of 15 experiments)
was also observed in vesicles from mrs2A/Ipel0A cells
[5], resulting from channel activity of unknown origin,
we suggest that LpelOp is not capable of forming a
detectable Mg® " -permeable channel in the absence of
Mrs2p.

As we found a significant effect of LpelOp expression
on the size of Mrs2p-containing complexes (Fig. 6), we
examined whether the presence of LpelOp might affect
the characteristics of the Mrs2p channel (e.g. its conduc-
tance of ~ 155 pS) in giant lipid vesicles. Current traces
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of mitochondrial vesicles from cells expressing
(LPE10)y and (MRS2)y revealed unique single-channel
amplitudes at negative potentials of —15 and —35 mV as
compared with mrs2A/Ipel0OA vesicles with or without
expressed LpelOp (Fig. 7B). Current—voltage relation-
ships recorded from vesicles expressing LpelOp and
Mrs2p determined within +5 and —45 mV revealed a
novel conductance of 103 + 5 pS in four of seven
experiments, with a reversal potential of +22 mV
(Fig. 7B). Mrs2p channels yielded a reversal potential of
> 40 mV in identical solutions [5]. The typical conduc-
tance of vesicles expressing Mrs2p only (~ 155 pS) was
not observed, whereas the conductance from a channel
of unknown origin (61 pS) was also observed in one of
seven experiments (data not shown). We conclude that

B
-15mVv 4~ O mrs2A, lpe10A (MRS2)H (157 +/- 1 pS)
m mrs2A, Ipe10A (LPE10)H + MRS2)H
(103 +/- 5 pS)
0
105 mm MgCl,
Z .
-35 mV — (4/7) »
.
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Fig. 7. Coexpression of Lpe10p and Mrs2p results in a unique single-channel conductance. Single-channel currents were obtained in an
inside-out configuration from reconstituted giant vesicles fused with the inner mitochondrial membrane. (A) Recordings of vesicles overex-
pressing Lpe10p and Mrs2p from a multicopy plasmid were performed in the mrs2A/Ipe10A background. Mg?* (105 mm) was used as a
charge carrier, and currents were recorded at =15 and —35 mV. (B) Current-voltage relationships were determined from amplitude histo-
grams of single-channel currents at the indicated potentials, and yielded a conductance of 103 + 5 pS (n = 4/7) for Lpe10p and Mrs2p coex-
pression; overexpression of Mrs2p resulted in a conductance of 157 + 1 pS (n = 6-8). (C) Current-voltage relationships of endogenous
single-channel currents of vesicles in the mrs2A/Ipe10A background yielded a similar conductance (67 + 4 pS, n = 3-15) as for overexpres-
sion of Lpe10p in a similar background (61 = 5 pS, n = 4/14). In the remaining experiments, no single-channel currents were detected.
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LpelOp assembles with Mrs2p, thereby leading to a
novel conductance of the Mrs2p channel.

Discussion

If the mitochondrial inner membrane protein LpelOp
and its homolog in S. cerevisiae, Mrs2p, fulfilled
exactly the same functions, it would have been suffi-
cient to retain one of the two proteins during evolu-
tion. In fact, the proteins cannot substitute for each
other, and expression of one of the proteins in the
mrs2A/Ipel0A background is not sufficient to fully
restore cell growth. We showed that only high copy
number expression of Mrs2p weakly restored growth
in the double-disruption strain, whereas LpelOp failed
to do so. In addition, LpelOp and Mrs2p chimeric
proteins were designed, and these restored Mg® " influx
in mrs2A as well as in IpelOA cells. Expression of a
chimeric protein consisting of the N-terminal part
of LpelOp and the C-terminal region of Mrs2p,
including its pore, restored growth and Mg®" influx
better than expression of a chimeric protein composed
of the N-terminal part of Mrs2p and the C-terminal
end of LpelOp. Using mag-fura 2 for the detection of
free, ionized Mg2+ inside mitochondria, we demon-
strated that mitochondria of /pel0A cells lack the rapid
Mg”> " influx, similar to mitochondria from mrs2A cells
[4].

Interestingly, measurements of AW revealed that
deletion of LPEIO goes along with a pronounced
drop in AY, which was not observed if MRS2 was
deleted. As it is necessary to use AW-dissipating
(valinomycin) and AW-increasing (nigericin) chemicals
for the calibration of JC-1, i.e. setting artificial mini-
mum and maximum AW levels, it is not possible to
determine absolute values of AW reduction. However,
expression of LpelOp in IpelOA or mrs2A/IpelOA cells
restored AW to WT levels. Addition of nigericin, a
K*/H™ ionophore, restored A¥ and, as a conse-
quence, Mg>" influx in /pe/OA mitochondria. We also
found that expression of the Lpel0-Mrs2p chimeric
protein re-established AY to a significant degree,
whereas the Mrs2-LpelOp chimera failed to do so.
Furthermore, mutation of the conserved F/YGMN
motif of LpelOp led to a strong decrease in Mg?"
influx, but no significant impact on AY. As Mrs2p
forms an Mg®" channel, the primary driving force for
this system is the membrane potential, rather than pH
changes in the mitochondrial matrix (ApH). However,
we cannot fully exclude the possibility that deletion of
LpelOp also influences ApH, and that some of the
effects of nigericin are attributable to changes in
ApH.
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Our findings led us to assume that both Mrs2p and
LpelOp physiologically contribute to the assembly of a
functional Mg®" channel. Moreover, LpelOp is addi-
tionally involved in the maintenance of AW in vivo,
a function that remains even with a mutated
F/YGMN motif. It remains to be determined in what
way LpelOp has an impact on the membrane potential
of yeast mitochondria, thereby setting the driving force
for the influx of Mg?".

In vitro chemical cross-linking assays and BN-PAGE
experiments revealed homo-oligomeric LpelOp com-
plexes similar to those formed by Mrs2p [4]. Thus,
potential domains for oligomerization are present in the
protein encoded by LPEI0, which is not surprising,
given the similarities in secondary structure between
Mrs2p and LpelOp. BN-PAGE experiments showed
a size shift of the LpelOp complex if Mrs2p was
coexpressed. Finally, using coimmunoprecipitation, we
were able to pull down the entire Mrs2 protein com-
plex, and clearly identified LpelOp as a member of this.
These findings demonstrate a tight interaction of both
proteins within this complex. We speculate that LpelOp
is a structural as well as modulating factor of the Mrs2p
channel complex, leading to a stronger phenotype of
LPEI0 deletion than the M RS2 mutant itself. Addition-
ally, reduction of AY may also have adverse effects on
the function of other mitochondrial proteins.

Single-channel recordings on giant lipid vesicles with
overexpressed LpelOp isolated from mirs2A/IpelOA
cells, as previously reported [5], did not reveal an
LpelOp-specific Mg” " -permeable channel activity.
However, coexpression of LpelOp and Mrs2p
decreased the Mrs2p channel conductance from ~ 155
to ~ 103 pS. Therefore, our data suggest that LpelOp
plays an important role in the physiological formation
of the mitochondrial Mg®* channel with a unique con-
ductance resulting from heteromeric assembly of
Mrs2p and LpelOp. Whereas direct binding of matrix
Mg®" to the N-terminal domain of Mrs2p results in
fast closing of the channel [8,9], the reduction of the
Mrs2p channel conductance by ~ 30% (from ~ 155 to
~ 103 pS) suggests a possible regulatory role of
LpelOp in addition to its impact on A¥Y. As compared
with the Mg>" conductance of 40 pS mediated by the
mammalian TRPM7 channel [20,21], the conductance
of 155 pS of the Mrs2p channel is surprisingly high. It
is tempting to speculate that Mg>" influx at strong,
negative mitochondrial potentials is somewhat limited
by this heteromeric LpelO-Mrs2p channel assembly
with a reduced conductance, whereas a decrease in
LpelOp expression levels leading to a reduction in
mitochondrial potential might be compensated by the
higher conductance of the homomeric Mrs2p channel.
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In mammalian cells, only a single Mrs2p homolog has
been identified [22,23]. Owing to the activity of numer-
ous other ‘modern’ Mg>* transporters [24], LpelOp
might be redundant in mammalian cells, whereas its
presence in yeast, which lacks modern Mg>" trans-
porters, is obligatory.

Finally, we would like to propose a new name for
LPEI0 (yeast ORF YPL060w), as LPE has only been
the systematic name for many uncharacterized genes of
S. cerevisiae [13]. We suggest calling it MFM1 (Mrs2
function modulating factor 1), a synonym that best
reflects the function of the protein.

Experimental procedures

Yeast strains, growth media and genetic
procedures

The yeast S. cerevisiae DBY747 WT strain, the isogenic
mrs2A deletion strain (DBY mirs2-1), the [pelOA deletion
strain (DBY Ipel0-1) and the mrs2A/Ilpel0A double-disrup-
tion (DBY747 mrs2-2 Ipel0-2) have been described previ-
ously [3,13,14]. Yeast cells were grown to stationary phase
in rich medium (YPD) with 2% glucose (Sigma Aldrich,
Schnelldorf, Germany) as a carbon source.

Plasmid constructs

The plasmid construct YEp351 MRS2-HA [3] was digested
with Sacl and Sphl and cloned into an empty YEpll2
vector cut with the same restriction enzymes. The generated
YEpl12 MRS2-HA construct was digested with Notl and
dephosphorylated (Antarctic Phosphatase, NEB), and a
cassette coding for the myc epitope tag was cloned in frame
with MRS2 at the Notl site, resulting in the construct
YEpl12-MRS2-Myc.

To create Lpel0-Mrs2p-HA and Mrs2-LpelOp-HA
fusion proteins, a Bc/l restriction site was introduced at
position 780 by use of overlap extension PCR according to
[25]. The mutagenic forward primer 5~ AGTCTCCTAAGG
ATGATCATTCGGACTTGGAAATGC-3"  (mismatched
bases in bold) and the mutagenic reverse primer
5'-GCATTTCCAAGTCCGAATGATCATCCTTAGGAG
ACT-3" were used in combination with the forward primer
5-GTTGTCCTCCACCAAGAATAACTCTC-3" and the
reverse primer 5-CCGCCACTGAAGTAAACCCC-3". A
double amino acid change (Asn261 to Asp and Phe262 to
His) was thereby introduced, but this did not interfere with
growth on nonfermentable carbon sources (data not
shown). The resulting construct YEp351 MRS2-HA* Bcll
was digested with Sphl and Bcll, and the isolated fragment
was cloned into an Sphl-digested and Bc/l-digested YEp351
LPE10 vector [13] to generate the construct YEp351
MRS2-LPE10. The YEp351 LPE10 construct was digested

FEBS Journal 277 (2010) 3514-3525 © 2010 The Authors Journal compilation © 2010 FEBS

Magnesium channel modulating protein Lpe10p

with Sphl and Bcll, and the isolated fragment was cloned
into an Sphl-cut and Bcll-cut YEp351 MRS2-HA* Bell
vector to create the YEp351 LPE10-MRS2-HA construct
(N-terminal 281 amino acids of LpelOp and C-terminal 250
amino acids of Mrs2p). The YEp351 MRS2-LPE10 con-
struct was linearized with Notl, and a cassette coding for
the HA epitope tag was cloned in frame with the MRS2—
LPEIO fusion gene, resulting in the construct YEp351
MRS2-LPE10-HA (N-terminal 260 amino acids of Mrs2p
and C-terminal 135 amino acids of LpelOp). Both this and
the YEp351 LPEI0-MRS2-HA construct were cut with
Sacl and Sphl, and cloned into an Sacl-digested and Sphl-
digested YCpl11 vector, resulting in the constructs YCpl11
MRS2-LPE10-HA and YCpl11 LPEI0-MRS2-HA.

The plasmid construct YEp351 MRS2-HA was digested
with Sacl and Sphl, and cloned into an empty YCplll
vector digested with the same restriction enzymes, resulting
in the construct YCplll MRS2-HA. The constructs YCp
LPE10-HA and YEp351 LPE10-HA have been previously
described [13].

In order to mutate the F/YGMN motif of LpelOp to
ASSYV, overlap extension PCR was used with the mutagenic
forward primer 5-GCTCTATTCCTGTCTATCGCTAGCT
CTGTTCTGGAAAGTTTCATAGAAG-3" and the muta-
genic reverse primer 5-CTTCTATGAAACTTTCCAGA
ACAGAGCTAGCGATAGAACCCAGGAATAGAGC-3,
in combination with the forward primer 5-AAGCTTGCA
TGACTGCAGGTCGACTC-3" and the reverse primer
5-GAATTCGAGCTCGGTACCCGGGGATAA-3". Veri-
fication of positive clones was performed by restriction
analysis with Nhel, and the mutation was indicated Lpel0—
J1. No additional mutations were found by sequencing.

Isolation of mitochondria and measurement of
[Mg?*]., by spectrofluorometry

Isolation of mitochondria and the measurement of Mg~
influx into mitochondria were performed as previously dse-
cribed [4]. In some experiments, mitochondrial preparations
equivalent to 1 mg of total mitochondrial protein were trea-
ted with 1 uM nigericin (Sigma-Aldrich, Germany) 5 min
prior to the measurement.

BN-PAGE

Eighty micrograms of isolated mitochondrial protein was
extracted by addition of 40 pL of extraction buffer
(750 mM aminocaproic acid, 50 mm Bis-Tris/HCI, pH 7.0)
and laurylmaltoside to a final concentration of 1.2%. After
incubation on ice for 30 min, the samples were centrifuged
at 45000 g for 30 min, and the supernatant was supple-
mented with a 0.25 volume of sample buffer (500 mm
aminocaproic acid, 5% Serva blue G). The solubilized
protein solution was analyzed by BN-PAGE on a 5-18%
linear polyacrylamide gradient [19]. The gel was blotted
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onto a poly(vinylidene difluoride) membrane, which was
stained with Coomassie Blue reagent or analysed by immu-
noblotting with an HA antiserum.

Chemical cross-linking and PAGE

Thirty micrograms of total mitochondrial protein was
mixed with loading buffer containing B-mercaptoethanol,
and samples were heated to 80 °C for 4 min before being
loaded onto SDS/PAGE gels. HA protein-containing bands
were visualized by the use of an anti-HA serum (Covance),
and myc protein-containing bands by an anti-Myc serum
(Sigma-Aldrich). Chemical cross-linking experiments were
performed as previously reported [4], using the cross-linking
reagent oPDM (Sigma Aldrich).

Coimmunoprecipitation

Five milligrams of mitochondrial protein was resuspended
in solubilization buffer (500 mm NaCl, 100 mm Tris/HCI,
pH 7.8), and membrane proteins were solubilized by addi-
tion of Triton X-100 to a final concentration of 1.2% and
incubation for 30 min at 4 °C under gentle rotation. After
centrifugation at 43 000 g for 30 min (4 °C) to remove
nonsolubilized mitochondrial debris, the Triton X-100
concentration of the supernatant was reduced to 0.8%. One
hundred microliters of Protein A Dynabeads (Invitrogen,
Lofer, Austria) was washed with solubilization buffer +
0.8% Triton X-100. Coating of the beads was performed
with an HA antibody (Covance) in the same buffer for
30 min at 4 °C under rotation. HA-coated beads were
washed twice and incubated with the clarified supernatant
for 1 h at 4 °C under gentle rotation. After the binding
reaction, the supernatant was removed, and the beads were
washed three times with solubilization buffer including
0.8% Triton X-100. Proteins were eluted from the beads by
heating for 5 min at 80 °C in SDS sample buffer. The
supernatant and the elution fraction were analyzed on a
10% SDS/polyacrylamide gel, and western blotting was
performed as described above.

Determination of AW

Isolated yeast mitochondria equivalent to 50 pg of total
mitochondrial protein were incubated with 0.5 pm JC-1
(Molecular Probes, NL) for 7 min at room temperature.
The sample was spun down and resuspended in 2 mL of
0.6 M sorbitol buffer supplemented with 0.5 mm ATP,
0.2% succinate and 0.01% pyruvate. The intensity changes
of the monomeric form (low energy, 540 nm) and of the
multimeric form (high energy, 590 nm) were recorded with
the Scan mode of a Perkin Elmer LS55 luminescence pho-
tometer. Data collection was performed with FL WINLAB4.
For calibration, similar samples were treated in parallel,
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either with nigericin (I uM), to determine the maximum of
energization, or carbonyl cyanide p-(trifluoromethoxy)-
phenylhydrazone (1 pum), to determine the minimum of
energization, respectively. These datasets were used to cal-
culate a calibration curve for every single measurement for
the determination of the percentage of relative AW.

Patch clamp recordings of ion channels

Single-channel currents at various test potentials were
recorded, as previously described [5], from giant lipid vesi-
cles fused with inner mitochondrial membrane vesicles,
using the patch clamp technique [26].

Computer analysis

Secondary structure analysis (prediction of transmembrane
domains, helices and loops) of S. cerevisiae Mrs2, S. cerevi-
siae Lpel0, A. thaliana Mrs2-7 and T. maritima CorA was
performed with Jpred3, a consensus method for protein
secondary structure prediction at the University of Dundee.
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Abstract

Mirs2 transporters are distantly related to the major bacterial Mg*" transporter CorA, and
to Alrl, located in the plasma membranes of lower eukaryotes. Common characteristics
of all Mrs2 proteins are the presence of a large N-terminal soluble domain followed by
two adjacent trans-membrane helices (TM1, TM2) near their C-termini and the highly
conserved F/Y-G-M-N sequence motif at the end of TM1. Here we determined the crystal
structure of the N-terminal domain of Mrs2, a Mg>" transporter of the yeast inner
mitochondrial membrane. The N-terminal domain of Mrs2, was crystallized and its
crystal structure solved at 1.3 A resolution. The fold displays differences compared to the
prokaryotic CorA N-terminal domain structure. Analytical gel filtration and dynamic
light scattering demonstrated that the N-terminal domain of Mrs2 forms a homo-pentamer
at low salt solutions. Analysis of the structure allowed us to identify residues forming a
hydrophobic gate as well as residues involved in formation of a putative magnesium
sensing site. Validation of the putative gating residues by introducing amino acids
residues with different characteristics, confirmed the involvement of these amino acids in
the gating process. In contrast, mutational analysis of the putative Mg*" sensing site did
not yield a clear result. We furthermore explored the role of the exceptional long C-
terminus of S. cerevisiae Mrs2 and in particular a positively charge stretch in the C-

terminal part of the protein and its potential role as “the basic sphincter”.

Keywords: magnesium transport, Mrs2, matrix located domain, Saccharomyces

cerevisiae, hydrophobic gate, magnesium binding site.
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1. Introduction

The magnesium ion, Mg”’, is essential for many biochemical processes and remains the
only major biological ion whose transport mechanism is still not fully understood. It is
present at a total cellular concentration of 15-25 mM in both prokaryotic and mammalian
cells (Ikari et al, 2008; Lunin et al, 2006; Mobasheri et al, 1998). It plays important roles
in stabilizing macromolecules, in binding to nucleotides and it acts as cofactor of many
enzymes. By regulating activities of ion channels and transporters, Mg®" also influences
cell volume and signalling processes (Ikari et al, 2008; Mobasheri et al, 1998). In the
cytosol, the majority of Mg®" is bound to adenosine-5'-triphosphate (ATP) and other
phosphonucleotides and to a number of different enzymes. In all cells, Mg** serves as an
essential structural element for ribosomes and membranes and as a required cofactor for
ATP in the catalytic pocket of multiple enzymes. In prokaryotes, Mg®" has also been
identified as an important regulatory signal essential for virulence (Eshaghi et al, 2006;

Lunin et al, 20006).

The metal ion transporters (MIT) found in all kingdoms of life are essential membrane
proteins which transport metal ions across membranes. Among these transporters the
CorA family is responsible for Mg®" uptake in most prokaryotes. Until now it is the most
extensively studied magnesium transporter. Three lower resolution crystal structures (2.9,
3.7, and 3.9 A) (Eshaghi et al, 2006; Lunin et al, 2006; Payandeh & Pai, 2006) of
Thermatoga maritima CorA (Tm-CorA) and of the cytoplasmic soluble domain of Vibrio
parahemolyticus zinc transporter ZntB (Vp-ZntB) structure (1.9 A) show a
homopentameric assembly (Tan et al, 2009). The structures of full-length Tm-CorA
exhibit two trans-membrane a-helices (TM1, TM2) per monomer and a large intracellular
funnel shaped assembly. On the other hand the two structures of the cytoplasmic domain
of Tm-CorA (1.85 A) (Lunin et al, 2006) and Archaeoglobus fulgidus CorA (Af-CorA)
(2.9 A) show dimeric arrangements of the CorA subunits, which might be due to crystal

packing effects (Payandeh & Pai, 20006).

Mrs2 transporters form the major mitochondrial Mg®" uptake system in yeast, plants and

mammals (Kolisek et al, 2003; Li et al, 2001; Schock et al, 2000; Zsurka et al, 2001) and
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are essential for mitochondrial biogenesis (Walker et al, 1982). Human mitochondrial
Mrs2 promotes multidrug resistance in gastric cancer cells by regulating p27, cyclin D1
expression and cytochrome C release (Chen et al, 2009). Mrs2 transporters are distantly
related to the major bacterial Mg®" transporter CorA. The amino acid sequence identity
and similarity between N-terminal domains of Tm-CorA and Mrs2 form Saccharomyces
cerevisiae are 11% and 40%, respectively, while the corresponding numbers for the full

sequences of the two transporters are 15% and 31%, respectively.

Mrs2 transporters are also related to the Alrl subfamily, which is restricted to lower
eukaryotes. Members of this family form the major Mg”" uptake system of the plasma
membrane. Expression of Alrl is essential for growth of yeast cells, except when cultured
in media with unphysiologically high Mg*" (Graschopf et al., 2001). Some of these
transporters can in part functionally replace each other which strongly supports the idea
that they are homologues (Bui et al, 1999; Li et al, 2001; Zsurka et al, 2001; Kehres and
Maguire, 2002) [ Svidova et al submitted].

Despite low sequence identity among all members of the CorA-Mrs2-Alrl superfamily
overall structural features seem to be in part conserved for the N-terminal domain and
trans-membrane portion. On the other hand, considerable differences in the C-terminal

region following the TM2 can be anticipated from the sequence analysis.

Common features between the CorA, Mrs2 and Alrl families are the presence of two
adjacent trans-membranes helices (TM1, TM2) at the C-terminus and the highly
conserved F/Y-G-M-N sequence motif at the end of TM1. The N-terminus of Tm-CorA
is characterized by a large cytoplasmic domain that forms a funnel-shaped assembly in
the active pentamer. Two divalent cation sensing sites (DCS) which regulate opening and
closing of the transporter were mapped to the N-terminal domain of CorA (Eshaghi et al,

2006).

Mrs2 is inserted in the inner mitochondrial membrane while Alrl is located in the

cytoplasmic membrane. The orientation of these transporters in their membranes is such
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that both the large N-terminal and the shorter C-terminal part are oriented towards the
mitochondrial matrix in case of Mrs2 and to cytoplasm in case of Alrl, resulting in a Nj, -
Cin topology. A short loop connecting the two TMs is exposed to the inter-membrane
space in case of Mrs2, while it is oriented towards the periplasm in case of Alrl

Although the sequences of CorA-Mrs2-Alrl superfamily are extremely divergent, these
proteins appear to exploit the membrane potential to drive Mg*" uptake (Froschauer et al,

2004; Kolisek et al, 2003)

The cation selectivity of CorA and Mrs2 was attributed to their signature motifs (CorA:
YGMNFxxMPEL, Mrs2: xGMNxxXFIEE) (Kehres et al, 1998; Worlock & Smith, 2002).
This has also been shown for the zinc transporter family ZntB (GxxG[I,V]NxGGxP). The
motif is located at the end of TM1 on the outer surface of the membrane followed by the
short loop connecting TM1 and TM2 which tends to be disordered in the crystal
structures (Lunin et al, 2006; Payandeh & Pai, 2006). The molecular details of Mg2+
transport across the membrane are not yet completely understood. Possible Mg*™ gating
mechanisms through the trans-membrane domain were proposed for Tm-CorA (Lunin et
al, 2006; Payandeh & Pai, 2006). Residue Asn314 of the GMN motif at the external
entrance to the pore together with a pair of hydrophobic rings formed by Met291 and
Leu294, respectively, were suggested to play important roles in gating of the channel and

possible ion dehydration/rehydration steps.

Balancing Mg®" levels is vital for normal cellular function. Homeostasis is maintained by
a delicate balance of transport activities across the plasma and organelle membranes. A
mechanism for regulation of the transport activity has been proposed for bacterial
transporter Tm-CorA (Eshaghi et al, 2006; Lunin et al, 2006; Payandeh et al, 2008;
Payandeh & Pai, 2006). In absence of sufficient intracellular Mg®" levels, Mg”" ions
bound between monomers are released, the N-terminal domain of the protomers move as
a rigid body, where as the willow helices (two antiprallel helices at the N-terminus)
undergo a rearrangement with respect to one another and relative to stalk helix (pore
forming helices). This causes a torque along the stalk helix. The torque propagates onto

the intracellular hydrophobic gates (Met291 and Leu294) and possibly activates the
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periplasmic gate by interaction of the cytoplasmic N-terminal, acidic residues and the C-
terminal, basic residues. This causes impingement on Asn314 residues through movement
of TM2, the MPEL motif (loop connecting TM1 and TM2) and thus allow Mg ion to
flow through (Lunin et al, 2006; Payandeh et al, 2008).

By now many genes have been reported from plants, bacteria and animals encoding for
proteins involved or mediating Mg®" transport (Gardner, 2003). We still have limited
information not only about their biological and physiological functions but also about
their structures and the capability and mechanism of Mg*" transport. The low sequence
homology of the eukaryotic Mrs2 transporters with prokaryotic magnesium transporter
Tm-CorA, or any other protein of known structure, makes it difficult to accurately predict

its structure and mode of operation.

Here we report the crystal structure of the N-terminal domain of the yeast
(Saccharomyces cerevisiae) mitochondrial magnesium transporter Mrs2 at 1.3 A
resolution and its functional characterization. The structure can provide a partial
framework for addressing questions related to regulatory metal sites, conformational
changes in regulation and transport events, residues involved in the formation of
hydrophobic gates, as well as for evaluating the important common features present in

this transporter family.

2. Results and Discussion

Overall structure of Mrs24308, and its comparison with prokaryotic

magnesium and zinc transporters.

On the basis of our earlier studies (Khan et al., 2010), we designed a stable Mrs2
construct (48-308), denoted Mrs245.308 (this construct was denoted as Mrs2;4.,276 in our
previous publication where the mitochondrial targeting sequence was not included in
numbering) (Khan et al.,2010), which includes the entire N-terminal soluble matrix
domain of Mrs2. Analytical size exclusion chromatography studies showed that Mrs24s.

303 behaves as a monomer in high ionic strength buffers and as a homo-pentamer in low
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ionic strength buffers (Supplementary Figure 1). The circular dichroism (CD) spectrum
of Mrs243.303 showed the minima at 208 and 219 nm, characteristic for a protein rich in a-
helices (Supplementary Figure 2). Dynamic light scattering (DLS) was used to assess the
monodispersity of the protein in solution: a monomodal distribution with a polydispersity
of 5% was observed and the gyration radius was estimated to be 4.2 nm in high ionic
strength buffers. In low ionic strength buffer conditions the protein solution shows
polydispersity of about 25% and the radius of gyration of 14 nm, which is in agreement
with analytical size exclusion chromatography. Together, these data suggest that our
construct is autonomously folded into the native conformation in solution and that the

protein solution is monomeric at high ionic strength and pentameric at low ionic strength.

The monomer of Mrs243 303 was crystallized in the orthorhombic space group P2,2,2, and
its structure solved by experimental phasing exploiting the anomalous signals of sulphur
(Khan et al.,2010). Mrs24g.303 in general presents a fold similar to that of Tm-CorA
(Figure 1B and C). The high-resolution structure of Mrs245.303 enabled us to examine the

transporter in more detail.

The overall organization of prokaryotic and eukaryotic magnesium transporters is quite
similar. Each subunit can be divided into a N-terminal alpha/beta domain followed by an
alpha helical domain. While the first one is a compact alpha-beta-alpha sandwich, the
second one contains a trimeric coiled-coil that enters, at the end of the third and last helix,

into the membrane with a TM-helix (Figure 2B).

While the coiled-coil domain is nearly identical in Tm-CorA and Mrs2, the first domain
is rather different (Figure 2C). The central beta sheet is formed by seven strands in Tm-
CorA and by six strands in Mrs2. While the last four strands (named C1-C4 in Figure 1B)
are topologically identical in the two proteins — a series of three beta hairpins, the first
beta strands are topologically different. The alpha helix, that follows the strand N2, and
the strand N3 are missing in Mrs2, making the eukaryotic protein smaller than the

prokaryotic one. Although this might be caused by a deletion during molecular evolution,
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on the basis of our data we cannot reject other hypotheses. However, it is clear that any
structural alignment of these structural moieties would be extremely misleading, since

Tm-CorA and Mrs2 adopt different folds.

Although it seems that the first helix of the third strand of Tm-CorA has been deleted
during evolution from prokaryotes to eukaryotes, any evolutionary relationship cannot be

demonstrated just on the basis of the structural data depicted in (Figure 1C).

The relatively long helices a5 and a6, which extend towards the membrane, are termed
the ‘willow’ helices in case of Tm-CorA “as they hang down like the branches of a
weeping willow tree” have high number of glutamic and aspartic residues at the tip
region (Lunin et al, 2006). In case of Mrs245.30s the a5 and a6, corresponding to the
willow helices of Tm-CorA, have only six acidic residues as compared to ten in Tm-
CorA. In Tm-CorA there is also an extended loop between Cs and Cg, which protrudes
like the willow helices, towards the membrane surface. The tip of this loop also has a
very high density of aspartic acid and glutamic acid residues in Tm-CorA (Maguire,
2006). On the contrary, in Mrs245.308, the strands C5 and C6 are much shorter and the
loop intercalated between them does not protrude towards the willow helices and does not

host any acidic residues (Figure 1B and C).

In order to find out the structural neighbourhoods of Mrs243303, we employed a Dali
search (Holm, 1996), using the monomer crystal structure of Mrs245.303. The Dali search
found the following homologues with Z-score higher than 9: (i) Thermotoga maritima
divalent metal ion transporter Tm-CorA (PDB code 21UB); (i1) Vibrio parahaemolyticus
RIMD cytoplasmic domain of zinc transporter Vp —ZntB (PDB code 3CK6). The
following two hits clearly have a different molecular function, (iii) Dictyostelium
discoideum STAT protein, (PDB code 1UUS) and (iv) Escherichia coli Pore-forming
toxins (PDB code 2WCD). All of these structural homologues have low similarity with
Mrs2 from Saccharomyces cerevisiae at the sequence level and only magnesium metal
ion transporter Tm-CorA can be detected using a BLAST (Altschul et al, 1990) search

against the sequence data base using the Mrs2 sequence as a query. Despite the low
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sequence homology, Tm-CorA and Vp-ZntB have similar structures to that of Mrs2 and

carry out similar molecular functions.

Mrs243.308, Tm-CorA and Vp-ZntB are structurally similar at the level of the subunit.
Nevertheless, the protomer and pentamer structures cannot be simply superimposed
because the relative orientation of the o/f/a and the helical subdomains are different.
Mrs245.303 and Tm-CorA soluble domain (PDB code 2IUB) can be superimposed with an
RMSD value of 2.85 A (for Ca of 179 residues aligned out of 256 with sequence identity
of 16%) (Supplementary Figure 3A). Separately, the sub-domains of Mrs245.303 and Tm-
CorA (o/p/a and helical) align with different RMSDs values. The o/p/a sub-domains of
Mrs245.30s and Tm-CorA can be superimposed over the Ca atoms with an RMSD value of
296 A (for Co of 69 residues aligned out of 117 with sequence identity of 8%)
(Supplementary Figure 3C). Similarly, the corresponding helical sub-domains can be
aligned with an RMSD value of 2.62 A (for Ca of 112 residues aligned out of 131 with a
sequence identity of 13%), suggesting the larger difference resides at o/p/a sub-domains

(Supplementary Figure 3E).

These differences start right at the N-terminus of Mrs24g 303, the al and C1 of Mrs24g 308
do not superpose on any of the structural elements of Tm-CorA. The major structural
difference between the two structures is the length and orientation of 04 Mrs243.303 with
respect to the 3 sheets. Other differences can be found in the loop regions between the C3
and C4. The stalk helix a7 in case of Tm-CorA is bent at the regions between Ser273 and
Gly274, while in case of Mrs243 308 the corresponding helix is much straighter. This might
be due to the fact that the Tm-CorA structure is in a closed conformation and in a
functional pentameric form which will be more rigid and does not allow too much
flexibility compared to Mrs245.303, which is in a monomeric form and most likely will
represent the open conformation of the transporter.

Mrs245.308 and Vp-ZntB (PDB code 3CK6) can be superimposed with an RMSD value of
2.61 A (for Co of 158 residues aligned out of 237 with sequence identity of 14%)
(Supplementary Figure 3B). On the other hand the o/f/a sub-domains of Mrs24g 303 and
Vp-ZntB can be superimposed with an RMSD value of 2.75 A (for Co of 57 residues
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aligned out of 116 with sequence identity of 5%) (Supplementary Figure 3D), and the
helical subdomains can be aligned with an RMSD value of 2.22 A (for Ca of 110
residues aligned out of 121 with a sequence identity of 8%). The changes in orientation
between the two sub-domains seem to result in a different level of funnel opening in the

three different ion transporters.

Superposition of the Mrs24530s and Vp-ZntB intracellular domains from Vibrio
parahemolyticus also shows that most of the variations occur at the o/f/a domain, the
first two [-strands i.e. Cl1 and C2 of Mrs245305 do not superpose on the Vp-ZntB
transporter. Similarly, the 04 of Mrs24g 303 does not superimpose on any of the structural
elements of Vp-ZntB (Supplementary Figure 3B). The small structural element (a7 helix,
not shown in the figure) between the 06 and a7 of Mrs243 303 also does not superpose on
the corresponding structural element of Vp-ZntB (Supplementary Figure 3E and F). As
the available structure of Vp-ZntB only comprises the soluble domain and does not
exhibit the kink in the stalk helix (a7 helix), this helix superposed quite well
(Supplementary Figure 3F). This evidence also supports the idea that the funnel domain
of Vp-ZntB is reported in an open conformation as there is no bound divalent cation in

the structure.

The soluble domains of Tm-CorA (PDB code 2IUB) and Vp-ZntB (PDB code 3CK6) can
be superimposed with an RMSD value of 1.89 A (for Ca of 199 residues aligned out of
237 with a sequence identity of 19%). Separately, the soluble domains o/p/a aligned with
RMSD of 1.93 A (for Ca of 92 residues aligned out of 116 with a sequence identity of
9%), while the helical domain superposed with RMSD value of 1.71 A (for Ca of 112

residues aligned out of 121 with a sequence identity of 19%).

The structure based sequence alignment (manually corrected) of Mrs245303 with Tm-
CorA explores important residues involved not only in formation of the hydrophobic gate
of the transporter but also in propagation of magnesium across the ion conduction
pathway in the Mrs2 type of transporters (Figure 1A). Glu295 aligned with Asp277 of

Tm-CorA which is highly conserved and is responsible for making an “aspartate ring”
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and regulates transport in Tm-CorA. In the TolC (the outer membrane protein of many
multidrug efflux pumps) transport system, an “aspartate ring” formed by the carboxylates
of three aspartate residues was shown to determine selectivity, as well as to form a
binding site for inhibitory cations (Eshaghi et al, 2006; Higgins et al, 2004). The high
conservation of Glu295 in eukaryotic Mrs2 transporters together with the localization at

the entrance of the pore, suggest that this residue is important for transport or regulation.

Model of Mrs2g.305 funnel

In order to generate a model of the functional Mrs245 303 from the monomeric crystal form
we superposed the Mrs24g 308 structure both on the helical domains of Tm-CorA and of
Vp-ZntB. The maximum diameter of the funnel based on Tm-CorA is 106 A, while the
residues at the C-terminus of the stalk (making the wall of the funnel) clash at the tips
(Figure 2C and D). This may be because of the structure of Tm-CorA which has been
reported in a closed conformation while the monomeric Mrs24g 303 is more relaxed and
may represent the open conformation of the transporter. In a functional pentameric form
each protomer is in contact with two other adjacent molecules. The structural analysis of
the generated funnel model based on the Tm-CorA structure indicates that there are five
hydrogen bonding interactions and one salt bridge between Glu263 of one protomer and
Lys259 of an adjacent protomer. These interacting residues mainly belong to the stalk
helix a7 of one protomer and the stalk helix a7 of the adjacent protomer as well as to the

residues at the tip of the two willow helix a5, a6.

On the other hand, the funnel model based on Vp-ZntB has a maximum diameter of 102
A and interestingly there is no clash of the C-termini. This is another evidence that the
Vp-ZntB structure is probably in an open conformation. The structural analysis of the
funnel model of Mrs24s.305 indicates interfaces between the stalk helix a7 of one protomer
and the willow helixes a5 and a6 of another adjacent protomer in the form of two
hydrogen bonds and two salt bridges between Lys189 and Asn274 of one protomer and
Glul73 and Arg273 of an adjacent protomer. On the other hand, eight hydrogen bonds
and eight slat bridges can be identified for the funnel domain of Vp-ZntB (PDB code
3CK6) transporter, and sixteen hydrogen bonds and fifteen salt bridges can be found in
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Tm-CorA (PDB code 2BBJ). Although the interfaces of the proposed funnel were not
optimized. The presence of fewer hydrogen bonds and salt bridges may explain the
higher sensitivity of Mrs2 to elevated salt concentrations.

Analysis of electrostatic surface potential of the structure of Mrs243 303, showed that the
a7 helices, forming the inner wall of the funnel in the pentamer model, are lined along
their length with negative or hydroxyl-bearing residues (Asp264, Glu266, Glu270,
Thr274, Asp277, Glu278, Thr281, Thr282, Glu284, Ser285, Thr288, Asp289, Ser292,
Glu295, Asp302) (Figure 2A and B). Such an arrangement of charged and polar residues
is found in other monovalent cation (KcsA) and divalent cation (CorA, ZntB) channels
and may serve as an electrostatic sink to increase the local ion concentration (Roux &

MacKinnon, 1999).

TMpred analysis (Online server Prediction of Transmembrane Regions and Orientation

http.//www.ch.embnet.org/software/TMPRED_form.html) on the primary sequence both

of Tm-CorA and Mrs2 from Saccharomyces cerevisiae, shows that in Tm-CorA the first
trans-membrane helix consists of residues Val293 to Met313, while in case of Mrs2 it
includes residues from Val315 to Leu336. Based on the TMpred server prediction the two
methionine residues Met291 (Tm-CorA) and Met309 (Mrs2) which are involved in
hydrophobic gating of the two transporters are located outside of the membrane, either in
the cytoplasm or the mitochondrial matrix accordingly, while the second set of
hydrophobic gating residues Leu294 in Tm-CorA and Val315 in case of Mrs2 are located

in the membrane spanning regions of the helices.

Putative magnesium sensing sites of Mrs24g.30s

Two divalent cation binding sites, M1 and M2, have been identified by crystallography at
the protomer-protomer interface within the funnel domain of Tm-CorA (Eshaghi et al,
2006; Payandeh & Pai, 2006) and have been characterized as a “divalent cation sensor
(DCS)”. The two sites coordinate the metal ion differently: the first directly by two
carboxylates (Asp89 and Asp253) and the second indirectly by coordinating the hydrated
ion. According to a model for regulation of Tm-CorA, a torque is generated at the bottom

of stalk helix (a7) by releasing bound magnesium from the magnesium binding site and
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propagates up toward the hydrophobic gate (Eshaghi et al, 2006; Lunin et al, 2006;
Payandeh & Pai, 2006).

Based on structural comparison of Tm-CorA and our model of the Mrs24g 303 funnel, we
identified amino acid residues that would form the first divalent cation sensing site (DCS)
in Mrs2: Asp97 from one subunit and Glu270 from adjacent subunit (Figure 2C and D,
Figure 4D) corresponding to DCS1 of Tm-CorA. A sequence alignment of eukaryotic
Mrs2 homologues reveals that the Asp97 and Glu270 residues are highly conserved in the
whole family of eukaryotic magnesium transporters, and equivalent residues are also
found in the prokaryotic CorA family (Figure 1A). In the Mrs245.303 GIu270 is located at
the N-terminus of a7, corresponding to the position of Asp253 in Tm-CorA (Figure 4A
and C). The Asp97 is located in the a3 corresponding to the Asp89 of Tm-CorA (Figure
4A and B)

In the initial crystallization condition no magnesium was present, but by adding
magnesium to the crystallization condition, we obtained crystals with 1.5 mM magnesium
chloride and 1.5 mM cobalt chloride. Native crystals soaked in the presence of increasing
concentrations of magnesium chloride (1 to 5 mM), and in 5 mM cobalt and nickel
chloride were analyzed as well. Structures obtained from magnesium, cobalt and nickel-
soaked crystals and magnesium and cobalt co-crystals, are essentially identical to the
native crystal structure produced in the absence of any exogenous divalent cation. The
addition of magnesium in the crystallization environment did not change the structure of
the native protein and corroborate the notion that DCS are composed of ligands coming
from adjacent subunits in the pentamer, and that consequently a single subunit cannot

bind divalent ions with high affinity.

Protease susceptibility assay, a two-state model

According to the Tm-CorA two state model, the Tm-CorA elbow formed by helices (a5-
a6) may function as a “spring” upon metal ion binding to the divalent cation sensor site.
Payandeh at all reported that the cations located at the protomer interface may stabilize

Tm-CorA, but are not required to maintain its pentameric state (Eshaghi et al, 2005;
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Payandeh & Pai, 2006). As portions of the N-terminal region (residues 1-25) are
‘invisible’ in all available crystal structures of Tm-CorA, this region may become
disordered and therefore susceptible to exogenous protease in the open conformation of
the transporter (Payandeh & Pai, 2006). In order to validate the two state model for Mrs2,
we carried out a protease susceptibility assay in presence and absence of magnesium and

cobalt ions.

Prior to experiment the protein was dialyzed against a low ionic strength buffer to induce
formation of the functional pentameric form and then incubated with different amounts of
magnesium, cobalt EDTA and trypsin. The results showed that in presence of high
concentrations of cobalt the protein is less susceptible to trypsin cleavage while in
presence of magnesium the protein is comparatively less protected from protease
digestion. Interestingly, in presence of EDTA the protein is completely protected from
protease digestion. The reaction conditions were tested both at 4 and 37°C for 4 and 15
hours. Interestingly, in contrast to Tm-CorA, Mrs24g.303 1S less susceptible to protease

digestion at 4°C compared to 37°C.

The observed strong protection of the protein in the presence of EDTA may be explained
by the fact that during pentamerization of Mrs245 30 in the dialysis process the funnel is
in closed conformation which appears to be more susceptible to protease cleavage. This
would be exactly opposite to what has been reported for Tm-CorA. Interestingly, addition
of EDTA deprived Mrs2 from divalent metal ions and thus led to an open conformation
of the Mrs24530s funnel which is less susceptible to protease cleavage. The observed
differential protease susceptibility of the Mrs245 303 funnel domain compared to Tm-CorA
suggests a significant conformational change, and thus our results are in line with the
proposed different conformations of the pentamer in open and closed state. These
differences compared to the Tm-CorA protein susceptibility assay suggest divergent
conformational changes or molecular differences in the N-terminal domain of the two

types of transporters.
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Functional analysis of selected mutants

Gating mutants

It is now well known that Met291 and Leu294 are involved in the formation of
hydrophobic gates in Tm-CorA (Lunin et al, 2006; Svidova et al, 2010). As no three-
dimensional structure of the full-length Mrs2 transporter is available we modeled the
Mrs2 C-terminal moiety on the basis of the structure alignment between Mrs243 303 and
the soluble domain of Tm-CorA and extended the sequence in the alignment at the C-
terminus (Figure 1A). Our alignment suggests that Met309 and Val315 are putatively
involved in the formation of hydrophobic gates. A sequence alignment of eukaryotic
members of the Mrs2 family indicates that Met309 is highly conserved in the whole
family and we named this amino acid gate 1. Analysis of the pentameric Mrs2 model
constructed on the structure of Tm-CorA shows the narrowest constriction of the pore at

this residue (Figure 4F), corresponding to Tm-CorA Met291 (Figure 4E).

Amino acid Met309 was therefore mutated to three residues with different properties
regarding size and charge i.e. small glycine, negatively charged glutamic acid, and the
bulky residue phenylalanine (Table 2). The physiological consequences of these
mutations were monitored by means of the following experiments. Strain DBY 747 mrs24
was transformed with high-copy number vector YEp351, or the centromeric plasmid
YCp22 harbouring the mutated MRS2 variants as well as with wild-type MRS2 and the
empty vector as controls. Growth tests showed severely reduced growth of all three
mutants on non fermentable carbon sources, indicating that these amino acid substitutions
had a considerable effect on magnesium homeostasis in mitochondria. Substitution of

methionine by glycine exhibited the strongest effect.

Measurements of magnesium uptake in isolated mitochondria revealed the different
effects of these amino acid substitutions. The strongest reduction of magnesium uptake
was observed in the Met309Phe variant. This finding can be explained by the size of this
bulky residue, leading to narrowing of the pore at this position. The glycine mutant

exhibited the highest degree of deregulation in gating of the channel. Exchange of
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Met309 to the small Gly residue resulted in a considerably stronger influx compared to
the wild-type variant of the protein and significantly elevated final steady state

magnesium concentrations (Figure 5B).

A similar effect was observed for Glu at this position. This amino acid substitution
yielded higher final steady-state magnesium levels as well. This effect is most probably
caused by the charge of this amino acid residue. In the pentameric form, Glu would form
a negatively charged ring possibly leading to a stronger transport activity due to increased

electrostatic attraction of the magnesium ion.

In the Met309Gly mutant, very strong uptake could be observed after the first magnesium
addition, furthermore plateau levels were less pronounced compared to the wild-type
control, nevertheless the transporter was still able to close the ion conduction pathway to
some extent (Figure 5B). This is in accordance with the assumption that magnesium
biding sites in the N-terminal part of Mrs2 act as sensor of the intracellular magnesium
concentration. According to this model, alterations in the gating process would lead to
higher uptake rates and probably also to elevated magnesium levels in mitochondria;
however, as long as the transporter is able to close the pore, magnesium influx is not
expected to be completely deregulated.

The second candidate amino acid we investigated was Val315. In the structure based
sequence alignment, Val315 aligned with Leu294 of Tm-CorA (Figure 2A). Analysis of
the pentameric Mrs2 model constructed on the known structure of Tm-CorA shows the
second narrowest constriction of the pore at this residue (Figure 4E and F). In contrast to
Met309, sequence alignment of various eukaryotic Mrs2 homologues indicates that

Val315 is less conserved than Met309. We termed this amino acid gate 2.

As for Met309, Gly, Glu and Phe were introduced at this position and their effect was
examined by growth tests and magnesium uptake measurements in isolated mitochondria.
Substitution of Val315 to Glu and Phe had no effect on growth on non-fermentable
carbon sources (Figure 6A). In line with this result, also Mg®" uptake was less affected by

mutations at this position compared to the first gating mutant at position 309. Mg”"
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uptake in the Glu mutant was comparable to wild-type Mrs2. Also the bulky residue Phe
was surprisingly well tolerated at this position and obviously did not narrow the ion
conduction pathway at this position to an extent leading to a substantial reduction of

magnesium uptake (Figure 6B).

Only Gly at this position reduced growth of the cells to a certain degree, which was,
however, less pronounced than in the Met309 mutant. Based on the results from mag-
fura-2 measurements this effect is again caused by stronger magnesium uptake due to a

widening of the channel at this position.

Investigation of the Mrs2 C-terminus

Tm-CorA has a highly conserved positively charged sequence at the C-terminus, mostly
composed of lysine residues. This “basic sphincter” is located at the cytoplasmic neck
parallel to the hydrophobic gate of the pore and is essential for the function of the
transporter (Lunin et al, 2006). The basic sphincter is predicted to draw negative charge
away from the middle of the pore at this level, preventing passage of the positively

charged Mg cation (Lunin et al, 2006).

On the other hand, members of the Mrs2 subfamily have C-termini highly variable in
length containing almost no conserved primary sequence motives. The only conserved
feature is a surplus of positively charged residues, which may perform the same function
as was predicted for the basic sphincter of Tm-CorA transporter (Supplementary Table
1). (Eshaghi et al, 2006; Weghuber et al, 2006). It has also been reported for Mrs2 that
the C-terminal moiety contains a segment with characteristics of an amphipathic helix
directly after TM2, which serve as internal targeting signals that mediate the Nj, -Ci,
topology (Baumann et al, 2002).

Yeast Mrs2 has a particularly long C-terminal sequence and a positively charged KRRRK
stretch (402-406), which is not conserved. This sequence has been deleted in a previous
study with the effect of reduced Mg®" uptake when expressed from a low copy vector. In

contrast, over-expression of this mutant restored Mg”" uptake almost to a wild-type levels
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(Weghuber et al, 2006). To get more insight into the function of the KRRRK stretch, we
reversed charge of this sequence by introducing negatively charged Glu at these
positions. This mutant exhibited very good growth on non-fermentable carbon sources
either expressed from the centromeric plasmid YCp 22 or when over-expressed (Figure
7A). Mg®" uptake was moderately increased in this mutant. These findings suggest that
introduction of a highly negatively charged ring enclosing the ion conduction pathway

produces a more active channel without impairing its regulation (Figure 7B).

In order to further explore the role of the C-terminus, we completely removed the extra
C-terminus of Mrs2. Interestingly, truncation of the whole C-terminus had a significant
negative effect on growth of the cells on non-fermentable carbon sources (Figure 7A);
which is in line with the observed strong reduction of Mg*" transport capacity in mag-
fura-2 measurements of isolated mitochondria (Figure 7B).

Taken together, the small, non-conserved positively charged stretch (KRRRK, 402-406)
at the C-terminus appears to not be critical for the function of Mrs2. On the other hand a
complete truncation of the C-terminus (deletion of 94 residues at the C-terminus),
negatively affects the transport activity. Not the KRRRK-stretch in particular but the
overall surplus of positively charged residues in the C-terminus of Mrs2 might fulfill a

similar function than that of the “basic sphincter” in Tm-CorA.

DCS mutants

Employing superposition of the magnesium binding site DCS1 of Tm-CorA and Mrs24s.
308 of S. cerevisiae, we identified a putative DCS site in Mrs2, formed by the amino acid
residues Asp97 from one subunit and Glu270 from an adjacent subunit. In order to test
the involvement of these amino acids in gating of the channel, we performed site-directed
mutagenesis of Asp97 to Ala, Phe and Trp. Surprisingly, these mutants exhibited no
growth defect on non-fermentable carbon sources (Figure 8A). Accordingly no
significant differences between wild-type Mrs2 and the mutant proteins in Mg uptake
measurements in isolated mitochondria could be observed (Figure 8B).

Given the high conservation of this residue throughout the Mrs2 subfamily, our results

that mutations at this position have no effect is somewhat surprising. However, it cannot
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be excluded that also in Mrs2 two or even more Mg*" sensing sites are present, operating
jointly in controlling the activity of the channel. Consequently, mutations in only one of

these sites might not be sufficient to impair the cation sensing ability of the channel.

3. EXPERIMENTAL PROCEDURES

Preparation of Protein

Details on cloning and purification was reported earlier (Khan et al). The mitochondrial
matrix domain of Saccharomyces cerevisiae was cloned from genomic DNA into pETM-
11 vector (EMBL Hamburg) with a tobacco etch virus (TEV) cleavable N-terminal Hisg-
tag. The recombinant protein was over expressed in BL-21 star (DE3) at 21 °C, in the
presence of 0.025 mg ml' of kanamycin and induced by 0.5 mM isopropyl B-D-
thiogalactopyranoside (IPTG). Cells were sonicated in a suitable buffer. The supernatant
after centrifugation was applied onto 5 ml Ni-NTA agarose column (Qiagen). The N-
terminal Hise-tag was cleaved using TEV. After the TEV cleavage the purification of
protein was take place, the protein was reapplied on a Ni-NTA column, followed by
Resource Q column, and HiLoad 26/60 Superdex 200 (GE Healthcare) size exclusion
chromatography.

Protein purity and monodispersity controls

The purity of the protein solution used for the crystallization experiments was evaluated
by SDS-PAGE analysis and showed a single band of apparent molecular weight of about
30 kDa. Dynamic light scattering (DLS) was used to assess the monodispersity of the
protein solution: a monomodal distribution with a polydispersity of 5% was observed and
the gyration radius was estimated to be 4.2 nm, suggesting that the protein solution was
homogenous and monomeric. Circular dichroism (CD) spectroscopy in the far ultraviolet

wavelength range showed that the protein is rich in alpha helical content.

Analytical gel filtration chromatography
Analytical gel filtration chromatography on Mrs245.303 was performed at 4 °C, using the

construct eluted as monomer from Superdex 200 10/300 column (Amersham
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Biosciences), after dialyzing the protein against low ionic salt and run onto an analytical
gel filtration 200 10/300 column in 15 mM Tris-Hcl (pH 8.0), 15mM NaCl, the protein

solution was eluted as a pentamer.

Crystallization

Details on crystallization conditions were reported earlier (Khan et al., 2010). Initial
screening crystallization conditions were obtained from sparse matrix screen from
MembFac kits and Hampton Research were optimized by hanging drop at 22 °C.
Magnesium and cobalt-soaked crystals were obtained by soaking the native crystal with
1-5 mM magnesium chloride and 5 mM cobalt chloride in the crystallization drops. Co-
crystals with magnesium or cobalt were grown by vapor diffusion at 22 °C in a solution
containing 2.8 mg/ml protein, 22% v/v ethylene glycol 56 mM Na/K phosphate pH 6.3,
1.5 mM magnesium chloride, or cobalt chloride. All the crystals were flash-frozen in a
solution containing 30% v/v ethylene glycol 56 mM Na/K phosphate pH 6.3 and mounted

on loops at 100 K prior to data collection.

Data collection and processing

All Mrs245303 X-ray diffraction data sets were collected at 100 K in a cold nitrogen
stream using various beamlines at ESRF or Microstar rotating anode at 1.54 A. The
crystals of Mrs24g 305 diffracted to 1.83 A resolution on in-house source and to 1.30 A at
ESRF. Detail of the data collection, statistics and processing are reported earlier (Khan et
al). Crystallographic data collected in house was processed (integrated and scaled) with
the Proteum?2 software suite (Bruker AXS Inc.), while the synchrotron data sets were
processed using XDS (Kabsch, 1988). The structure of Mrs245.303 was solved, using a
highly redundant data set collected on in-house source by the single-wavelength
anomalous dispersion method (SAD) exploiting the Mrs2 native sulphur (S) atoms for
phasing using SHELXD (Uson & Sheldrick, 1999). After finding the S atoms, heavy
atom refinement and density modification were performed using autoSHARP (Vonrhein
et al, 2007). The electron density map obtained from autoSHARP was traced by
ARP/WARP (Joosten et al, 2008; Morris et al, 2003), which fitted 243 out of 261 amino
acid residues in three different chains with R,o4/Rpee = 0.21/0.30. The structure
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refinement yielded final Ry« and Rj.. values of 0.193 and 0.243, respectively. This
model contains 258 amino-acid residues and 432 water molecules. Two complete data
sets at 1.42 A and 1.30 A were collected at ESRF ID14-1, processed individually using
XDS. The data sets were than scaled together using SCALA. The structure from S-SAD
data was further refine against the merged 1.3 A data sets using REFMACS5 and phenix.
The final model contains 261 amino acid and392 water and five ethylene glycol molecule
with a Ry, and Ry, of 0.169 and 0.204 respectively. Details on the refinement statistics

are shown in Table 1.

Protease susceptibility Assay

For 50 ml reaction volumes, stock solutions were prepared to obtain the final
concentration desired upon dilution: 38.75 ml of protein (2.58 mg/ml), 1ul of trypsin (10
mg/ml; Sigma), and 50pul 3mg/ml of ‘substrate’. Reaction solutions were mixed and
equilibrated at 4°C for 20 min. Trypsin was then added, and reactions were incubated at
4° or 37°C for the specified times. After adding 50 ml of SDS-PAGE sample buffer,
samples were boiled and run immediately on 15% SDS-PAGE gels. To rule out the
possibility of trypsin inhibition, controls were performed on a test protein (BSA) over the

full range of conditions.

Yeast strains, growth media and genetic procedures:

S. cerevisiae strain DBY 747 and the isogenic deletion strain mrs24 have been described
previously (Bui et al, 1999; Wiesenberger et al, 1992). Yeast cells were grown in YPD
(1% yeast extract, 2% peptone, 2% glucose) to stationary phase. For growth tests on solid
media, yeast cells were grown in YPD over night, washed with dH20 and spotted in ten-
fold dilutions on YPD or YPG (1% yeast extract, 2% peptone, 3% glycerol) and
incubated at 28°C for 2 (YPD) or 6 days (YPG).
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Plasmid constructs:
The plasmid Yep351-MRS2-HA (Bui 1999) was used as template in overlap extension
PCR. For mutagenesis of Met309, Val315, and the putative sensing site Asp following

mutagenic forward and reverse primers were used (changed nucleotides are in bold):

MRS2 M309E fw: 57-CGCAAATAGGAATTCCTTAGAGTTGTTGGAGTTGAAAGTTACC-3~
MRS2 M309E rev: 5”-GGTAACTTTCAACTCCAACAACTCTAAGGAATTCCTATTTGCG-3”
MRS2 M309F fw: 57-CGCAAATAGGAATTCCTTATTCTTGTTGGAGTTGAAAGTTACC-3~
MRS2 M309F rev: 57-GGTAACTTTCAACTCCAACAAGAATAAGGAATTCCTATTTGCG-3”
MRS2 M309G fw: 57-CGCAAATAGGAATTCCTTAGGATTGTTGGAGTTGAAAGTTACC-3~
MRS2 M309Grev: 57-GGTAACTTTCAACTCCAACAATCCTAAGGAATTCCTATTTGCG-3”

MRS2 V315E fw: 57-
CGCAAATAGGAATTCCTTAATGTTGTTGGAGAGGAAAGTTACCATCTACACGTTGGG-3”
MRS2 V315E rev: 5°-
CCCAACGTGTAGATGGTAACTTTCCTCTCCAACAACATTAAGGAATTCCTATTTGCG-3”
MRS2 V315F fw: 57-
CGCAAATAGGAATTCCTTAATGTTGTTGGATTCGAAAGTTACCATCTACACGTTGGG-3~
MRS2 V315F rev: 5°-
CCCAACGTGTAGATGGTAACTTTCGAATCCAACAACATTAAGGAATTCCTATTTGCG-3”
MRS2 V315G fw: 57-
CGCAAATAGGAATTCCTTAATGTTGTTGGAGGAGAAAGTTACCATCTACACGTTGGG-3~
MRS2 V315G rev: 5°-
CCCAACGTGTAGATGGTAACTTTCTCCTCCAACAACATTAAGGAATTCCTATTTGCG-3”

MRS2 D97Afw: 5”-CATTCCCTTTTCCCGAGAGCGCTGAGGAAAATAGATAACTCC-3”
MRS2 D79Arev: 57— GGAGTTATCTATTTTCCTCAGCGCTCTCGGGAAAAGGGAATG-3”
MRS2 D97Ffw: 5”-CATTCCCTTTTCCCGAGATTTCTGAGGAAAATAGATAACTCC-3~
MRS2 D97Frev: 57-GGAGTTATCTATTTTCCTCAGAAATCTCGGGAAAAGGGAATG-3”
MRS2 D97Wfw: 5”-CATTCCCTTTTCCCGAGATGGCTGAGGAAAATAGATAACTCC-3~
MRS2 D97Wrev: 5”-GGAGTTATCTATTTTCCTCAGCCATCTCGGGAAAAGGGAATG-3”

The above mentioned mutagenic primers were used in combination with the forward
primer MRS2Mcsfw: 5’-CGATTAAGTTGGGTAACGCCAGGG-3’ and the reverse
primer MRS2Mcsrev: 5’-GCACGACAGGTTTCCCGACTGGAAAGC-3’

Verification of positive clones was performed by restriction analysis of the introduced
EcoRI (Met309 and Val315) or Aval (Asp97) sites (underlined). All restriction sites were
introduced by silent mutations. No additional mutations were found by sequencing of the

complete ORF.

89




PCR fragments were digested with Xbal and Smal and cloned in the vector Yep351-
MRS2-HA digested with the same enzyme combination.

To create the C-terminal truncation of MRS2, the primer MRS2Mcsfw and the reverse
primer MRS2 CutCterm rev: GCGCGCGTCGACCGGTCATCTTTGTCAC were used.
The Xbal/Sall digested PCR fragment was cloned in vector Yep351.

For the substitution of the positive amino acid stretch by negatively charged amino acid
residues in the KRRRK/E mutant the mutagenic primers MRS2 KRRRK/E fw: 5’-
GCGTCTATTGCCCTGACAAATAAACTAGAAGAGGAAGAGGAATGGTGGAAG
TCAACCAAGCAGCGG-3’ and MRS2 KRRRKVE rev: 5°-
CCGCTGCTTGGTTGACTTCCACCATTCCTCTTCCTCTTCTAGTTTATTTGTCAG
GGCAATAGACGC-3’ were used with the above mentioned primers in overlap
extension PCR. Positive clones were verified by the introduced HinclI restriction site

(underlined).

Isolation of mitochondria and measurement of [Mg*]., by
spectrofluorometry

Isolation of mitochondria and the ratiometric determination of intramitochondrial Mg**
concentrations ([Mg2+],) dependent on various external concentrations ([Mg”']c) has

been performed as reported previously (Kolisek et al, 2003).
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Table 1 Data collection and refinement statistics

Data set 1

Data set 2

DATA COLLECTION

ID14-1 (ESRF)

Source Home source
Wavelength (A) 1.54178 0.933
Resolution (A) 36.89-1.83 (1.90-1.83)" 50.0-1.30 (1.35 - 1.31)
Space group P212121 P212121
Unit cell (A, °) a=>54.66,b=61.70,c=85.30, | a=154.88=61.88,c=285.45
a=B=[1=90 a=p=[1=90
Molecules / a.u. 1 1
Unique reflections 48844 69621 (4235)
Completeness (%) 99 (92) 92.1(79.0)
Rieas” 0.069 (1.172)
Rpim” 0.80 (23.0)
Ranom 0.0316
Multiplicity 80 (13) 12.0 (6.2)
I/sig(T) 40.2 (1.9) 19.9 (1.83)
Software used for integration PROTEUM? XDS
Software used for scaling PROTEUM? XSCALE
PHASING
No. of sites 11
Phasing power” 0.311 (0.069)
Figure of merit 0.841
Software us.ed for finding SHELX
sites
Software used for phasing SHARP
Software u§ed fgr density DM
modification
REFINEMENT
Reryst/ Rered 0.1932/0.2440 0.169/0.204
No. Reflections used for Ry 1289 7312
R.m.s.d. bonds (A) 0.0124 0.004
R.m.s.d. angles (°) 1.3310 0.912
B protein (A% 15.062
Software used for refinement Refmac Phenix.refine
Refinement method (ML, SA, ML ML

TLS)
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“Values in parentheses are for the highest resolution shell.
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Where I (hkl) is the mean intensity of multiple I; (hk/) observations of the symmetry-related reflections, N is the
redundancy, ny, is the multiplicity, I, is the average intensity and I, is the observed intensity.
YAnomalous phasing power: (S|Fy(imag)/?/ Z| AF+p(0bs)-|AF£p(calc)|P)? where AF+py is the structure factor
difference between Bijvoet pairs and Fpy(imag) is the imaginary component of the calculated structure factor

contribution by the anomalously scattering atoms.
ERcryst: ) ‘FO_FC‘ /Z Fo

Ryee 18 the cross-validation Ry, computed for the test set of reflections (5 %) which are omitted in the refinement

process.

Table2:

Table of the mutants designed according to the structure based sequence alignment

of Mrs24g.308 With Tm-CorA.

Targets | Asp97 Mg” | Met309 Val315 Lys, Arg,Arg,Arg,Lys | Truncation at
binding site (Gatel) (Gate 2) (402-406) C- terminus
truncate after
Mutants Ala,Phe, Trp | Gly,Glu,Phe | Gly,Glu,Phe | Glu, Glu, Glu,Glu,Glu Thr376
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FIGURES and FIGURE LEGENDS

Figure 1 Structure-based sequence alignments of Mrs2,5.30s and its closest

structure homologue Tm-CorA
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Figure 1 Structure-based sequence alignments of Mrs24530s and its closest structural

homologue Tm-CorA (A) Structure-based sequence alignment of Mrs245.303 and Tm-

CorA (PDB code 2IUB), the sequences were then extended to ten species of prokaryotic
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http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=2IUB

magnesium transporter and ten species of eukaryotic magnesium transporters. Identical
residues between Mrs2 transporter and Tm-CorA transporter are in red. The gape in the
sequence alignment is represented by three solid black lines. The sequences of the two
species are separated by a horizontal black solid line. The sequence similarity between
the prokaryotic species used in the alignment is about 98 % while between eukaryotic
species it is about 82 %. The conserved signature sequence GMN is boxed. Residues of
the putative magnesium binding site i.e. Asp97 and Glu270 are boxed in eukaryotes and

are denoted by + and x symbols. The prokaryotic magnesium binding site Asp89, Asp253

is boxed and is denoted by = and # symbols in the sequence alignment, respectively. The

residue involved in the Asp ring is boxed and is represent by * symbol. The residues
involved in the hydrophobic gate formation i.e. Met309, Val315 in case of Mrs2
transporter and Met291, Leu294 in case of Tm-CorA transporter are highlighted (box)
and are named G1 and G2 in the sequence alignment (representing gate 1 and gate 2)
respectively. The secondary structure derived from Mrs245303 is shown above its
sequence. (B) The structures of the soluble moiety of Tm-CorA and Mrs2 contain a C-
terminal trimeric coiled-coil (magenta), which continues into the membrane, and an N-
terminal alpha/beta/alpha domain (green). (C) The N-terminal domains of Tm-CaorA and
Mrs245.308 are different. While the last four beta strand (C1-C4, yellow) are topologically
identical, there are three N-terminal beta strands in Tm-CorA (N1-N3, magenta) and two
in Mrs2 (N1 and N2, magenta). The helix, which is intercalated between the second and

the third strand of Tm-CorA is missing in Mrs24g.30s.
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Figure 2 Structural features of and proposed funnel model.

A

Asp302

Glu294
Glu293
- Ser291
~ Asp289
" Ser285
Glu284

Glu278

Putative Mg?* binding site

Figure 2 Structural features of Mrs24g.303 and the proposed funnel model. (A) The Mrs24s.
308 1s represented as ribbon and the side chains of the negatively charged or hydroxyl
bearing residues are represented as stick of the helix corresponding to the stalk helix of
Tm-CorA which makes the inner side of the pore. (B) Electrostatic surface potential
analysis of Mrs2, generated by APBS. Views are from the helix forming the inner wall of
the funnel (red, negatively charged; blue, positively charged; white, uncharged). The red

arrow shows the gradual increase of negative charge from top to bottom (C) Side view of
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the pentamer funnel model of the inner soluble domain of Mrs2 based on Tm-CorA from
Thermotoga maritima. (D) Bottom view of the pentamer funnel model, highlighting the

putative magnesium binding site (red). All structural figures were created with Pymol

(http://www.pymol.org/).

Figure 3 Protease susceptibility assay
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Figure 3 Protease susceptibility assay. Trypsin susceptibility of Mrs24530s after 4h
(right) and 15h (left). Reactions were performed as described in Experimental procedures.
Control samples (C) for the different reaction conditions and the molecular weight ladder
(S) are shown. The different tested conditions are (1) 20 mM EDTA, (2) 5 mM EDTA,
(3) 5 mM EDTA/ 5 mM Mg*"(or 5 mM Co”"), (4) 5 mM Mg”"(or 5 mM Co*"), (5) 20
mM Mg2+ (or 20 mM Co?") and (6) is untreated, native protein.
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Figure 4 Evaluation of magnesium binding site in Mrs243.303 and hydrophobic gate

residues in Mrs2 and Tm-CorA

Leu294 Met?291 Val315 Met309

Figure 4 Evaluation of the magnesium binding site in Mrs2s30s and the
hydrophobic gate residues in Mrs2 and Tm-CorA. (A) Superposition of Mrs24g30s
(blue) and Tm-CorA (cyan) soluble domains showing the magnesium binding site of Tm-
CorA and the putative magnesium binding site in Mrs24g 303. The coloured boxes relate to
panels B and C and show the residues involved in the magnesium sensing. (B) The
magnesium binding residue Asp89 of Tm-CorA and the corresponding putative
magnesium binding residue Asp97 of Mrs24530s. (C) The magnesium binding residue
Asp253 of Tm-CorA and the corresponding putative magnesium binding residue Glu270
of Mrs245.303. (D) Putative magnesium binding pocket featuring Asp97 from one

monomer (blue) and Glu270 from an adjacent subunit (cyan) in a proposed functional
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funnel model. (E) Top view of CorA (PDB code 2IUB) showing the hydrophobic gate
residues Met291 and Leu294 (red). (F) Top view of the model of Mrs2 transporter
showing the putative hydrophobic gate 1 residue Met309 and gate 2 residue Val315 (red).

Figure 5 Mutations in the hydrophobic gate 1 (Met309) of Mrs2.
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Figure 5 Mutations in the hydrophobic gate 1 (M309) of Mrs2 impairs growth on
non fermentable carbon sources and alters the transport activity of the channel. (A)
Growth phenotypes of Saccharomyces cerevisiae strain DBY 747 mrs24 expressing the
corresponding MRS2 mutant variants from high-copy number vector YEp351 or low copy
vector YCp22. Serial dilutions of the different strains were spotted on fermentable (YPD)

and non-fermentable (YPQG) substrates and grown for three or six days, respectively. (B)
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[Mg*'Je-dependent changes in [Mg®']m in mitochondria of mrs24 cells, and cells
expressing WT MRS2 or the mutant variants. Isolated mitochondria were loaded with the
Mg”"-sensitive dye mag-fura-2 and changes in the intramitochondrial free Mg”"
concentration upon addition of Mg*" to the nominally Mg**-free buffer, as indicated in
the figure, were determined. Representative recordings of four individual measurements

are shown.

Figure 6 Characterization of mutants in the hydrophobic gate 2 of Mrs2
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Figure 6 Characterization of mutants in the hydrophobic gate 2 of Mrs2. (A) Serial
dilutions of DBY 747 WT and DBY747 mrs24 cells transformed with the vectors
Yep351 and YCp22 expressing MRS?2 or different mutant variants for V315 were spotted
on fermentable (YPD) or non-fermentable (YPG) plates and incubated at 28°C for 3 or 6
days, respectively. (B) [Mg*']e-dependent changes in [Mg®']m in mitochondria of
DBY747 mrs24 cells expressing WT MRS2 or mutant variants of V315. Representative

curve traces of three individual measurements are shown.

Figure 7: Characterization of the Mrs2 C-terminus.
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Figure 7 Characterization of the Mrs2 C-terminus. (A) Phenotypes associated with
charge reversion of the KRRRK stretch and truncation of the C-terminus after Thr376.
Serial dilutions of yeast cultures were spotted on fermentable (YPD) or non-fermentable
(YPG) plates and incubated at 28°C for 3 or 6 days, respectively.

(B) [Mg*"].-dependent changes in [Mg*‘],, in DBY 747 mrs24 mitochondria expressing
the KRRRK/E mutant or the MRS2 variant with a C-terminal truncation. Representative

curve traces of four individual measurements are shown.

Figure 8 Mutation of Asp97 of a putative Mg®* binding site in Mrs2.
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Figure 8 Mutation of Asp97 of a putative Mg?* binding site in Mrs2 does not
influence regulation of the transporter. (A) Growth phenotypes of Saccharomyces
cerevisiae strain DBY 747 mrs24 expressing MRS2 variants harbouring mutations in the
D97 site from high-copy number vector YEp351 or low copy vector YCp22. Serial
dilutions of yeast cultures were spotted on fermentable (YPD) or non-fermentable (YPG)
plates and incubated at 28°C for 3 or 6 days, respectively. (B) [Mg” J-dependent changes
in [Mg* ], in DBY 747 mrs24 mitochondria expressing MRS2 or the mutant variants
were determined. Representative curve traces of four individual measurements are

shown.

Suppl. Figures:

Supplementary Figure 1 Analytical size exclusion chromatography of Mrs2,g.30s.
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Supplementary Figure 1

Analytical size exclusion chromatography (ASEC) of Mrs24g.308. (A) ASEC studies
showed that Mrs243 303 behaves as a homo-pentamer in low ionic strength buffers (10 mM
Tris-Hcel, 10 mM NaCl) and as a monomer in high ionic strength buffers (50 mM Tris-
HCl, 300 mM NaCl) (B). The corresponding peaks are visualized by SDS-PAGE.
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Supplementary Figure 2 Circular dichroism spectra of Mrs24g.3gs.
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Supplementary Figure 2

Circular dichroism spectra of Mrs2s.30s. The mean residual ellipticity of Mrs24s 305 at
1 mg/mL was monitored from 240 to 190 nm. Three scans were performed on individual
sample and than averaged. The data were reconstructed and the difference determined by
subtracting the reconstructed from the experimental data. It is clear that the circular
dichroism (CD) spectrum of Mrs24530s showed the minima at 208 and 219 nm, a

characteristic for a protein rich in a-helices.
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Supplementary Figure 3 Superposition of individual domains of Mrs24s.303 on CorA
and ZntB.

Supplementary Figure 3

Superposition of Mrs24530s on the soluble domain of Tm-CorA and ZntB. (A)
Superposition of the complete soluble domain of Mrs245 308 (red) on soluble domain of
Tm-CorA (PDB code 2IUB), with an RMSD of 2.85 A and mscore 70 % of . (B)

Superposition of complete soluble domain of Mrs24g 303 (red) on soluble domain of ZntB
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(PDB code 3CK6) (green) with an RMSD of 2.61 A and mscore 67 %. (C) Superposition
of a/B/a subdomains of Mrs245.308 (red) and Tm-CorA (yellow) with an RMSD of 2.96 A
and mscore of 59 %. (D) Superposition of a/p/a subdomains of Mrs243 303 (red) and ZntB
(green) with an RMSD of 2.75 A and mscore of 49 %. (E) Superposition of helical
subdomains of Mrs24g.303 and Tm-CorA with an RMSD of 2.62 A and mscore of 85 %.
(F) Superposition of helical subdomains of Mrs24z 303 and ZntB with an RMSD of 2.71 A

and mscore of 91 %. Superpositions were made with a program SHEBA

Supplementary Figure 4 Western Blot analysis of the expression levels of MRS2 and

the different MRS2 mutant variants.
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Supplementary Figure 4

Western Blot analysis of the expression levels of MRS2 and the different MRS2
mutant variants. Isolated mitochondria of mrs24 cells transformed with an empty
plasmid or high copy number vector Yep351 expressing MRS2-HA or the mutant variants
were separated by SDS/PAGE and proteins were visualized by immunoblotting with an

antiserum against the HA tag. Porin was used as a loading control.
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Supplementary Table 1 Number of positively charged residues at the C-terminus of

Mrs2 from different species

Number of residues Number of Positively

Name of species at C-terminus charged residues
Saccharomyces cerevisiae 107 24
Penicillium marneffei 116 21
Penicillium chrysogenum 122 22
Ashbya gossypii 78 16
Kluyveromyces lactis 79 15
Magnaporthe oryzae 198 29
Yarrowia lipolytica 42 14
Debaryomyces hansenii 69 15
Vanderwaltozyma polyspora 83 18
Botryotinia fuckeliana 65 18
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Novel components of an active mitochondrial K*/H" exchange

Zotova L., Aleschko M., Sponder G., Baumgartner R., Reipert S., Prinz M., Schweyen R.J.,
Nowikovsky K.
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Defects of the mitochondrial K*/H* exchanger (KHE) result
in increased matrix K* content, swelling, and autophagic decay
of the organelle. We have previously identified the yeast Mdm38
and its human homologue LETM], the candidate gene for sei-
zures in Wolf-Hirschhorn syndrome, as essential components
of the KHE. In a genome-wide screen for multicopy suppressors
of the pet™ (reduced growth on nonfermentable substrate) phe-
notype of mdm38A mutants, we now characterized the mito-
chondrial carriers PIC2 and MRS3 as moderate suppressors and
MRS7 and YDL183c as strong suppressors. Like Mdm38p,
Mrs7p and Yd1183cp are mitochondrial inner membrane pro-
teins and constituents of ~500-kDa protein complexes. Triple
mutant strains (mdm38A mrs7A ydl183cA) exhibit a remark-
ably stronger pet~ phenotype than mdm38A and a general
growth reduction. They totally lack KHE activity, show a dra-
matic drop of mitochondrial membrane potential, and heavy
fragmentation of mitochondria and vacuoles. Nigericin, an
ionophore with KHE activity, fully restores growth of the triple
mutant, indicating that loss of KHE activity is the underlying
cause of its phenotype. Mdm38p or overexpression of Mrs7p,
Ydl183cp, or LETM1 in the triple mutant rescues growth and
KHE activity. A LETM1 human homologue, HCCR-1/LETMD1,
described as an oncogene, partially suppresses the yeast triple
mutant phenotype. Based on these results, we propose that
Ydl183p and the Mdm38p homologues Mrs7p, LETM1, and
HCCR-1 are involved in the formation of an active KHE system.

The high, inside negative membrane potential (Ays) of mito-
chondria favors uptake of cations through the inner mitochon-
drial membrane. Potassium is an osmotically active ion and the
most abundant cation in the cytosol and in the mitochondrial
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matrix. The uncontrolled influx of K™ into mitochondria
causes an increase of osmotic pressure of the organelles and
their swelling. The presence of K*/H* exchangers in mito-
chondria which, driven by the inside-directed pH gradient,
extrude excess K* from mitochondria was already postulated
in the 1960s by Mitchell (1). Although the KHE* has been stud-
ied extensively by physiological methods, its molecular identity
remained obscure. Recently, our studies identified Mdm38/
LETM1 as major players of this extrusion system (2—4).

Phenotypic analyses of mdm38A are consistent with the loss
of KHE activity (4). These included increased matrix K* con-
tent, swelling, and fragmentation of mitochondria, reduced
mitochondrial A, as well as reduced growth of cells on nonfer-
mentable substrate. Further tests involving submitochondrial
inner membrane particles (SMPs) confirmed the near total lack
of KHE activity (2). Addition of the synthetic KHE nigericin to
mdm38A cells restored all mitochondrial functions, including
growth on nonfermentable substrates, A, morphology, and KHE
activity (4, 5). This result strongly supported the conclusion that
Mdm38 acts as an essential regulator or subunit of the mitochon-
drial KHE, because it is unlikely that a protein with only one trans-
membrane domain like Mdm38 forms the KHE itself.

Mdm38p is conserved in all eukaryotic organisms. The
human homologue, LETM1, has been implicated in the Wolf-
Hirschhorn syndrome (6). The yeast Saccharomyces cerevisiae
encodes a homologue, YPR125w. YPR125w had initially been
identified as a multicopy suppressor of mutants lacking the
mitochondrial Mg?* transporter MRS2 and was named MRS7
(7). YPRI25w/MRS?7, also named YLH47 for yeast LETM1
homologue of 47 kDa (6), encodes a protein located in mito-
chondria (4, 8). Although disruption of MRS7 has a weak phe-
notype, its overexpression restores growth of mdm38A strains,
showing a functional homology to Mdm38p (4). The human
genome also encodes a second member of the Mdm38/LETM1
family, named HCCR-1 or LETMD1, which was found to be
overexpressed in various human cancer cells (9).

Here, we characterize the role of four yeast multicopy sup-
pressors of mdm38A as well as of LETM1 and HCCR-1 with

*The abbreviations used are: KHE, K*/H* exchanger; SMP, submitochondrial
particle; FM4-64, N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)-
phenyl)hexatrienyl)pyridinium dibromide; GFP, green fluorescent protein;
HA, hemagglutinin; ColP, coimmunoprecipitation; ORF, open reading
frame; Ni-NTA, nickel-nitrilotriacetic acid; GFP, green fluorescent protein;
BCECF, 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein; BN, Blue Native;
YFP, yellow fluorescent protein; PBFI, potassium-binding benzofuran
isophthalate.
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respect to their potential to restore K*/H™ exchange activ-
ity. We find that like Mdm38p, Mrs7p and Yd1183cp are part
of a large mitochondrial KHE protein complex. We discuss
its putative composition and analyze the additive effects
resulting from the triple deletion of MDM38, MRS7, and
YDL183c.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Media—The S. cerevisiae strains
W303 (ATCC accession number 2012239) and DBY747
(ATCC accession number 204659) were used as wild type.
W303 mdm38::HIS3 termed mdm38A was described previ-
ously (4). W303 cells were grown in YPD (yeast extract, bacto
peptone, 2% dextrose), YPG (2% glycerol) or YPGal (yeast
extract, bacto peptone, 2% galactose) media as indicated. YPG
plates were supplemented with 2 uM nigericin when indicated.
Synthetic minimal media (S-Gal, synthetic medium containing
2% galactose, or SD, synthetic medium with 2% dextrose, 2%
glucose) were supplemented with amino acids and bases when
appropriate.

Genomically tagged versions of MDM38 and MRS7 were con-
structed by homologous recombination. The TAP tag and the
selection marker TRPI-KL were amplified by PCR from the vector
pBS1479 (10). The following primers were used to create a C-ter-
minally tagged version of MDM38 with His, and the TAP tag con-
sisting of two immunoglobulin binding domains of protein A and
the calmodulin-binding peptide: MDM38HisT APfw, 5'-TACCT-
CCCATTCCGGCCGATCAAGCTGCGAAGACTTTTGTCA-
TTAAGAAAGATCATCACCATCACCATCACTCCATGGA-
AAAGAGAAG-3"; MDM38HisTAPrev, 5'-CCTGATGTA-
CTCACATTTCCATCTGGTGAGGATGGAGGTGGAGA-
CGTCGTAGACATGGAACCCTGTTTACGACTCACTA-
TAGGG-3'. For tagging MRS7 with His; and TAP tag, the
following primers were used: MRS7HisTAPfw, 5'-AACCG-
CATGACACCAAGCCTATCGGAGAAGCCGCTGCCAT-
CAAAGAGAAGCATCACCATCACCATCACTCCATGG-
AAAAGAGAAG-3'; MRS7HisTAPrev, 5'-TAGACACTCT-
ATTCTTTGAGTAATTTTGAGGGAGAGCAGCAATG-
ATTAACTACGACTCACTATAGGG-3'.

To create chromosomal, C-terminally His,-tagged versions of
MDM38 and MRS?7, the following forward primers were used:
MDM38Hisfw, 5'-TTCCGGCCGATCAAGCTGCGAAGACT-
TTTGTCATTAAGAAAGATCATCACCATCACCATCACT-
GATCCATGGAAAAGAGAAG-3'; MRS7Histw, 5'-CGCATG-
ACACCAAGCCTATCGGAGAAGCCGCTGCCATCAAAGA-
GAAGCATCACCATCACCATCACTAATCCATGGAAAAG-
AGAAG-3'. MDM38HisTAPrev and MRS7HisT APrev served as
reverse primers, respectively. To create chromosomal, C-termi-
nally One-STrEP (11)-tagged versions of MDM38 and MRS?7, the
One-STrEP sequence (based on the plasmid pEXPR-IBA103, IBA
BioTAGnology) was synthesized (Eurofins MWG GmbH) and
cloned into the BamHI-linearized pBS1479 plasmid. Chromo-
somal integration was performed using the forward primers:
MDM380neSTrEPfw, 5'-CATTCCGGCCGATCAAGCTGCG-
AAGACTTTTGTCATTAAGAAAGATGAGAATTTGTATT-
TTCAGG-3', and MRS7OneSTrEPfw 5 -GCATGACACCAA-
GCCTATCGGAGAAGCCGCTGCCATCAAAGAGAAGG-
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AGAATTTGTATTTTCAGG-3'. MDM38HisTAPrev and
MRS7HisTAPrev served as reverse primers, respectively.

Multicopy Suppressor Screen—The mdm38A mutant strain
was transformed with 1 ug of genomic library (constructed in
YEp181, a 2-um plasmid marked with LEU2, gift of Juraj
Gregan and Kim Nasmith, IMP, Vienna, Austria). Transfor-
mants growing on SD—Ileu plates were replica-plated on YPG
plates and incubated at 37 °C. Three hundred ninety six positive
putative candidates were selected and classified into strong or
weak suppressors. To confirm that the suppression was plas-
mid-borne, the plasmids were recovered, amplified in Esche-
richia coli, used for retransformation of W303 mdm38A, and
tested for growth on YPG plates at 37 °C. Confirmed plasmids
were then analyzed by restriction digestion patterns to elimi-
nate self-complementation, and the inserts of selected plasmids
were sequenced by VBC-Biotech Services GmbH. The suppres-
sor plasmids contained multiple ORFs. Individual ORFs were
subcloned and tested for their ability to suppress the growth
phenotype. The individual plasmids containing PIC2, MRS3,
MRS?7, or YDL183c were used in all experiments if not other-
wise indicated.

Gene Deletions—Deletion of the genes was performed
according to the one-step replacement protocol (12). The
MRS7 ORF was disrupted from the start to the stop codon by
replacement with the KANMX4 disruption cassette, which was
amplified with the primers 5'-TAGGTTCGAGTAAAGAAA-
ATTTCATAAAGAAATCAACAAGACACACGTACGCTG-
CAGCTCGAC-3' and 5'-GCGGAGAGTGTATCGTGCGG-
TTTAATGGGCCAGGTGAAAACTGGGATCGATGAATT-
CGAGCTCG-3'. To delete YDL183c in W303, the whole ORF
was replaced with a L/RA3 disruption cassette flanked by loxP
sites, using the primers 5'-CATCGATAGAATCATTTTATC-
ACAATACCAAAACTT-3" and 5'-CTCAGGAATACCTGT-
TATGTATATTTACATGAGATA-3'. Following verification
of the correct gene replacement using analytical PCR (12), the
selection marker was removed with the CRE recombinase con-
taining vector pSH63 (13). YDL183c deletion in DBY747 was
performed by replacement with the LEU2 disruption cassette,
using the primers 5'-TCACAATACCAAAACTTCATCCGG-
TGTATTTTAGATTAAAGCGTACGCTGCAGGTCGAC-3'
and 5'-ACCTGTTATGTATATTTACATGAGATAGTGGA-
CAATCTACATAGGCCACTAGTGGATCTG-3". Double and
triple deletion strains were obtained in W303 by crossing
and sporulation of the diploids or in DBY747 by stepwise
disruptions.

Plasmid Constructs—To provide MRS7, MDM38, and
YDL183c with a C-terminal GFP tag, the entire respective ORFs
were cloned into the centromeric vector pUG35 (14). MRS7
coding sequence was amplified by PCR from YEp351-MRS7
plasmid (7) with the 5’ primer 5'-ACAAGAATTCATGCT-
GAAATACAGGTC-3" and the 3’ primer 5'-ACATGTCGAC-
CTTCTCTTTGATGGC-3" (EcoRI and Sall sites are under-
lined) and cloned into the EcoRI/Sall sites of the plasmid
pUG35 carrying the methionine promoter. To clone YDL183c
into the pUG35 plasmid, the entire ORF sequence was ampli-
fied by PCR from W303 genomic DNA by use of 5" primer
5'-CGGGATCCATGATACGTTCAATATTTATACCGC-3’
and 3’ primer 5-GCGTCGACAATTTTGTTTTTCTCTT-
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GAGATTTCG-3' introducing the underlined BamHI and Sall
restriction sites. The amplified fragment was cloned into the
BamHI- and Sall-linearized pUG35 plasmid. A C-terminally
GEFP-tagged version of the entire ORF MDM38 was obtained by
cloning MDM38 in pUG35 by use of the forward primer
5'-TAATATGGATCCATGTTGAATTTCGCATCAAGAGCG-
3" and the reverse primer 5'-AATATCTATCGATCT-
TAATGACAAAAGTCTTCGC-3" (BamHI and Clal sites
underlined).

To express YDL183c from its own promoter and in fusion
with the triple HA epitope at the C-terminal end, the entire
ORF and its flanking region, including 217 nucleotides
upstream of the ATG, were amplified from W303 genomic
DNA with the primers 5-CTTGAGCTCGGATGGATG-
GACTTGACGGC-3" and 5'-GCGTCGACCAATTTGTTTT-
TCTCTTGAGATTTCC-3' and inserted in the Sacl/Sall sites
of the YCp33-HA vector. The vectors YCp33-MDM38-HA and
Yep351-MDM38-HA expressing Mdm38p under the control of
its native promoter and pVTU103-LETM1-HA expressing the
human LETM1 from the ADH promoter were described previ-
ously (4). To express HCCR-1 in yeast, the entire ORF was
amplified from MGC IRAT human (Invitrogen 6009854) with
the forward primer 5'-AACGGGATCCCGGATGGCGCTCT-
CCAGGGTGTG-3' and the reverse primer 5'-CATGCTCGA-
GTCAGTGGTGGTGGTGGTGGTGGCGCCTTGTCCCA-
AGGTAGT-3' digested with BamHI and Xhol and inserted in
the pVTU103 vector.

Isolation and Subfractionation of Mitochondria—Yeast
mitochondria used for ion-flux measurements were isolated
from cells growing overnight to stationary phase. For all other
experiments, cells were grown to A4, = 1. Mitochondrial iso-
lation and mitoplast preparation were done as described previ-
ously (15). Protein extraction with sodium carbonate was per-
formed according to Ref. 16 followed by protein precipitation
with trichloroacetic acid and Western blotting analysis. Pro-
teinase K protection experiments were performed as described
previously (17). Resuspended mitoplasts were incubated in the
presence or absence of proteinase K as indicated for 20 min, and
the proteinase K reaction was inactivated with 1 um phenyl-
methylsulfonyl fluoride, and the proteins were trichloroacetic
acid-precipitated. 50 ug of protein were loaded in each lane of a
12.5% SDS-PAGE, transferred onto polyvinylidene difluoride
membrane, and immunoblotted in Tris-buffered saline/Tween
plus 2.5% dry milk with the antibodies against the following: HA
(laboratory stock; hexokinase-1 (Biotrend); F,B, Tim44, and
Ymel (generous gifts of Gottfried Schatz, Hans van der Spek,
and Tom Fox, respectively). The proteins were visualized by use
of the SuperSignal ™ West Pico system (Pierce).

Blue Native PAGE—Proteins of isolated mitochondria were
solubilized as indicated with 1.2% n-dodecyl-p-maltoside or
Triton X-100, and after a clarifying spin, 200 ug of proteins (25
wl) per lane were separated by BN-PAGE according to Ref. 18
on 5-18% polyacrylamide gradient gels. Following electro-
phoresis, wet blotting to polyvinylidene difluoride membrane
was performed for 1 h at 100 V. Protein complexes were
detected by immune decoration. The calibration standards
(Amersham Biosciences) used in the BN-PAGE were bovine thy-
roglobulin (669 kDa), horse spleen apoferritin (440 kDa), bovine
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liver catalase (232 kDa), bovine heart lactate dehydrogenase (140
kDa), and bovine serum albumin monomer (67 kDa).

Affinity Chromatography—180 mg of isolated mitochondria
were used for standard protein purification. Isolated mitochon-
dria were adjusted to a concentration of 20 mg/ml. For affinity
chromatography using Ni-NTA Superflow resin (Qiagen),
mitochondria were solubilized with 1.2% Triton X-100 on ice
for 30 min in Hi 50 buffer (10 mm Tris-HCI, pH 7.8, 50 mMm
NaCl, 20 mMm imidazole, protease inhibitor mixture (Complete
Mini, Roche Applied Science)). After centrifugation at
43,000 X g for 30 min (4 °C) to remove nonsolubilized mitochon-
drial debris, the Triton concentration of the supernatant was
reduced to 1% by addition of Hi 50 buffer. Ni-N'T A Superflow resin
(Qiagen) was washed two times with 10 ml of Hi 50 buffer contain-
ing 1% Triton X-100. The clarified supernatant was incubated with
the resin for 30 min under gentle shaking and loaded on a Poly-
Prep chromatography column (Bio-Rad). The column was washed
twice with 15 ml of Hi 50 Wash buffer 1 (0.8% Triton X-100, 20 mm
imidazole) and twice with 15 ml of Hi 50 Wash buffer 2 (0.6%
Triton X-100, 30 mm imidazole). Finally, bound proteins were
eluted with Hi 50 Elution buffer (10 mm Tris-HCl, pH 7.8, 50 mm
NaCl, 200 mm imidazole, 0.6% Triton X-100 and, unless otherwise
stated, complete protease inhibitor mixture).

For streptavidin affinity chromatography using Strep-Tactin
Superflow (Qiagen), mitochondria were solubilized with 1.2%
Triton X-100 in Strep 50 buffer (100 mm Tris-HCI, pH 7.8, 50
mM NaCl, protease inhibitor mixture). All other steps were per-
formed as described for the Ni-NTA chromatography except
that Strep-Tactin Superflow (Qiagen) was used as affinity resin,
and bound proteins were eluted with Strep 50 buffer with a final
concentration of 2.5 mMm p-desthiobiotin.

All purification steps were performed at 4 °C. Control experi-
ments were performed for each affinity chromatography with
untagged or untransformed DBY747 wild-type or mdm38A
strains. Two-dimensional gel electrophoresis was performed as
described previously (19). Anti-His antibody was purchased from
Qiagen, and anti-Mdm38 was generously provided by P. Rehling.

Coimmunoprecipitation (ColP)—UltraLink immobilized
protein A, covalently bound to HA antiserum with the cross-
linker, was kindly provided by A. Pichler. Isolated mitochondria
(2 mg of protein) expressing YEp-MDM38-HA (70 kDa) and
either pUG-MDM38-GPF (92 kDa), YDL183-GEP (64 kDa), or
AIF-GFP (68 kDa) were solubilized for 30 min in RIPA buffer
(50 mm Tris, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS containing 1.2% n-dodecyl-D-
maltoside (Sigma)) and protease inhibitor mixture (complete
Mini, Roche Applied Science) plus 1 mm phenylmethylsulfonyl
fluoride and, after a clarifying spin, incubated under rotation
for 1 h with 10 ul of the HA-coupled beads, washed four times
in RIPA buffer, and eluted in Laemmli buffer. Proteins were
separated on 12.5% SDS-PAGE, transferred, and analyzed by
immunoblotting with GFP (Roche Applied Science) and HA
(laboratory stock) antibodies.

Measurements of the Mitochondrial Membrane Potential—
The membrane potential of isolated mitochondria was
recorded in an LS 55 fluorescence spectrometer (PerkinElmer
Life Sciences) by monitoring the fluorescence of 5,5',6,6'-tetra-
chloro-1,1,3,3'-tetraethylbenzimidazolylcarbocyanine iodide
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(Molecular Probes) according to Ref. 20. Measurements were
carried out in breaking buffer (0.6 M sorbitol, 10 mm Tris-HCl,
pH 7.4). For calibration, aliquots of the same preparation were
hyperpolarized with 1 um nigericin (Sigma) and depolarized
with 1 um carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(Sigma) in breaking buffer. The reading after addition of nigericin
was set as 100% and that after carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone as 0%. The values were linearized, and the
relative membrane potential was calculated using y = kx + d.

K*/H" Exchange Measurements in SMPs—Preparations of
SMPs and loading with the K*- and H" -sensitive fluorescent
dyes potassium-binding benzofuran isophthalate (PBFI) and
BCECEF (both Invitrogen) were made as described previously
(2). SMPs were treated with 1 um antimycin A and 1 um oligo-
mycin prior to measurements. To determine the kinetics of K*
and H™ transport across the membrane, 150 mm KCl was added
to the SMPs. When indicated, incubation of SMPs with 10 um
nigericin (Sigma) was done at room temperature for 5 min
before the measurements. All measurements were repeated at
least three times with different preparations of SMPs.

Confocal Microscopy—The plasmids pHS72 (TOM72-YFP)
(21) and pYX232-mtGFP (22) were gifts from H. Sesaki and B.
Westermann, respectively, and served to label mitochondria.
Alternatively, mitochondria were labeled with Mitotracker Red
(100 nM). Vacuoles were stained with FM4-64 in a final concen-
tration of 10 um (Molecular Probes). Microscopy settings were
used as described previously (5).

Electron Microscopy—Cells were harvested at logarithmic
growth phase (A4, = 1). Cryofixation, freeze substitution, thin
sectioning, and image acquisition were performed as described
previously (5).

RESULTS

PIC2, MRS3, MRS7, and a Novel Gene YDL183c Act as Mul-
ticopy Suppressors of mdm38A—Absence of Mdm38p in yeast
cells (mdm38A mutants) results in reduced growth on nonfer-
mentable substrate (pet~ phenotype) (4). According to our pre-
vious data, the antibiotic nigericin, a KHE ionophore, acts as a
multivalent suppressor of the mdm38A deletion phenotype. It
restores cell growth on nonfermentable substrate, KHE activity,
and Ay and reverts matrix swelling and fragmentation of mito-
chondria (5).

To identify proteins substituting similarly for the function of
MDM38, we have screened a yeast genomic library and selected
suppressor genes that, being overexpressed, restored growth of
mdm38A on nonfermentable substrate (Fig. 1). Among the sup-
pressors, we found three previously described genes, PIC2,
MRS3, and MRS7, encoding mitochondrial proteins. PIC2 and
MRS3 encode mitochondrial carrier proteins involved in P;
transport and Fe?" accumulation, respectively (23, 24). MRS7
encodes a functional homologue of Mdm38p, located in the
inner membrane of mitochondria, with a weak deletion pheno-
type depending on the strain (7, 8). Additionally, we found one
not yet characterized gene, YDL183c.

Up-regulation of Pic2, Mrs3, Mrs7, Ydl183c, or Human
LETMI Increases the Mitochondrial Membrane Potential of
mdm38A—Ay was found to be moderately reduced in
ydl183cA or mrs7A and substantially impaired in mdm38A
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mdm38A

WT

mdm38A + (YDL183)n

mdm38A + (PIC2)n

mdm38A + (MRS3)n

mdm38A + (MRS7)n

FIGURE 1. Multicopy suppressors and their growth effects on mdm38A.
Effects of YDL183c, PIC2, MRS3, and MRS7 on the nonfermentative growth of
mdm38A cells are shown. W303 mdm38A mutant cells containing an empty
vector or a vector overexpressing YDL183c, PIC2, MRS3, or MRS7 and wild-type
(WT) cells were spotted onto YPD or YPG plates and grown at 28 °C for 3 or 5
days, respectively.

mitochondria. Having determined that overexpression of
Pic2p, Mrs3p, Mrs7p, and Ydl183cp rescued the nonfermenta-
tive cellular growth of mdm38A, we asked whether this positive
growth effect also correlated with a rise of the mitochondrial
Ay of the mdm38A mutant. Although Aywas slightly increased
upon overexpression of Pic2p and more significantly upon
overexpression of Mrs3p in mdm38A, overexpression of Mrs7p
and Ydl183cp in the mutant restored Ay close to the wild-type
levels (Table 1).

Mitochondrial Morphology Is Restored upon Overexpression
of the Suppressor Genes in mdm38A—Next, we investigated
whether high copy expression of the suppressor genes reversed
the fragmentation of mdm38A mitochondria. For this purpose,
mdm38A cells expressing a GFP targeted to the mitochondrial
matrix and a vector with or without the suppressor genes were
observed under the confocal microscope. Mitochondria from
mdm38A cells transformed with the empty vector appeared
fragmented into large unconnected spheres (Fig. 24). Com-
pared with wild-type cells, mdm38A cells displayed wild-type-
like elongated tubular mitochondria in only about 3% of the
population. Mutant mdm38A cells overexpressing PIC2 exhib-
ited a heterogeneous mixture of spherical and tubular mito-
chondria, indicating a partial reversion of the phenotype (Fig.
2¢). Overexpression of MRS3, YDL183c, or MRS7 resulted in a
tubular mitochondrial network (Fig. 2, d—f, respectively, and Table
2) similar to that displayed by wild-type cells (Fig. 2b). The percent-
age of elongated tubular mitochondria was shifted to almost 80%
upon overexpression of Pic2 and to about 95% when Mrs3, Mrs7,
or YdI183c was overexpressed (Table 2).

YDL183c Is a Strong Suppressor for Mitochondrial KHE
Activity in mdm38A—Because swelling, depolarization, and
fragmentation of mdm38A mitochondria result from loss of
mitochondrial KHE activity and mitochondrial K* overload
(5), we next asked whether overexpression of the suppressor
genes restored the mitochondrial defects by modulating the
KHE activity.
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TABLE 1
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Relative Ays of mdm38A (A) and mdm38A mrs7A ydI183cA (AAA) mutants in function of the overexpressed suppressor genes

The relative A of mitochondria are expressed in % relatively to hyperpolarization of the probe with nigericin. ND, no data.

Vectors

Strains

PIC2 MRS3

Empty

MRS7 YDL183 MDM38 LETM1

A 48 62 £ 34 8527

AAA 172 ND ND

98 £3 92+ 6 95 *6 ND

89+ 33 78.6 = 3.3 62.3 = 3.4 82352

mdm38A

mdm38A + (PIC2)n

mdm38A + (MRS3)n

mdm38A + (MRS7)n

mdm38A + (YDL183)n

FIGURE 2. Mitochondrial morphology in function of overexpression of
the proteins Pic2, Mrs3, Mrs7, or YdI183cin W303 mdm38A mutant cells.
Mitochondrial morphology of cells cotransformed with a mitochondrial
matrix targeted GFP (pYX232-mtGFP) and the vector without (a) or with the
following suppressor genes: PIC2 (c), MRS3 (d), YDL183c (f), and MRS7 (e) were
compared with wild-type (WT) cells (b). Cells were grown in galactose-con-
taining medium and analyzed by differential interference contrast (Nomarski)
and confocal fluorescence microscopy.

TABLE 2
Mitochondrial morphology of W303 mdm38D cells in function of the
overexpressed suppressor gene

Strains were grown overnight, and mitochondrial morphology was visualized by
detection of the expression of the mitochondrial targeted matrix GFP under fluo-
rescence microscopy. Cells were counted with hidden identity.

% cells with

Strain Total cells fragmented mitochondria
Wild type 602 2.6 * 1.6
mdm38A 680 89.0 £ 5.8
mdm38A+(MRS7)n 1660 7.3+26
mdm38A+(PIC2)n 870 20.3 = 4
mdm38A+(MRS3)n 1126 10.6 = 6.3
mdm38A+(YDL183c)n 1040 7.7 38

We have developed a method to measure the KHE activity
across the mitochondrial inner membrane using SMPs with
entrapped K*- and H*-sensitive fluorescent dyes PBFI and
BCECF (2). This approach allows controlling internal and
external ion milieus at will and recording of both proton
and potassium fluxes. As shown previously and here in Fig. 3,
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SMPs prepared from wild-type mitochondria exhibited rapid,
reciprocal translocation of K* and H* driven by concentration
gradients of either. In contrast, SMPs from mdm38A failed to
exhibit changes in [H*], and those in [K"] were drastically
reduced. Nigericin restored K* and H* translocation in mutant
SMPs to the wild-type level (Fig. 3B) (3).

SMPs were then prepared from mdm38A mitochondria
overexpressing the respective suppressors (Fig. 34). Overex-
pression of the phosphate carrier Pic2p showed a mild increase
in K* fluxes and a stronger increase in H™ fluxes (Fig. 34, round
dotted line). Interestingly, when K,HPO, was used as K™ salt
instead of KCI, K™ fluxes were not significantly re-established,
whereas H fluxes reached wild-type levels (data not shown),
which are consistent with the role of Pic2 as PO, /H* trans-
porter (23). Overexpression of Mrs3p poorly restored the K™
and H™ fluxes (Fig. 34, black broken line). However, overex-
pression of Ydl183cp restored the K* and H" exchange activity
to a wild-type level, as did overexpression of Mrs7p, the yeast
Mdm38p homologue (Fig. 34, black solid line and gray square
dotted line, respectively) or addition of nigericin. These results
confirmed that, in contrast to Pic2p or Mrs3p, Ydl1183cp, like
Mrs7p, can fully substitute for Mdm38p in providing mito-
chondria with KHE activity.

Ydli83cp Is an Integral Mitochondrial Protein—YDLI183c
encodes a protein of 320 amino acids with a molecular mass of
about 37 kDa. The computer programs DAS and TMPRED
(available on line) predict one transmembrane domain (196 —
212 amino acids) and a potential N-terminal mitochondrial tar-
geting sequence. Homologues are found in fungi and in some
green plants like Arabidopsis thaliana (At1g53760 accession
number Q6NQNO). These proteins share one conserved putative
transmembrane domain rich in proline residues (Fig. 44). Except
for the presence of a proline-rich putative transmembrane
domain, there was no obvious sequence similarity between
Ydl183cp and proteins of the Mdm38p/LETM1 family.

To determine the cellular localization of Ydl183c, cells
expressing the fusion protein Ydl183c-GFP from the MET pro-
moter encoded on the centromeric plasmid pUG35 were
stained with Mito Tracker Red. Fluorescence confocal micros-
copy revealed the colocalization of GFP and red fluorescence,
indicating the mitochondrial localization of YdI183-GFP (Fig.
4B). To confirm these data, biochemical studies were per-
formed with cells expressing the low copy vector encoding
Ydl183cp from its own promoter and C-terminally tagged with
the triple hemagglutinin (HA) epitope. Cell fractionation and
immunoblotting showed YdI183c-HA protein to cofractionate
with a mitochondrial protein (Porinl, Porlp), whereas the
cytosolic protein hexokinase 1 (Hxklp) was detected in the
post-mitochondrial fraction, excluding the possibility of cross-
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contamination of cytoplasmic and mitochondrial fractions
(Fig. 4C, panel a). Fractionation of mitochondria into pellet
and supernatant upon alkaline sodium carbonate treatment
released the membrane-associated B8 subunit of the F1-ATPase
(F1B) almost entirely into the supernatant, whereas the mem-
brane protein Porlp was retained in the pellet fraction contain-
ing integral proteins. YdI183c-HA was found in the membrane
pellet (Fig. 4C, panel b, lane P). However, in contrast to Porlp,
Ydl183c-HA was also partially found in the soluble fraction
(Fig. 4C, panel b, lane SN). These results indicated that
Ydl183cp is inserted into one of the mitochondrial membranes
where it can be partly released by alkaline treatment.

For further determination of the topology of Ydl183cp, intact
mitochondria were first treated with or without proteinase K.
Ydl183cp was not degraded upon addition of proteinase K (data
not shown). Mitoplasts were prepared by osmotic swelling and
rupture of the mitochondria. Mitoplasts containing the inner
membrane were treated with proteinase K (Fig. 4C, panel c). To
control the intactness of mitoplasts, the topology of known pro-
teins was also tested. Tim44p, a matrix-sided protein of the inner
membrane, remained protected from proteinase K, indicating that
the mitoplasts were intact. In contrast, Ymelp, an inner mitochon-
drial membrane protein partially exposed to the outside of mito-
plasts, was accessible to proteinase K indicating that the outer
membrane was disrupted. The C-terminally tagged Ydl183cp was
resistant to 40 pug/ml proteinase K, whereas it became accessible to
higher proteinase K concentrations. Proteinase K at 120 ug/ml
degraded most of Ydl183-HA without generating proteolytic
C-terminal fragments. When mitoplast were lysed with Triton
X-100 and then treated with proteinase K, the protein was entirely
degraded. Altogether, although alkaline extraction released some
of the protein, these results qualify Ydl183p as an integral protein
of the inner mitochondrial membrane, with a C_,, (facing the
intermembrane space) topology. Degradation of YdI183c-HA
occurred only in presence of high concentrations of proteinase K
as compared with Ymel, either because it is shielded by other
proteins or YdI183cp is intrinsically more resistant to proteinase K.

Synthetic Growth Effect of Triple Disruptions of MDM38,
MRS7, and YDLI183c—The W303 and DBY yd[183cA dis-
ruptant strain showed reduced growth on nonfermentable car-
bon sources (YPG) at high temperature (37 °C) (data not
shown). Reduced growth on nonfermentable substrate was also
reported by Volckaert et al. (25) for a FY ydl183cA mutant at
30°C and 37°C. The double disruptants ydl183cA mrs7A
exhibited a mild growth reduction on nonfermentable sub-

FIGURE 3. KHE activity of mdm38A SMPs in the function of the suppressors
Pic2, Mrs3, Mrs7, and YdI183c. Submitochondrial inner membrane particles
were prepared from wild-type and mdm38A mutant cells with entrapped
K*-sensitive PBFI or H*-sensitive BCECF. Ratios of K*-bound or H"-bound to
-unbound dyes were recorded at 25 °C at resting conditions and upon the addi-
tion of 150 mm KCI. A, shown are the effects on K* and H™ fluxes in SMPs upon
overexpression of the suppressor genes in W303 mdm38A. SMPs were prepared
from mitochondria of wild type (WT) (black thin dashed line) or mutant mdm38A
cells carrying the empty plasmid (gray solid) or the suppressor plasmid containing
the genes PIC2 (black dotted line), MRS3 (black bold dashed line), MRS7 (gray square
dotted line), or YDL183c (black solid line). B, increase of [K*];and [H"]; observed in
SMPs from DBY wild-type (black dashed line), single mutant mdm38 (gray dashed
line), or triple mutant mdm38A mrs7A ydl183cA (black thin solid line) in the
absence of nigericin ormdm38 (gray bold solid line) and mdm38A mrs7A ydl183cA
(black bold solid line) in the presence of nigericin.
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FIGURE 4. YdI183cp is a component of the mitochondrial inner membrane. A, YdI183cp is a member of a
novel protein family. Homologous proteins were identified by a BLAST search. A sequence alignment (Clust-
alW) of YdI183cp and its homologues in A. thaliana (A.t.) and Neurospora crassa (N.c.) is shown here. Identical
amino acids are highlighted in black and similar amino acids in gray. The putative potential N-terminal mito-
chondrial targeting sequence is marked with a dotted bar and the putative transmembrane domain with a solid
bar. B, localization of the YdI183c-GFP fusion protein analyzed under confocal microscopy. W303 cells express-
ing C-terminally GFP-tagged YDL183c gene were grown to log phase in galactose containing medium at 28 °C.
Mitochondria are labeled with MitoTracker red chloromethyl-X-rosamine. C, subcellular and submitochondrial
localization of YdI183cp. Panel a, W303 cells expressing the YdI183c-HA fusion protein (YCp-YDL183c-HA, 42
kDa) were grown to log phase in galactose-containing medium. Protoplasts were homogenized and separated
into total cell (T), mitochondrial (M), and post-mitochondrial (C) fractions. Equal amounts of protein of subcel-
lular fractions were subjected to SDS-PAGE, and immunodetection with antisera against the HA tag, Hxk1p and
Por1p, was performed. Panel b, crude mitochondria (2 mg of protein) were treated with 0.1 m Na,CO; and
fractionated by centrifugation at 100,000 X g into pellet (P) and supernatant (SN). Both fractions (100 ug of
protein/lane) were subjected to SDS-PAGE and immunoblotted with antisera against HA, Por1p, and F, 3. Panel
¢, mitoplasts prepared by osmotic shock were separated into supernatant containing the inter-membrane
space and pellet. Mitoplasts were aliquoted in equal amounts and incubated with or without proteinase K as
indicated. Samples were analyzed by SDS-PAGE and immunoblotted with antisera against the HA tag and

against mitochondrial proteins of the inner membrane Tim44p and Yme1p.

strate at 16 and 28 °C (data not shown). Double disruptants
mdm38A mrs7A in W303 or DBY747 essentially showed the
same phenotype as the single mutant mdm38A at 28 or 35.5 °C,
whereas a slight growth improvement was detected on YPG at
16 °C (Fig. 5A). Growth of mdm38A ydl183cA double mutants
was reduced on YPG at 16 °C (Fig. 54). Importantly, the triple
deletion mutant mdm38A mrs7A ydl183cA resulted in syn-

MAY 7,2010-VOLUME 285+-NUMBER 19

in no growth improvement, and
overexpression of MRS3 rescued
the nonfermentable growth of the
triple mutant only at 37 °Cbut not at
16 °C (data not shown).

Addition of nigericin, an electro-
neutral KHE ionophore, efficiently
restored growth of the triple mutant
mdm38A mrs7A ydl183cA on glyc-
erol at 16 and 28 °C (Fig. 5C). This
finding is important because it sug-
gests that the growth defects on fer-
mentable and nonfermentable sub-
strates were essentially due to a lack
of KHE activity.

Given the strong homology of the
yeast proteins Mrs7 and Mdm38, we
searched for human homologous
proteins of LETM1. A BLAST
search of the human protein data
base revealed a protein containing
a LETM1 domain and named
LETMD1 or HCCR-1. The sequence
alignment of Mrs7, Mdm38, LETM1,
and HCCR-1 shows the conserved
domains as highlighted (Fig. 6A4). The
recent work of Kim and co-work-
ers (9, 26) showed that HCCR-1
was overexpressed in various
human cancers and might func-
tion as a negative regulator of the
p53 tumor suppressor. Having
shown that overexpression of
LETM1 from the ADH promoter
restored growth of the triple
mutant, we tested the suppression capacity of HCCR-1
expressed under the same promoter. Overexpression of
HCCR-1 restored fermentative growth of the triple mutant
to wild-type levels at 28 and 37 °C and nonfermentative
growth on YPG at 28 °C (Fig. 6B). However, growth was only
poorly increased on YPG at 16 °C and not at all at 37 °C (data
not shown). As described previously, HCCR-1 was charac-

PK ng/ml
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FIGURE 5. Deletion growth phenotypes. A, serial dilutions of DBY. mdm38A, mdm38A mrs7A, mdm38A
ydl183cA, and mdm38A mrs7A ydl183cA mutants were spotted onto YDP and YPG and incubated at the indi-
cated temperatures. Growth on 28, 35.5, and 16 °C was observed after 3, 5, and 8 days, respectively. B, DBY
wild-type (WT) and mdm38A mrs7A ydl183cA triple mutant cells expressing an empty control vector (pUG35) or
YCp33-MDM38-HA, pUG35-MRS7-GFP, pUG35-YDL183¢c-GFP, or pVT-U-LETM1-HA. Serial dilutions were spot-
ted onto YPD and YPG plates and incubated for 10 days at 16 °C or 3 or 5 days at 28 and 37 °C on YDP or YPG,
respectively. G, effect of nigericin on the nonfermentative growth of DBY747 mdm38A single, ndm38Amrs7A,
mdm38Ayd|183cA double, and mdm38A mrs7A ydl183cA triple mutant cells. Serial dilutions of the wild-type
and mutant cells were spotted onto YPD and YPG plates containing (+) or not (—) 2 um nigericin and incubated
10 days at 16 °C and 5 days at 28 °C.

was exclusively found in mito-
chondria, although in significantly
less abundant amounts than Porlp
(Fig. 6C).

Severe Loss of the Mitochondrial
Membrane Potential in the Ab-
sence of Mrs7p, Ydl183cp, and
Mdm38p—Most importantly, the
mitochondrial A was dramatically
reduced in the triple mutant
mdm38A mrs7A ydl183cA (Table
1). We tested if overexpression of
the individual suppressors also
restored the mitochondrial Ay in
the triple mutant mdm38A mrs7A
ydl183cA. We found that expression
of Mdm38p and overexpression of
Mrs7p or Ydl183cp restored the
reduced Ay of the triple mutant to a
reasonable level (Table 1), a result
comparable with that observed after
overexpression of human LETMI.
These findings suggest that cellular
growth and increase of mitochon-
drial Ay are mechanistically linked.

Dramatic Changes of Organelle
Morphology in mdm38A mrs7A
ydl183cA  Cells—In addition to
growth impairment and profound
depolarization, the triple deletion
mutant mdm38A mrs7A ydl183cA
differed most strikingly from the
mdm38A single deletion mutant in
its organellar morphology. Confocal
microscopic analysis of triple mutant
cells expressing the mitochondrial
matrix-targeted GFP showed that mi-
tochondria appeared fragmented in
spherical units, were less numerous
than in the single mdm38A mutant,
and were somewhat clumped to-
gether. Furthermore, costaining of
cells with the specific vacuole dye
FM4-64 consistently showed a mul-
tiple lobed morphology of the vacu-
oles (Fig.7A). Tolook into the struc-
ture of the organelles at higher
resolution, electron microscopy was
performed. Remarkably, numerous

terized as a mitochondrial protein (26). We verified its sub-
cellular localization when heterologously expressed in yeast.
Cell fractionation of wild-type (data not shown) and
mdm38A mrs7A ydl183A triple mutant cells expressing
HCCR-1-His and Western blotting analysis revealed that
HCCR-1 was detected as a protein of 35 kDa in the total and
mitochondrial fractions (Fig. 6C). Porlp was also recovered
in total and mitochondrial fractions and Hxklp in total and
cytoplasmic fractions. Accordingly, in yeast HCCR-1-His

14406 JOURNAL OF BIOLOGICAL CHEMISTRY

vesicles were visible in each section, all looking almost alike in
size and electron density. The recognition of single or double
vesicle-surrounding membranes was the only morphological
criterion to discriminate between mitochondrial and vacuolar
vesicles. Yet a distinction of the organelles was not always pos-
sible (Fig. 7B, panels a and b, right panels). Surprisingly, a large
number of cells showed vesicular mitochondria containing
undefined material suggesting either internalized membranes
or paracrystalline structures (Fig. 7B, panel b, right panel). Most
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MDM38 350 of the K* and H* transport across
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K" and H* flux measurements
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FIGURE 6. Suppression effect of human HCCR-1. A, sequence alignments of Mdm38, Mrs7, Letm1, and
HCCR-1. ClustalW alignments of the amino acid sequences over the homologous regions are shown. Identities
are highlighted in black and similarities in gray. Amino acid residues identical over all four sequences are in
boldface and boxed. Bar is over the transmembrane domain. B, growth effect of HCCR-1 expression in yeast
triple mdm38A mrs7A ydl183A mutants (AAA). Wild-type (WT) and triple mutant cells expressing pVTU103 with
or without HCCR-1 were spotted onto SD—ura, YPD, and YPG plates and grown at the indicated temperatures
for 6, 3, and 6 days, respectively. C, subcellular localization of HCCR-1 in yeast. Yeast triple mdm38A mrs7A
ydl183A mutants (AAA) expressing HCCR-1 were fractionated into total (T), mitochondrial (M), and post-mito-

chondrial (C) fractions, and Western blotting was performed.

importantly, wild-type-like morphology of the cells was
restored upon addition of nigericin (Fig. 7B, panel c) with rever-
sion of mitochondria from swollen, fragmented, and electron-
transparent to condensed, elongated, and electron-dense
organelles. This key finding links the morphological phenotype
of the triple mutant to a defect of K homeostasis, which can be
compensated by nigericin.

For better discrimination of the origin of the visualized
organelles, we used a mitochondrial YFP targeted to the outer
membrane (pHS72) and the vacuolar stain FM4-64. Confocal
microscopy showed stained wild-type mitochondria and vacu-
oles as clearly distinct organelles (Fig. 7C, panels a—d). In con-
trast, triple mutant cells exhibited widely overlapping fluores-
cence of FM4-64 (vacuoles) and YFP directed to the outer
mitochondrial membrane (Fig. 7C, panels e-h), indicative of
the colocalization of both organelle markers that occurs in
mitophagy (27).

Mitochondrial KHE Is Totally Absent in the Triple Deletion
Strain mdm38A mrs7A ydl183cA—Remarkably, SMPs from
the triple mutant mdm38A mrs7A ydl183cA failed to exhibit
H* fluxes, and most importantly, residual K™ fluxes observed

MAY 7,2010+VOLUME 285-NUMBER 19

pression from a multicopy vector
(Fig. 8, B, black solid line, and A,
black square dotted line, respec-
tively). Overexpression of Ydl183cp
also restored some of the K*/H™
fluxes in the triple mutant but not
fully (Fig. 84, black broken line).
Finally, overexpression of the
human homologue of Mdm38p,
LETM1 in the triple mutant strains,
restored most of the KHE activity
(Fig. 8B, gray solid line).

Ydl183cp, Mrs7p, and Mdm38p
Form High Molecular Weight Com-
plexes—The genetic data presented
here support the notion that
Mdm38, Mrs7, and Ydl183c proteins are functionally equiva-
lent in contributing to the formation of an active KHE. All three
proteins are single-pass transmembrane proteins and thus are
unlikely to form an exchanger without self-association or with-
out association with other yet unidentified proteins (homo- or
hetero-oligomerization, respectively). To address the question
of whether the proteins were part of high molecular weight
complexes, we first performed chemical cross-linking. We used
crude mitochondria expressing Mdm38p or YdI183cp in cross-
linking experiments using disuccinimidyl suberate at increas-
ing concentrations. Based on the electrophoretic mobility of
the cross-linked products, our data confirmed that Mdm38p
and Ydl183cp were part of large protein complexes (sup-
plemental material). To improve the molecular weight size res-
olution of the complexes, we performed BN-gel electrophoresis
followed by immunodetection. Mitochondria were isolated
from DBY wild-type strains expressing chromosomally tagged
Mdm38-His or Mrs7-His or extra-chromosomal Ydl183-GFP
from the pUG vector. Isolated mitochondria were solubilized
with mild detergents and separated on nondenaturing gels
prior to Western blotting and immunodetection. Probing with
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the anti-His antibody revealed that Mdm38-His (~67 kDa)
migrated at ~500, <232, and <140 kDa (Fig. 94, left panel). Of
note, Mdm38-His was detected in protein complexes of the
same molecular weights irrespective of the presence of Mrs7p
or YdI183cp (data not shown). Furthermore, Mrs7-His (53 kDa)
appeared in three bands around ~500 kDa and an additional
band of >232 kDa (Fig. 9B, lane 1). BN-PAGE analysis of solu-
bilized mitochondria expressing Ydl183-GFP yielded a product
of an apparent molecular mass of about 67 kDa, which corre-
sponds to its molecular weight as GFP-tagged monomer and to
additional bands of <232 kDa, representing YDL183GFP-con-
taining complexes. However, in the background of a mutant
mdm38A strain, Ydl183-GFP partly shifted to a major band of
~500 kDa (Fig. 9C).

Next, we affinity-purified the chromosomally His-tagged
Mdm38p and Mrs7p. The proteins were bound to the resin and
eluted from the column prior to analysis on BN-PAGE. Surpris-
ingly, despite changing the experimental conditions such as the
incubation times with the Ni-NTA beads or using different
detergents or NaCl concentrations, the eluted Mdm38-His
exclusively appeared as a single band of a molecular mass
slightly smaller than 232 kDa (Fig. 9A, middle panel). This was
an unexpected result. To find out if the protein complex of
~500 kDa containing the His-tagged Mdm38p as detected on
BN prior affinity purification had become inaccessible to the
column possibly because it was hidden by additional proteins of
the larger complex, we decided to affinity-purify Mdm38 fused to
the One-STrEP tag. This tag containing a linker region makes the
tagged component of a protein complex more accessible to the
column. In fact, using the chromosomal One-STtrEP-tagged ver-
sion of MDM38, the purified Mdm38p was recovered within high
molecular complexes ranging between ~500 and < 600 kDa in
addition to the complex of <232 kDa (Fig. 94, right panel).

Affinity chromatography of solubilized mitochondria chro-
mosomally expressing Mrs7-His followed by BN-PAGE recov-
ered Mrs7-His within three complexes of <140, >232, and
between 440 and 669 kDa as seen in Fig. 9B, left panel, lane 2.
Similar results were obtained using Mrs7OneStrep instead of
Mrs7His (Fig. 9, right panel). In the next step, we solubilized
mitochondria from chromosomally Mrs7-His-tagged cells
coexpressing either YCp-Mdm38-HA or YCp-Ydl183-HA.
Mitochondrial expression of Mdm38-HA and Yd1183c-HA was
confirmed by Western blotting (data not shown). Affinity puri-
fication followed by BN-PAGE and Western blotting analyses,
including immunodetection with anti-His and HA antibodies,
was performed. Although the anti-His antibody recognized
Mrs7-His, neither Mdm38-HA nor Ydl183-HA was detectable
when the eluted fractions were probed with the anti-HA anti-

Novel Players in Mitochondrial KHE

body, excluding a direct interaction of Mrs7-His and
Mdm38-HA or Mrs7-His and Ydl183-HA (Fig. 10, A and C,
respectively). Second dimension SDS-PAGE confirmed that
Mdm38-HA was not part of the Mrs7-His complex (Fig. 10B,
right panel). Taken together, our experiments did not suggest
any direct interaction between Mdm38-HA and Mrs7-His.

These results are in contrast to data reported previously by
Frazier et al. (8), indicating a direct interaction of a protein
A-tagged Mdm38 with numerous other mitochondrial pro-
teins, including Mrs7p. In fact, when we used a strain express-
ing the Mrs7 protein C-terminally tagged with a His fused to
protein A (Mrs7-His-TAP), we found that Mdm38 coeluted
with Mrs7-His-TAP in the ~232-kDa complex (Fig. 11, B and
C). However, a direct interaction between Mrs7-His-TAP and
Ydl183c was not detectable (Fig. 10C). We asked whether the tags
affected the suppression of the mutant phenotype. Mrs7-His or
Mrs7-His-TAP was introduced into the mdm38A mutant, and
nonfermentative growth was tested. We found that mdm38A cells
expressing Mrs7-His-TAP did not grow as well as Mrs7-His or
wild-type cells (Fig. 11D). Thus, these data altogether suggest that
Mrs7p and Mdm38p are not interacting directly.

We used ColP to ask whether Mdm38 homo- or hetero-
oligomerizes with Ydl183cp. Mdm38 self-oligomerization was
confirmed by ColP experiments performed on mdm38A cells
coexpressing Mdm38-HA (72 kDa) and Mdm38-GFP (92 kDa).
Although Mdm38-HA was successfully bound to HA-coated
protein A beads, only Mdm38-GFP was pulled down, and
Ydl183c-GFP did not copurify in the protein A-bound fractions
like Aif-GFP serving as negative control (Fig. 12).

DISCUSSION

We previously characterized Mdm38p as a mitochondrial
protein essential for KHE activity (2, 4). Because this protein
has only one transmembrane domain, it appears unlikely to be
solely responsible for the KHE process. To explore the possible
existence of additional proteins involved in KHE, we carried out
a genome-wide suppressor screen.

We identified the mitochondrial carriers Pic2p and Mrs3p as
weak suppressors. Their overexpression rescued the growth
defect of mdm38A. We showed that mitochondrial morphol-
ogy of mdm38A was restored to wild-type upon overexpression
of PIC2 and MRS3. However, in mdm38A SMPs, KHE was not
seen after overexpression of Pic2p and was only marginally
restored by Mrs3p. Because overexpression of Pic2p, a P, car-
rier, had no effect on mitochondrial K fluxes in mdm38A
mitochondria and resulted in a marginal increase of the mito-
chondrial Ays, we hypothesize that a contribution to Ayrabove a
threshold is sufficient to heal the growth and morphology phe-

FIGURE 7. Mitochondrial and vacuolar morphology in absence of Mdm38p, Mrs7p, and YdI183cp. Cells were grown to logarithmic phase in galactose (A
and B)- or galactose- and raffinose (C)-containing medium. Shown are representative fluorescent and electron microscopy images. A, confocal microscopy
analysis of W303 wild-type cells (a), isogenic mdm38A (b) and isogenic mdm38A mrs7A ydl183cA triple mutant cells (c) expressing the mitochondrial matrix
targeted GFP. Vacuoles were stained with FM4-64. B, electron micrographs of mdm38A mrs7A ydl183cA cells. Panels a and b show the organellar ultrastructure
of the triple mutant grown as described above. Whole cells are shown in right panels. The cells display mitochondria with aberrant morphologies (details
showing mitochondria are in the left panels). Panel c shows the organellar ultrastucture of cells from the same culture to which nigericin (2 nm) has been added
for the last growth generation. Right panel, whole cells; left panel, mitochondrion after nigericin treatment. Bar, 200 nm (left panels) and 1 um (right panels).
G, confocal microscopy analysis of wild-type cells (panels a-d) and mdm38A mrs7A ydl183cA cells (panels e- h) expressing the mitochondrial targeted YFP
(panels a and e) to the outer membrane (pHS72). Vacuoles are indicated by FM4-64 (panels b and f). Merged fluorescence is shown in panels c and g. The yellow
fluorescence detected indicates the colocalization of mitochondria and vacuoles. Differential interference contrast microscopy of wild-type (panel d) and
mdm38A mrs7A ydl183cA (panel h) cells is shown.
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notype. Alternatively, Pic2p might act indirectly by modulating
proton fluxes or mitochondrial pH. Overexpression of Mrs3p, a
Fe®" carrier, increased the mitochondrial Air and moderately
the KHE. Deletion of MRS3 had no effect on KHE, and mrs3A
mdm38A mutants remained without synthetic phenotype,”
excluding a role of Mrs3p as the KHE. These findings suggest an
indirect role of Mrs3p on the KHE activity. In fact, several ions
have been stated to play a direct or indirect role in mitochon-
drial K* homeostasis (28 —31).

The suppressor screen also identified two additional genes,
MRS7 and the novel gene YDL183c encoding an unknown pro-
tein, which were found to restore both growth and KHE activity
of mdm38A mutant cells. Although Mdm38p and Mrs7p are
phylogenetically related, Yd1183cp is likely not related to them.
Each of these proteins contains a single transmembrane
domain and appears to be part of a high molecular weight pro-
tein complex. They are functionally redundant in establishing a
functional KHE in mitochondria.

In contrast to Mdm38p, absence of either Mrs7p or Ydl183cp
alone or in combination did not seriously affect the growth of
yeast cells. Yet the triple mutant mdm38A mrs7A ydl183cA had
a dramatically stronger negative growth phenotype than the
single mdm38A mutant or double mutants. This mutant com-
pletely failed to grow on respiratory substrates and exhibited a
strain- and temperature-dependent reduced growth on fer-
mentable substrates. This synthetic phenotype of the triple
mutant indicates the following: (i) all three proteins are func-
tionally expressed in yeast; (ii) loss of all three proteins dramat-
ically impairs mitochondrial volume homeostasis through a
disturbance that can be rescued by nigericin; and (iii) impaired
volume homeostasis causes mitochondrial dysfunction affect-
ing cell vitality as indicated by the reduction in growth on fer-
mentable substrates.

Overexpression of Mrs7p or YdI183cp fully compensated the
growth defects of the mdm38A single and the mdm38A mrs7A
ydl183cA triple disruptant. Accordingly, either protein could
fully substitute for Mdm38p when expressed at high abun-
dance. Addition of the exogenous KHE nigericin equally com-
pensated for the growth defect of mdm38A single as well as for
the even stronger growth defects of the triple mutant. This find-
ing supports the conclusion that the triple mutant growth phe-
notype is essentially due to a lack of KHE activity.

This important point was proved by a direct test for KHE
activity on inner membrane SMPs, a system that entirely avoids
any interference of osmotically swollen mutant mitochondria.

® G. Wiesenberger and K. Nowikovsky, unpublished data.

FIGURE 8. KHE activity of mdm38A mrs7A ydI183c A SMPs. [K"]-driven
changes of [K]; and [H"]; in submitochondrial inner-membrane particles
prepared from wild-type and mdm38A mrs7A ydl183cA mutant cells with
entrapped K*-sensitive PBFI or H*-sensitive BCECF were recorded as
described in Fig. 3. A, effect of overexpression of Mrs7p (black square dotted
line) or YdI183cp (black thin dashed line) on [K*1-driven changes of [K*]; and
[H™];in DBY triple mutant mdm38A mrs7A ydl183cA SMPs (black solid line) in
comparison with wild-type SMPs (black dotted line). B, effect of Mdm38p
(expressed from YCp33, bold black solid line) or LETM1 (expressed from pVTU-
(bold gray solid line) on [K*]-driven changes of [K"];and [H*];in DBY mdm38A
mrs7A ydl183cA SMPs (black thin solid line) in comparison with wild-type
SMPs (bold square dotted line).
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FIGURE 9. Mdm38p, Mrs7p, and YdI183cp are part of a high molecular
weight complex. A, DBY chromosomally Mdm38-His-tagged mitochondria
were solubilized with 1.2% Triton X-100. Left panel, one part of the prepara-
tion was immediately separated on BN-PAGE. The anti-His antibody recog-
nized three protein complexes of ~500, <232, and < 40 kDa. Middle panel,
other part of the same preparation was used for a further step involving nick-
el-affinity chromatography. Mdm38-His was recovered as part of a complex
of <232 kDa. Right panel shows Mdm38-STrEP after STrEP-affinity chroma-
tography elution separated on BN-PAGE. The anti-STrEP antibody recognized
the complexes of <232 and >440 kDa. M, marker. B, DBY mitochondria
expressing the chromosomally His-tagged Mrs7 were solubilized as in A and
analyzed by BN-PAGE (left panel, lane 1), and parallel fractions were used for
furtherisolation of a Mrs7-His complex by affinity chromatography (left panel,
lane 2). Solubilized mitochondrial proteins and elution fractions from the
affinity purification were separated on the same BN gel, transferred to a com-
mon membrane for Western blotting, and probed with an antiserum against
His. DBY mitochondria expressing the chromosomal Mrs7-STrEP were solubi-
lized, affinity-purified, and recovered in complexes of <140, >232, and >440
kDa. C, mitochondria expressing pUG-YDL183¢-GFP in different backgrounds
as follows: wild-type (lane 1) or mdm38A (lane 2) were solubilized with 1.2%
n-dodecyl B-p-maltoside. Equal amounts of proteins were separated on BN-
PAGE and immunoblotted with an antibody against GFP.

A comparison between single and triple mutants clearly
revealed that the single mdm38A mutant retained a minor KHE
activity, whereas the triple mutant totally lacked this activity.
Thus, single and triple mutants most likely differ only in the

“@SENE\
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degree to which they have lost KHE activity. These data corre-
late well with the reduction in growth of the single and triple
mutants. However, mild reduction in KHE activity detected in
single mutants mrs7A and ydl183cA indicates that expression
of Mrs7p and/or Ydl183p is necessary for full KHE activity in
wild-type cells. Yet the physiological effects of mrs7A or
ydl183cA mutations are too weak to result in reduced growth of
mutant cells. In assays performed on the single mdm38A
mutant, overexpression of Ydl183cp or Mrs7 could equally
restore transmitochondrial K*/H™ fluxes, like Mdm38p or
LETM1. However, in the triple mutant mdm38A mrs7A ydl183c,
Ydl183cp restored the mitochondrial KHE to a lesser extent than
Mdm38p Mrs7p, or LETM1, most likely resulting from a less
abundant expression of Ydl183c as compared with Mdm38 or
Mrs7 (shown in supplemental Fig. S4). Taken together, these
results indicate that Mdm38p, Mrs7p, and YdI183cp are function-
ally redundant, but only Mdm38p is essential.

Mitochondrial depolarization in the mutants and its rescue
by expression of either Mdm38p or Mrs7p or YdI183cp corre-
lated with loss and recovery of KHE activity, respectively, and
with cell growth that was mildly affected on YPG when Ay fell
below 60% of wild-type values and increasingly more with lower
values. The lowest Ays values observed in the triple mutant also
affected growth on fermentable substrate, indicating that
essential functions of mitochondria, possibly protein import,
were affected. The loss of Afyin mitochondria of the disruptants
may be a direct consequence of the absence of H* fluxes into
the mitochondria in exchange for the efflux of K* rather than
an additional effect resulting from the K* accumulation and
swelling of mitochondria.

Total loss of KHE activity of the triple mutant was accompanied
by more dramatic changes in organelle morphology than in the
single mdm38A mutant. Both mitochondria and vacuoles
appeared to be heavily fragmented and were shown to frequently
colocalize, suggesting intense mitophagy. Notably, hyperosmotic
stress has been reported to result in significant changes of the vac-
uole morphology of wild-type cells. In fact, the one to three large
vacuoles usually present in wild-type cells underwent fragmenta-
tion to numerous smaller multilobe vacuoles (32). Interestingly,
treatment of triple mutant cells with the K*/H" ionophore nigeri-
cin efficiently reversed swelling and restored a near normal mito-
chondrial network. As this involves the mitochondrial fusion (33,
34), we assume that proteins regulating the fusion activity are not
affected by the absence of Mdm38, Mrs7, and Ydl183c. Vacuolar
fragmentation was efficiently reverted together with re-establish-
ing mitochondrial KHE activity by nigericin (data not shown). This
raises the question of how the loss of KHE and swelling of mito-
chondria cause fragmentation of the vacuole. In sum, this study
provides strong evidence for a role of all three proteins in contrib-
uting to an active mitochondrial KHE.

A genome-wide screen in Drosophila S2 cells recently identified
LETM1 as strongly affecting mitochondrial Ca®>" and H™
homoeostasis. Absence of LETM1 resulted in reduced mitochon-
drial Ca®" uptake in situ, a finding that led the authors to conclude
that Letm1 is the mitochondrial Ca>*/H™" antiporter (35). This
conclusion is puzzling, because down-regulation of the mitochon-
drial Ca®>*/H"* exchanger would rather have been expected to
result in decreased Ca®" efflux and therefore in increased mito-
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FIGURE 10. Interaction of Mrs7-His with Mdm38-HA and YDL183c-HA. A, affinity chromatography and preparative BN-PAGE of solubilized mitochon-
dria coexpressing chromosomally His-tagged Mrs7 and extra-chromosomal YCp-Mdm38-HA in different backgrounds as follows: wild-type (WT) (lanes
17 and 2) and mdm38A (lanes 3-5). 120 ul (lanes 1, 3, and 5) and 60 ul (lanes 2 and 4) of the eluted fractions were applied to the same gel. Lanes 1-4 were
probed with an antibody against His. Lane 5 served for the additional immunodetection with an antibody against HA. M, marker. B, second dimension
SDS-PAGE of lane 3. Left panel, the antibody against His recognizes a product of ~55 kDa corresponding to Mrs7-His. The signal is in perfect agreement
with the signals of the first dimension (BN-PAGE). Right panel, immunodetection with anti-HA antibody of the same blot after mild stripping. C, affinity
chromatography and BN-PAGE of solubilized mitochondria coexpressing chromosomally His-tagged Mrs7 (lanes 1 and 3) or His-TAP-tagged Mrs7
(lanes 2 and 4) and extra-chromosomal YdI183-HA (lanes 1-4). Lanes 1 and 2 and lanes 3 and 4 were probed with antibodies against HA and His,
respectively.

chondrial Ca®>" accumulation, because mitochondrial cation/H™
antiporters protect cells from mitochondrial cation overload by
mediating cation efflux from energized mitochondria (1). Jiang et
al. (35) also found that reconstitution of LETM1 in liposomes cat-
alyzed Ruthenium red-sensitive Ca®>*/H™ exchange, which raises
further questions since decades of work on mitochondria indicate
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that Ca>*/H™" exchange is insensitive to Ruthenium red (36). Pre-
vious evidence that LETMI is essential for mitochondrial K¥/H*
exchange is compelling (4, 5, 37), and the present study demon-
strated that LETM1 fully restores mitochondrial KHE activity of
the yeast triple mutant mdm38A mrs7A ydl183c like the exoge-
nous bona fide KHE nigericin. We believe that further studies will
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either chromosomally His-tagged or His-TAP-tagged Mrs7. Eluted fractions 1-2 containing Mrs7-His were applied on lanes 1 and 2 and 5 and 6 and eluted
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somally Mrs7-His-TAP prior to second dimension SDS-PAGE. The membrane was first incubated with an anti-His primary antibody (lane 7). Thereafter,
the blot was mildly stripped and reincubated with an antibody against Mdm38p (lane 2). C, second dimension SDS-PAGE. Left panel, the blot was probed
with the anti His antibody. Right panel, same blot probed with the anti Mdm38p antibody after mild stripping of the membrane. D, suppression effect
of Mrs7-His and Mrs7-His-TAP in mdm38A. DBY wild type (WT) with YEp112 empty and mdm38A with YEp112 empty, MRS7-His, or MRS7-His-TAP were
grown overnight. Serial dilutions were spotted onto YPD and YPG plates and incubated at the indicated temperatures.

be needed to clarify whether the highly conserved LETM1 pro-
teins exert different cation-specific functions in different eukary-

AF B F B 8 F B F B c F B F B

otic organisms or rather disturbances of mitochondrial K* home-
100 kDa ostasis can secondarily affect mitochondrial cation transport.
70 kDa Relevant to this discussion, we have shown that yeast mitochon-
s kDa dria depleted of Mdm38p display a considerably reduced influx of

Mg>" and Ca>" resulting from decreased mitochondrial A (4).
Human LETM1 has previously been shown to be part of a
complex of about 550 kDa by CoIP of GFP- and HA-tagged

a HA & GER a HA o GFP @ HA o GFP isomers (38). Rehling and co-workers (8) reported an interac-
FIGURE 12. ColP of isolated mdm38A mitochondria coexpressing YEp-  tion of Mdm38-protein A with various proteins, including
MDM38-HA (72 kDa) and pUG-MDM38-GFP (92 kDa) (A), YDL183-GFP (65 itochondrial rib 1 tei d Mrs7p. I
kDa) (B), or AIF-GFP (68 kDa) (C). F, flow-through fraction; B, HA-coated =~ [TWMe€rous mitochondrial ribosomal proteins an rs/p. In our

protein A-bound fraction. hands, hetero-oligomerization of Mrs7p with Mdm38p was not
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detected unless Mrs7p was fused to a tag, including protein A
and calmodulin-binding protein.

We have shown that the Mdm38p, Mrs7p, and Ydl183cp
form oligomers. Data provided here confirmed that Mdm38p
self-dimerizes in mitochondria. However, it may hetero-
oligomerize also with a yet unknown protein as suggested by
BN and affinity chromatography data. Mdm38p appeared as
part of high molecular complexes of ~140, 232, and 500 kDa.
YdI183cp appeared as part of protein complexes with variable
molecular sizes depending on the presence or absence of
Mdm38p. Remarkably, in the absence of Mdm38p, Ydl183-GFP
appeared as part of a complex of ~500 kDa. In any case, a direct
interaction between Ydl183cp and Mdm38p was not found
according to the ColIP experiments performed in this work.
Furthermore, Mrs7 was shown to be part of several protein
complexes, including a complex of ~500 kDa, independently of
the presence or absence of Mdm38p. Thus, data presented here
exclude a direct interaction between Mrs7p and Mdm38p or
YdI183cp. Altogether, the three proteins may act as cofactors
interacting with a so far unidentified KHE, which in their
absence would be completely inactive. This would be reminis-
cent of what has been observed for plasma membrane cation
exchangers, where the exchanger is regulated by essential
cofactors (39,40). We propose that either Mdm38p or Mrs7p or
Ydl183cp bind to a yet unknown protein or protein complex to
activate the KHE activity. Although the composition of the 500-
kDa complex and the molecular mechanisms through which
Mdm38p, Mrs7p, and Yd1183cp modulate KHE activity remain
to be elucidated, this study has identified intriguing new players
that are amenable to further genetic analysis.

Finally, we included here for the first time a human gene,
HCCR-1, which has been shown to play a role in cancer devel-
opment (34). Furthermore, HCCR-1 shows sequence homolo-
gies to LETM1. We suggest a related role of HCCR1 to LETML1.
Discrepancies in the quality as suppressor might result from its
weak expression in yeast. Further studies will be required to test
the direct role of HCCR-1 in the KHE.
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Results

3.6. Identification of interaction partners of Mrs7p

3.6.1. Strategies to identify interaction partners of Mrs7p

Deletion of MRS7 leads only to a weak growth defect on non-fermentable carbon sources.
Furthermore, Mrs7p has only one membrane-spanning helix. This makes it rather unlikely
that this protein forms the active K'/H" exchanger alone by homo-oligomerization.

Based on our assumption that Mrs7p is a regulatory factor associated with the mitochondrial
K'/H" exchanger, we aimed at identifying other proteins constituting the high molecular

weight protein complex of ~ 550 kDa.

Isolation of mitochondria expressing tagged
variants of Mrs7p

l

Protein solubilization

l

Protein purification using affinity tags

Mrs7p-containing complex

Cont. Mrs7p

440kDa p=—

Mative

SDS-PAGE —_ electrophoresis

Figure 8: Schematic representation of the two strategies used to identify complex partners of
Mrs7p. After the preparation of crude mitochondrial extracts from yeast cells expressing tagged
variants of Mrs7p, mitochondrial membrane proteins are solubilized using detergents. Affinity
chromatographic methods are used to isolate Mrs7p together with its interaction partners. Bound
proteins are eluted from the column under mild conditions and purified proteins are subsequently
separated on denaturing SDS-PAA gels or the whole protein complex is analyzed by Blue Native gel
electrophoresis. Protein bands not present in the control experiment are cut out and proteins are

identified by mass spectrometry.
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We employed a combination of one to two affinity chromatography steps with mass
spectrometry, which is a powerful tool to isolate protein complexes and identify their
molecular composition (Figure 8). To identify putative interacting proteins, different tagged
variants of Mrs7p were used as bait in affinity chromatography (Figure 9).

The tags were selected based on their properties to allow for mild binding and elution
conditions, offering the possibility to isolate the high molecular weight complex in its intact
form. The whole complex is subsequently subjected to Blue native electrophoresis or eluted
proteins are separated on denaturing SDS-PAA gels. Candidate protein bands representing

potential interaction partners of Mrs7p are analyzed by mass spectrometry (Figure 8).

A MRS7
MRS7
MRS7

MRS7 Strep

wes7
wesr T
MRS7  step | 6xHis |
MRS7 | GxHis  Strep

Figure 9: Overview of the different tags used for Mrs7p affinity purifications. The classical TAP-
tag, consisting of two IgG—binding domains of Protein A (ProtA) and the Calmodulin binding peptide
(CBP), separated by a TEV protease recognition site, as well as the 6xHis-TAP and the One-STrEP-
tag (two Strep-tag Il moieties separated by a linker sequence (GGGSGGGSGGSA) were
chromosomally integrated by homologous recombination (A).

The different 6xHis- and Strep-tag Il (WSHPQFEK) constructs presented in (B) are vector-based and

expressed from the centromeric plasmid YCp22 or multi-copy vector YEp351
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Since MRS7 has an N-terminal mitochondrial targeting sequence, which is proteolytically
cleaved off during the protein import into mitochondria, C-terminal tags were used. Most
experiments were performed with yeast strains bearing different chromosomally tagged MRS7
variants to keep protein expression at physiological levels (Figure 9A). Strong overexpression
of single components of a potential multi-protein complex could have had negative effects on
the composition of the high molecular weight complex and lead to aberrant protein
interactions or elevated Mrs7p self-oligomerization. Nevertheless, given the higher flexibility
and easy cloning procedure also low and high copy number vectors expressing tagged variants

of MRS7 were constructed (Figure 9B).

To achieve a high purity of the isolated complexes, the classical TAP-tag, consisting of the
Calmodulin binding peptide (CBP) and two IgG binding domains of Protein A was used. This
method was applied successfully for the purification of protein complexes in yeast (Puig, et
al., 2001). Besides this, we introduced an additional 6xHis-tag between the gene and the TAP-
tag (Figure 8) to allow for an extra purification step and a convenient detection in Western
Blots. Furthermore, constructs with 6xHis-tag, Strep-tag, and different combinations of the
two tags were designed (Figure 9). Both tags are widely used for the purification of proteins.
They provide high yields, mild purification and elution conditions and due to their small size,
the danger of having negative effects on protein function is minimized (Lichty, et al., 2005).
We also constructed a variant of MRS7 tagged with the One-STrEP-tag which was
specifically designed for the purification of protein complexes (Figure 9B) (Junttila, et al.,

2005).

Fusing tags to the protein of interest may interfere with protein stability, folding or negatively
affect protein-protein interactions. To exclude this possibility, particularly for the relatively
large TAP-tag (22 kDa), serial dilutions of strain DBY747 WT and strains harboring different
tagged variants of MRS7 were spotted on fermentable (YPD) and different non-fermentable
media (YPG and YPEG).

Strain DBY747 mrs7A exhibited a weak growth defect on non-fermentable carbon sources,
the deletion of its homolog MKH1 resulted in a stronger defect. The strongest growth
reduction was observed in the triple deletion strain DBY747 mkh1Amrs7AydI183A which
exhibited a growth defect also on full-medium (YPD) plates. Strains expressing different
chromosomally tagged variants of MRS7 exhibited growth comparable to the wild-type strain
(Figure 10A).
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It has previously been shown that overexpression of MRS7 rescues the growth defect of the
mkh1A and the triple deletion strain (mkh1Amrs7AydI183A) (Zotova, et al., 2010). This effect
was also observed with 6xHis/Strep-tagged variants of MRS7 expressed from the multi-copy
vector Yep351 indicating that the tags did not affect protein function (Figure 10B).

A DBY747 WT
DBY747 mrs7A

DBY 747 mkh1A

DBY747 mkh1Amrs7Ayd|183cA

DBY747 MRS7-TAP
DBY747 MRS7-His
DBY747 MRS7-ONEStrep

Figure 10: Growth phenotype-overview of the strains DBY747 WT, the deletion strains mrs7A
and mkh1A as well as the triple deletion strain mkh1Amrs7Aydi183cA (AAA). Overnight cultures
of different strains were adjusted to an ODgyq of 1 and ten-fold serial dilutions were spotted on YPD,
YPG and YPEG plates and incubated at 28°C for 3 (YPD) or 6 days (YPG, YPEG), respectively. (A)
shows the growth phenotype of DBY747 WT, the triple deletion strain and DBY747 WT bearing
chromosomally tagged variant of MRS7. In (B) the growth phenotypes of DBY747 mrs7A and the triple

deletion strain (AAA) transformed with different vector-based constructs are shown.

3.6.2. Implementation of efficient conditions for solubilization and complex purification

An important prerequisite for the identification of complex partners of Mrs7p is an efficient
solubilization of the membrane proteins. Since other proteins of this high molecular weight
complex are unknown, all experiments for finding suitable solubilization conditions were
based on the solubilization efficiency of Mrs7p. In general only low concentrations of the

detergents (0.8-1.2%) and low salt concentrations were used to keep the risk of loosing
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possible binding partners minimal. Different buffers and detergents were tested for their
efficiency in solubilizing Mrs7p. All buffers used had a pH of 7.8, which is similar to the pH
value in the mitochondrial matrix. The NaCl concentration was varied in the range of 20 to
300 mM, various detergents, in particular Triton X-100, laurylmaltoside, digitonin as well as
NP-40 were tested. Best results were obtained with the detergent digitonin (not shown),
however, due to its high costs this chemical could not be used in large scale experiments.
Figure 11 shows a small selection of some of the tested solubilization conditions in low ionic
strength buffers. Triton X-100 at a final concentration of 1.2% in Hil0/50 buffer (10 mM
Tris-HCI pH 7.8, 50 mM NaCl and 20 mM imidazol) yielded a solubilization efficiency of ~

90% and was therefore used for all further experiments.

] 1% LM 1.2% LM 1% Triton 1.2% Triton
P SN P SN P SN P SN

T2KDa =——
D KDa 0. W T - S e T —

Affinity Chromatography Buffer 50 = Hi10/50
(10 mM Tris-HCI pH 7.8, 50 mM NaCl, 20 mM imidazol)

EEEE?: — T T — —— —

Affinity Chromatography Buffer 150 = Hi10/50
(10 mM Tris-HCI pH 7.8, 50 mM NacCl, 20 mM imidazol)

72 kDa —— —— — e e
50 kDa —_ W -

Affinity Chromatography Buffer 50K. = Hi10/50K
(10 mM Tnis-HCI pH 7.8, 50 mM KCI, 20 mM imidazol)

Figure 11: Solubilization efficiency of Mrs7p in different buffers and with different detergents.
Mitochondria from DBY747 cells chromosomally expressing Mrs7p-HisTAP were resuspended in the
buffers stated above to a final concentration of 20 mg/ml and incubated on ice for 30 min. After a
clarifying spin (30 min at 42 000 rpm, 4°C), equal amounts of the supernatant (solubilized protein) and
the pellet (insoluble fraction) were loaded on a 10% SDS-PAA gel and Western Blot was performed

with an anti-6xHis antibody.
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After establishing efficient conditions for Mrs7p solubilization, the presence of the intact high
molecular weight complex was verified by Blue native PAGE. Isolated mitochondria were
solubilized in the buffer described above with or without 100 mM NaCl. After removal of
unsolubilized debris by centrifugation, the supernatant was either loaded directly on a 5-18%

polyacrylamide gradient gel, or imidazol was added to the protein sample in order to mimic

the high imidazol concentrations during the elution from a Ni-NTA affinity column.

Hi10/50 buffer

1: solub. Mito. + 1.2% Triton
kDa 2: solub. Mito. + 1% Triton
669 .
3: solub. Mito, + 1% T. + 30 mM imidazol
44[] E— 4: solub. Mito. + 1% T.+ 200 mM imidazol
232 5: solub. Mito. + 1% T. + 250 mM imidazol
Hi1 001 d0buffer
140

66

6: solub.

7: solub.

8: solub.

9: solub.

Mito. + 1% Triton

Mito. + 1% T.+ 30 mM imidazol

Mito. + 1% T.+ 200 mM imidazol

Mito. + 1% T.+ 250 mM imidazol

Figure 12: Initial stability test of the Mrs7p-containing high molecular weight complex.
Mitochondria from DBY747 cells chromosomally expressing Mrs7p-HisTAP were solubilized in buffers
containing 10 mM Tris-HCI pH 7.8, 50 or 100 mM NaCl, with or without 30 mM imidazol and the
detergent Triton X-100. After a clarifying spin to remove unsolubilized debris higher imidazol
concentrations, to simulate the conditions during elution of the proteins from a Ni-NTA
chromatography column, were added to the supernatant. The samples were run on a 5-18% BN-PAA
gradient gel and Western Blot was performed with an antibody directed against the 6xHis-tag. M, high
molecular weight protein standard.

Mrs7p was detected in a high molecular weight complex between 440 and 669 kDa and in a
smaller complex of approximately 230 kDa in most tested conditions (Figure 12). The lower
signal intensity for samples with high imidazol concentration (Figure 12 lanes 4, 5, 8 and 9) is
most probably caused by dilution of the protein sample by subsequent addition of imidazol.

Under higher ionic strength and a high imidazol concentration (Figure 12 lane 9) a potential
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Mrs7p dimer of approx. 120 kDa was detected. This experiment indicated that the tested
solubilization conditions, particularly in Hil10/50 buffer were mild enough not to affect

stability of the protein complexes.

Table 1 gives an overview of all tested purification methods, their applicability for the

purification of Mrs7p as well as yield and purity of the affinity chromatographic methods.

Table 1: Comparison of yield and purity of the tested single-step and tandem affinity
purification methods.

Yield and purity of the different purification strategies were tested in small scale affinity purifications
with 180 mg isolated crude mitochondrial extracts. The yield was estimated based on the signal
strength in Western Blots and purity was assessed by Coomassie-staining of the gels. A successful
tandem affinity purification with the tag combination Protein A and Calmodulin failed, since none of the
tested conditions allowed cleavage at the TEV recognition site. Consequently the Mrs7p-containing
complex could not be eluted from the first column under non-denaturing conditions. The two-step
purification strategy using Ni-NTA affinity chromatography as first step and Strep-affinity
chromatography as second step resulted in high enrichment of the Mrs7p containing complex

combined with the highest purity in any of the tested strategies.

Method Applicability Yield Purity

Protein A |/ low medium

Calmodulin ;/ medium medium
Protein A + Calmodulin x - -—

Calmodulin + Protein A ‘/ very low medium
6xHis v high low

Strep ‘/ high medium

6xHis + Protein A g/ very low medium

6xHis + Calmodulin ;/ low medium

One-STrEP ‘/ medium medium

All purifications via Protein A or CBP were tested with 180 or 360 mg total mitochondrial
protein with different volumes of the specific resin and various washing and elution
conditions. For affinity chromatography via Protein A, solubilized mitochondrial proteins
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were incubated with IgG sepharose beads and incubated for 60 min at 4°C under gentle
shaking. The bead suspension was loaded on a column and unbound proteins were eluted by
gravity flow. The interaction between the Protein A-tag and IgG is very strong. Proteins
cannot be eluted under mild native conditions, but the tag has to be cleaved off by TEV
protease. Various conditions were tested for the TEV cleavage reaction. Higher
concentrations of the enzyme, reduction of the Triton X-100 concentration to 0.1% and
elevated temperatures to increase the cleavage efficiency had no effect. Mrs7p could not be
detected in the elution fraction after TEV cleavage. Only after treatment of the sepahrose
beads with 0.1 M glycine pH 3.0, Mrs7p could be eluted form the column (Figure 13). Since
Mrs7p was not detected in the flow through and wash fraction, insufficient binding of the
protein can be excluded. A possible explanation is that the TEV recognition site is not

accessible in the Mrs7p protein complex.

Protein A Calmodulin NI-NTA (6xHis)
Flow W E Flow W E1 E2 Flow W1 W2 E1 E2
130kDa ——
100KDa m—
70KDA e
55 KDa — " s o -
40kDa —

Figure 13: Typical example for the higher yield of Ni-NTA chromatography in comparison to
affinity chromatography via the Protein A- or Calmodulin-tag. Mitochondria were isolated from
strains expressing Mrs7p-HisTAP and solubilized in Hi10/50 Buffer (1.2% Triton X-100) After a
clarifying spin to remove unsolubilized mitochondrial debris, Mrs7p and associated proteins were
purified on gravity flow columns. Equal amounts of the flow through (FI), wash fractions (W) as well as
elution fractions (E) were run on 10% SDS-PAA gels. Western Blot was performed with an antibody

against the 6xHis-tag.

The finding that Mrs7p was not eluted from the column under native conditions qualified the

classical tandem affinity purification as not suitable for Mrs7p.
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Affinity chromatography via the CBP-tag was also tested. The Calmodulin binding protein
binds in the presence of calcium to the Calmodulin affinity resin. Solubilized mitochondria
were incubated in the presence of 2 mM CaCl, with the resin for 60 min at 4°C under gentle
shacking. After two washing steps, bound proteins were eluted with Hil0/50 buffer
supplemented with 4 mM EGTA to complex calcium ions. This method worked well for
Mrs7p, however, compared to Ni-NTA affinity chromatography the yield was very low
(Figure 13).

Though, as stated previously the classical TAP method was not efficient, this purification
method can also be performed in the reverse order. However, in this case, the proteins bound
to IgG sepharose had to be eluted under very harsh conditions (0.1 M glycine, pH 3)
destroying protein-protein interactions, thus excluding further experiments with an intact
complex. Nevertheless it would allow the analysis of the eluted proteins by SDS-PAGE and
Coomassie staining. The TAP purification in reverse order worked but protein yields were
extremely low and Mrs7p could hardly be detected by Western Blot (data not shown). The
low yield combined with the impossibility to verify intactness of the high molecular weight

complex after affinity chromatography made this method not applicable.

3.6.3. Single-step affinity chromatography via the 6xHis- and Strep-tag

Attempts to combine the high yield of Ni-NTA affinity chromatography in the first step and
purification via Protein A or via CBP as second step similarly resulted in low yields, which
could not be enhanced.

We therefore focused on Ni-NTA and Strep affinity chromatography. Both methods were
optimized and yielded satisfactory amounts of Mrs7p. Since isolation of mitochondria from
yeast cells is quite laborious, small amounts of mitochondria were used for optimization
experiments. In these small scale experiments, Mrs7p was of relatively low abundance. As
Mrs7p could not be detected by Coomassie staining, immunoblots served to evaluate the
protein yield.

For Ni-NTA affinity chromatography 90 mg of crude mitochondrial extracts were solubilized
and after centrifugation the supernatant was incubated with Ni-NTA superflow resin (Qiagen)
for 10 min. The strong affinity of the 6xHis-tag to the resin allows short incubation times.
Bound proteins were eluted by washing the column with Hi10/50 buffer supplemented with
200 mM imidazol. The yield of Ni-NTA chromatography was slightly higher compared to
Strep purifications (Figure 14).
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A NI-NTA Affinity Chromatography

M Mit. FI. W1 W2 E FI W1 W2 FE

Figure 14: Purity of Ni-NTA and Strep affinity chromatography. Mitochondria were isolated form
strains expressing MRS7 chromosomally tagged either with the 6xHis-tag (A) or the Strep-tag (B) and
solubilized in Hi10/50 Buffer (1.2% Triton X-100). After removing unsolubilized mitochondrial debris,
Mrs7p and associated proteins were purified on gravity flow columns. Equal amounts of the flow
through (Fl1), wash fractions (W1 and W2) as well as elution fractions (E) were run on 10% SDS-PAA
gels. Gels were stained with Coomassie brilliant blue or Western Blot was performed with an antibody

against the 6xHis-tag or the Strep-tag, respectively.

However a disadvantage of using the 6xHis-tag in eukaryotic organisms is the considerable
higher number of proteins with successive histidines in their amino acid sequence, which
therefore have strong affinity to the Ni-NTA resin, eventually leading to a relatively low
purity (Figure 14A). Strep affinity purifications were carried out as described for Ni-NTA
affinity chromatography, but with Strep-sepharose (IBA). The resin was incubated with
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solubilized proteins for 20 min and after a washing step proteins were eluted in the presence
of 2.5 mM D-desthiobiotin. In contrast to the Ni-NTA affinity chromatography the purity was
considerably higher, albeit the yield was slightly lower (Figure 14B).

Mrs7-HisTAP  mkhAmirs7AydlA DBY 747 WT
M E1 E2 E3 E1 E2 ES3 E1 E2 E3

kDa
669

) 4
140 s

232 . e -

140
e

66

Figure 15: Ni-NTA affinity purification of Mrs7p-containing high molecular weight complexes
and control of signal specificity. Isolated mitochondria of DBY747 WT cells, the triple deletion strain
mkhAmrs7AydIA and cells expressing a chromosomally 6xHis-tagged version of MRS7 were
solubilized and purified via Ni-NTA affinity chromatography. Elution fractions were loaded on a 6-18%

Blue Native gradient gel and Western Blot was performed with an anti-6xHis antibody.

Elution fractions obtained after Ni-NTA affinity chromatography were analyzed by Blue
native electrophoresis to verify the presence of the Mrs7p containing high molecular weight
complexes. The first three elution fractions were run on a 5-18% PAA gradient gel and
Western Blot was performed with an antibody directed against the 6xHis-tag.

Mrs7p was detected as part of high molecular weight complexes of ~ 550 and 240 kDa,
furthermore a faint signal with an apparent molecular weight of 440 kDa was observed.
Surprisingly, the anti-6xHis antibody recognized an additional, highly abundant complex of
100-120 kDa which might be a Mrs7p dimer (Figure 15).
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This dimeric form of Mrs7p was not observed in previous experiments when mitochondria
were solubilized in low ionic strength buffer and loaded directly on a Blue native gel (Figure
12). Consequently, this signal likely resulted from the partial dissociation of the complex
during the purification procedure. In our preliminary stability test we only examined if the
used buffers were in principle compatible with the Mrs7p containing high molecular weight
complex. Obviously affinity purification exposes the protein complex to much stronger forces

eventually leading to the dissociation of some of the involved proteins.

3.6.4. Chemical cross-linking of Mrs7p

To avoid the loss of possible interaction partners of Mrs7p, we took chemical cross-linking
into consideration to “stabilize” the complex. Several cross-linking agents were tested e.g. the
amine-reactive bis(maleimido)hexane (BMHI), dithiobis(succinimidyl propionate) (DSP),
bis(sulfosuccinimidyl)suberate (BS3), o-phenylenedimaleimide (oPDM), disuccinimidyl
suberate (DSS) and formaldehyde. Cross-linking experiments were initially performed with
intact mitochondria. Due to the relatively low expression level of Mrs7p, 3 to 5 mg total
mitochondrial protein had to be used. No significant cross-linking activity could be observed
under various tested conditions where we explored a number of cross-linker concentrations,
buffer conditions and incubation times. However, with DSS and formaldehyde surprising
results were obtained: addition of the cross-linker led, as expected, to a weaker signal for
monomeric Mrs7p, but no cross-linking products of higher molecular weight could be
detected (Figure 16A). Interestingly this effect was only observed in small reaction volumes
(100-200 pl), while in larger volumes no change in signal strength for the Mrs7p monomer
could be observed, although the ratio between protein and cross-linking agent ratio was kept
constant.

A possible explanation for this surprising finding that addition of the cross-linker decreases
the signal strength for the monomer without resulting in a detectable cross-linked product,
could be that the 6xHis-tag is no longer accessible when Mrs7p is part of a protein complex.
Due to the limitations of cross-linking in whole mitochondria we could not verify this
hypothesis. Instead of using mitochondrial extracts we therefore performed chemical cross-

linking with the elution fractions obtained after Ni-NTA affinity purification (Figure 16B).
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M 3mg 5mg3mg 5mg 3mg Smg 3mg 5mg 2500 A0l 2apl S0 Z5p A0 Pl 2540 S0l M
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Figure 16: Chemical cross-linking of Mrs7p. (A) Cross-linking was performed with isolated
mitochondria from strain DBY747 expressing Mrs7p-6xHis from a multicopy plasmid. Isolated
mitochondria (3 mg/ml or 5 mg/ml) were incubated in Hi10/50 buffer without or with increasing
concentrations of the cross-linking agents disuccinimidyl suberate (DSS) and formaldehyde (FAD) for
30 min on ice. Proteins were separated by SDS-PAGE and immunoblotted against the 6xHis epitope.
(B) Isolated mitochondria from strain DBY747 expressing Mrs7p-6xHis from a multicopy plasmid were
solubilized and Mrs7p-containing high molecular weight complexes were purified via Ni-NTA affinity
chromatography. Chemical cross-linking with 0.125% formaldehyde was performed in two different
reaction volumes (25 ul and 50 pl). Proteins were separated on a 5-16% SDS-PAA mini gradient gel.
Western Blot was performed with an antibody against the 6xHis-tag. The monomeric form of Mrs7p

(black arrow) and higher molecular weight complexes containing Mrs7p (white arrows) were detected.

Addition of formaldehyde to the eluted proteins similarly led to a decrease in signal strength
for the monomer with no formation of higher Mrs7p containing cross-linking products as
detected by Western Blotting. However, due to the higher abundance of Mrs7p after affinity
purification, a longer exposure time revealed high molecular weight cross-linking products
(Figure 16B, white arrows). These findings confirmed that accessibility of the 6xHis-tag is
reduced when Mrs7p interacts with other proteins, probably caused by steric hindrance or an
altered fold of the protein.

This supports the possibility that also the percentage of Mrs7p found in the dimeric form after
Ni-NTA affinity chromatography and Blue native electrophoresis is not as high as judged by
signal intensities in Western Blots (Figure 15) and that a reasonable amount of the high

molecular weight complex is still intact after the purification.
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3.6.5. The Mrs7p-containing complex is intact after affinity chromatography and size

exclusion chromatography (SEC)

To better estimate the remaining amount of intact high molecular weight complex after
affinity purification, Ni-NTA affinity chromatography was combined with size exclusion
chromatography (SEC). SEC is a relatively mild method where proteins and protein
complexes are separated based on their hydrodynamic radius. Affinity chromatography with
6xHis-tagged Mrs7p was performed as described previously; the elution fractions were pooled
and diluted with Hil0/50 buffer to reduce the Triton X-100 concentration to 0.1% to be
compatible with SEC. The protein sample was run on a 26/60 Superdex 200 column

(Amersham).

Pool1: 400-580kDa
(Complex)
Pool 2: 40-200 kDa
(Monomer,Dimer)

, M W«W{i

Figure 17: Size determination of the Mrs7p containing high molecular weight complex after Ni-
NTA affinity chromatography. Isolate mitochondria of DBY747 cells expressing a chromosomally
6xHis-tagged version of Mrs7p were solubilized with 1.2% Triton X-100, after centrifugation the Triton
X-100 concentration of the supernatant was reduced to 1% and during the washing and elution steps
to 0.8%. Elution fractions were further diluted to a final concentration of 0.1% by addition of Hi10/50
buffer. The sample was run on a 26/60 Superdex 200 column. Fractions containing proteins and
protein complexes with a size of 580-400 kDa (Pool1) and 40-200 kDa (Pool2) were pooled and the
volume of the pools was reduced using a Vivaspin concentrator. Abscissa indicates the elution volume

in millilitres, ordinate gives the absorbance. mAu, milliampere units.
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Based on the chromatogram (Figure 17) individual elution fractions representing proteins with
a size of 400-580 kDa, containing Mrs7p as part of a high molecular weight complex, as well
as fractions in which the momomeric and dimeric form of Mrs7p should be enriched were
pooled. Due to the eight-fold dilution of the protein sample prior to SEC to reduce the Triton
X-100 concentration and the further dilution during SEC, the volume of the two pools had to

be reduced. Equal amounts of the two pools were concentrated using a Vivaspin concentrator.

A M Flow W1 W2 E Edil. Pool1 Pool2 B E Edil. Pool1 Pool2
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Figure 18: Blue native electrophoresis of different fractions obtained from Ni-NTA affinity
purification and of pool 1 and pool 2 after SEC. (A) After Ni-NTA chromatography, flow through,
wash fractions, the elution fraction and the elution fraction diluted to a final Triton X-100 concentration
of 0.1% (Edil.) as well as the pools 1 and 2 obtained from SEC after concentration using a Vivaspin
concentrator were run on a 5-18% blue native gradient gel, Western Blot was performed with an
antibody against the 6xHis-tag. The higher salt concentration of the concentrated pools was not
compatible with Blue native electrophoresis. However, the predominant amount of Mrs7p was
detected in pool 1 (high molecular weight fraction containing proteins/complexes of 400-500 kDa). (B)

shows the same Blot after prolonged exposure time.
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Equal amounts of the eluate after affinity chromatography, the diluted sample as well as the
concentrated pools after SEC were subsequently applied to a 5-18% native gradient gel and
Western Blot was performed with an antibody directed against the 6xHis-tag (Figure 18).
Signals obtained for the elution fraction after affinity chromatography and the diluted sample
were comparable to previous purifications, while samples taken from pool 1 and pool 2 did
not separate well in Blue native electrophoresis (Figure 18A and B, pool 1 and pool 2). This
was most likely caused by the higher salt concentration after the volume reduction. Although
a stronger signal for 6xHis-tagged Mrs7p is apparent in the first pool containing high
molecular weight proteins and protein complexes (Figure 18B, pool 1), samples were also run
on a denaturing 10% SDS-PAA gel and Western Blot was performed. The Western Blot after
SDS-PAGE clearly demonstrated that most of Mrs7p is found in the high molecular weight
pool (Figure 19, pool 1) indicating that the predominant part of the protein complex is still
intact after affinity chromatography and SEC. The stronger signal intensity for the Mrs7p
dimer is likely caused by a higher accessibility of the 6xHis-tag in the dimeric conformation

compared to the full-size protein complex.

Flow W1 W2 E Edil. Pooll Pool2

130kDa

100kDa
TO0kDa
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40kDa

Figure 19: Analysis of the various fractions obtained from Ni-NTA affinity purification and after
SEC and concentration by SDS-PAGE. Flow through (Flow), wash fractions 1 and 2 (W1 and 2), the
eluted proteins (E) and the elution fraction diluted to a final Triton X-100 concentration of 0.1% (Edil.)
of the Ni-NTA affinity chromatography as well as the concentrated pools 1 and 2 from size exclusion
chromatography were analyzed on a 10% SDS-PAA gel and Western Blot was performed with an
antibody against the 6xHis-tag. The major part of Mrs7p was detected in pool 1 indicating that a high
percentage of the Mrs7p containing high molecular weight complex is intact after affinity

chromatography and size exclusion chromatography.
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3.6.6. Optimization of single step affinity chromatography via the Strep-tag

Ni-NTA affinity chromatography has proven to be efficient for isolation of Mrs7p together
with interacting proteins, although the purity was not as high as expected.

In search for a second affinity chromatography method we tried to optimize purifications via
the Strep-tag. Two different bead materials were tested for their effectiveness in gravity flow
columns compared to our standard Ni-NTA superflow resin. To test the different resins, equal
amounts of isolated mitochondria from strain DBY747 + YCp22-MRS7-Strep-6xHis were
solubilized and purifications were performed on gravity flow columns packed with the

respective bead materials (Figure 20).

E1 E2 E3 E4

kDa

669

440

232

140 -

ﬁﬁ'

Ni-NTA superflow Strep-sepharose Strep-superflow

Figure 20: Efficiency of complex purification with Ni-NTA superflow compared to different
Strep-tactin resins: Mitochondria isolated from strain DBY747 expressing 6xHis-Strep-tagged Mrs7p
from the vector Yep351 were solubilized using 1.2% Triton X-100 in Hi10/50 buffer. After solubilization,
the supernatant, containing tagged Mrs7p was subjected to affinity chromatography on different resins.
After purification, elution fractions (E1-E4) were separated by Blue native electrophoresis on a native
5-18 % polyacrylamide gradient gel, transferred to a PVDF membrane and immunoblotted against the
Strep epitope.
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As shown in Figure 20, no significant difference between Strep-sepharose and Strep-
superflow resin could be observed. Again purification efficiency was judged by
immunodetection of Western blots with an antibody directed against the Strep-tag. Compared
to Ni-NTA affinity purification, signals obtained after purifications via the Strep-tag were
weaker, nevertheless relatively high amounts of the high molecular weight complex could be

purified and the lower yield of this method is counterbalanced by its remarkable higher purity.

Recently an improved version of the classical Strep-tag II, the One-STrEP-tag, has been
developed consisting of two Strep II moieties, separated by a linker sequence. This tag should
give higher yields particularly in the isolation of low abundant protein complexes. Because of
the two Strep II moieties a higher binding affinity and a higher accessibility due to its almost
threefold longer amino acid sequence was expected.

Mitochondria were isolated from strain DBY 747 bearing chromosomally tagged MRS7 either
fused to the Strep-tag II or the One-STrEP-tag. In order to avoid misinterpretation of Western
Blots, large scale purifications with 360 mg total mitochondrial protein were performed.
Equal amounts of the elution fractions were run either on a Blue native gel with subsequent
immunodetection of the Strep-tag II or applied to a large 10% SDS-PAA gel and stained with
Coomassie brilliant blue. Signals obtained for Mrs7p tagged with the One-STrEP-tag were
extremely strong in the Western Blot (Figure 21A). Surprisingly, in the Coomassie stained gel
the ratio was reversed, Strep-tag Il was significantly more efficient than One-STrEP (Figure
21B). This effect is most likely caused by the fact, that the One-STrEP-tag consists of two
Strep II parts and therefore has the two-fold amount of binding sites for the Strep antibody,
eventually leading to a much stronger signal. Accordingly, the One-STrEP-tag did not

represent a suitable method for the identification of complex partners of Mrs7p.
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MWrs7-GxHis-Strep MWrs7-One-STrEFP
A E1 E2 E3 E1 E2 E3 B

Mrs7-Strep ( Mrs7-One-STIEFP
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Figure 21: The One-STrEP-tag is less efficient in purification of Mrs7p containing high
molecular weight complexes compared to the classical Strep-tag. Mitochondria isolated from
strain DBY747 expressing genomically tagged Mrs7p-Strep or Mrs7p-One-STrEP were solubilized
using 1.2% TX-100 in Hi10/50 buffer. After solubilization, the supernatant, containing tagged Mrs7p
was subjected to affinity chromatography on Strep-sepharose resin. (A) After purification, equal
amounts of the elution fractions (E1-E4) were separated by Blue native electrophoresis on a native 5-
18 % polyacrylamide gradient gel, transferred to a PVDF membrane and immunoblotted against the
Strep epitope. (B) Equal amounts of the elution fraction E2 of Mrs7p-Strep and Mrs7p-ONE-Strep

were separated on a large 10% SDS-PAA gel and Coomassie-stained.

In general identification of proteins by mass spectrometry is successful if the protein band can
be visualized by Coomassie staining of the gel. In the next step we tested the needed amount
of purified mitochondria to obtain a signal for the high molecular weight complex in Blue
native gradient gels. To obtain a Coomassie stainable band for the potential Mrs7p containing
complex, 360 mg isolated crude mitochondria extracts, equivalent to twelve liters of yeast
culture were needed to obtain a signal putatively originating from the complex (Figure 22,
black arrows). No clear sharp band could be observed, probably due to the relatively low
sensitivity of Coomassie staining of Blue native gels. Mass spectrometry analysis was
performed with the two obtained bands. However, more than 200 proteins were identified in
the gel piece cut out from the gel after Ni-NTA affinity chromatography and around 60 after
Strep affinity purification.
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Mrs7p was identified with relatively high scores but the large number of proteins made the

identification of potential interaction partners impossible.

Mrs7- hrsi-
GxHis  Strep

M E2 E2

Figure 22: Result of large scale purifications

using Mrs7p-6xHis and Mrs7p-Strep.

kDa Mitochondria isolated form strain DBY747
expressing either a 6xHis- or a Strep-tagged variant
of the protein were solubilized using 1.2% Triton X-
100 and subjected to affinity chromatography on

669 gravity flow columns. The second elution fraction
(E2) was separated on a 5-18% native
polyacrylamide gel and proteins were detected by

— —
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arrows)
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3.6.7. Tandem affinity purification via 6xHis and Strep-tag — large scale purifications to
identify interaction partners by mass spectrometry

We therefore decided to combine the two methods to achieve a further enrichment of the high
molecular weight complexes and to improve the purity of the preparations. Since we
demonstrated that the Mrs7p containing high molecular weight complex can be purified in its
intact form by these two methods, the analysis of the eluted proteins by SDS-PAGE appeared

to be the more reliable technique compared to Blue native electrophoresis. First, Coomassie
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staining of SDS-PAA gels is more sensitive than staining of Blue native gels. Second, protein
bands are usually sharper, which facilitates cutting out of the desired band for mass
spectrometry analysis. Furthermore, the implementation of a control is easier. Affinity
purifications are performed in parallel with mitochondria isolated from strains bearing

tandemly tagged MRS7 and a WT strain.

Mrs7-6xHis-Strep WT Mrs7-6xHis-Strep
M E2 E3 E2 E3 M E2 E3

KDaT =
170 | Figure 23: Re-
130 | . presentative result of
i the large scale
1““..] S = purifications. After the
70 — :: tandem purification via
— — Ni-NTA  and Strep
55 — S affinity chromatography
of isolated mitochondria
40 e expressing Mrs7p-
6xHis-Strep or
%5 - = mitochondria from strain
b DBY747 WT. The
25 - elution fractions
containing the highest
amount of the Mrs7p
5= protein complex and the
corresponding WT
10 - elution fractions were

separated on a 10%
SDS-PAA  gel and

stained with Coomassie brilliant blue. Interesting bands solely appearing in the Mrs7p-6xHis-Strep

lane (black arrows) were cut out and analyzed by mass spectrometry. A Western Blot control was
performed in parallel to confirm that the strongest signal originates from the full-length tagged Mrs7p
(white arrows) and that lower molecular weight bands present only in the Mrs7p lanes are not derived

from shorter, degraded versions of the protein.

Figure 23 shows an example of a large scale purification of Mrs7p. For these experiments

900 mg isolated mitochondria, equivalent to 20 liters of yeast culture were processed. Ni-

NTA and Strep affinity purifications were performed in tandem. Eluted proteins were

separated on large 10% SDS-PAA gels and stained with Coomassie brilliant blue. Strong
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signals were obtained for the bait Mrs7p (Figure 23, white arrows). Bands exclusively

appearing in the Mrs7p lanes were cut out and analyzed by mass spectrometry (Figure 23,

black arrows).

Table 2 gives a list of all proteins identified as potential interaction partners of Mrs7p.

Systematic name

Standard name

Description

YPR125W

YLH47
(MRS7)

Mitochondrial inner membrane protein exposed to the mitochondrial matrix,
associates with mitochondrial ribosomes, NOT required for respiratory growth;
homolog of human Letml, a protein implicated in Wolf-Hirschhorn syndrome

YGR149W

Uncharacterized, predicted to be an integral membrane protein

YMR102C

Protein of unknown function; transcription is activated by paralogous transcription|
factors Yrmlp and Yrrlp along with genes involved in multidrug resistance

YPL224C

MMT2

Putative metal transporter involved in mitochondrial iron accumulation; closely
related to Mmtlp

YJRO077C

MIR1

Mitochondrial phosphate carrier, imports inorganic phosphate into mitochondria;
functionally redundant with Pic2p but more abundant than Pic2p under normal
conditions; phosphorylated

YBRO&SW

AAC3

Mitochondrial inner membrane ADP/ATP translocator, exchanges cytosolic ADP
for mitochondrially synthesized ATP; expressed under anaerobic conditions;
similar to Pet9p and Aaclp; has roles in maintenance of viability and in
respiration

YCL044C

MGR1

Subunit of the mitochondrial (mt) i-AAA protease supercomplex, which degrades
misfolded mitochondrial proteins; forms a subcomplex with Mgr3p that binds to
substrates to facilitate proteolysis; required for growth of cells lacking mtDNA

YCLO009C

ILV6

Regulatory subunit of acetolactate synthase, which catalyzes the first step of
branched-chain amino acid biosynthesis; enhances activity of the Ilv2p catalytic
subunit, localizes to mitochondria

YNROOSW

LROI

Acyltransferase that catalyzes diacylglycerol esterification; one of several
acyltransferases that contribute to triglyceride synthesis; putative homolog of
human lecithin cholesterol acyltransferase

YELO30W

ECMI10

Heat shock protein of the Hsp70 family, localized in mitochondrial nucleoids,
plays a role in protein translocation, interacts with Mgelp in an ATP-dependent
manner; overexpression induces extensive mitochondrial DNA aggregations

YLRO5S6W

ERG3

C-5 sterol desaturase, catalyzes the introduction of a C-5(6) double bond into
episterol, a precursor in ergosterol biosynthesis; mutants are viable, but cannot
grow on non-fermentable carbon sources

YFRO31C

RPL2A

Protein component of the large (60S) ribosomal subunit, identical to Rpl2Bp and
has similarity to E. coli L2 and rat L8 ribosomal proteins

YBRI9IW

RPL2TA

Protein component of the large (60S) ribosomal subunit, nearly identical to
Rpl21Bp and has similarity to rat L21 ribosomal protein

YIL133C

RPL16A

N-terminally acetylated protein component of the large (60S) ribosomal subunit,
binds to 5.8 S rRNA; has similarity to Rpl16Bp, E. coli L13 and rat L13a
ribosomal proteins; transcriptionally regulated by Raplp

YLR344W

RPL26A

Protein component of the large (60S) ribosomal subunit, nearly identical to
Rpl26Bp and has similarity to E. coli L24 and rat L26 ribosomal proteins; binds to|
5.8S rRNA

YORO063W

RPL3

Protein component of the large (60S) ribosomal subunit, has similarity to E. coli
L3 and rat L3 ribosomal proteins

YNL178W

RPS3

Protein component of the small (40S) ribosomal subunit, has
apurinic/apyrimidinic (AP) endonuclease activity; essential for viability; has
similarity to E. coli S3 and rat S3 ribosomal proteins

YGRI112W

SHY1

Mitochondrial inner membrane protein required for assembly of cytochrome c
oxidase (complex IV); associates with complex IV assembly intermediates and
complex III/complex IV supercomplexes; similar to human SURF1 involved in

Leigh Syndrome

148



Results

Two hitherto uncharacterized proteins were found. Ygr149wp was predicted to be an integral
membrane protein (Kim, et al., 2003) and exhibits seven or eight transmembrane domains
(predicted with the program TMHMM, http://www.cbs.dtu.dk/servicessTMHMMY/). The
second protein Ymr102cp is implicated to play a role in multidrug resistance (Anderson, et
al., 2003). It has no predicted transmembrane domains and no data about its subcellular
localization is available. Several other mitochondrial transport proteins were identified by
mass spectrometry, e.g. the putative metal transporter Mmt2p, the phosphate carrier Mirlp
and the ADP/ATP translocator Aac3p. Also a relatively high number of proteins constituting

cytosolic ribosomes were found.
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4. Discussion

4.1. Functional studies on CorA/Mrs2p family proteins

4.1.1. LpelOp is important for maintenance of the mitochondrial membrane potential and

modulates the activity of the Mrs2p channel

Mrs2p forms the major Mg”" uptake system in the inner mitochondrial membrane, with a
remarkably high conductance of 155pS (Schindl, et al., 2007; Sponder, et al., 2010). This
conductance is obtained in patch clamping experiments with giant lipid vesicles of mrs24lpel 04,
overexpressing Mrs2p and therefore does not necessarily represents the natural situation in
mitochondria. In comparison, the mammalian TRPM?7 channel mediates Mg”" uptake across the
plasma membrane with a conductance of 40 pS (Monteilh-Zoller, et al., 2003; Nadler, et al.,
2001).

LpelOp exhibits 32% sequence identity with Mrs2p and it is also localized in the inner
mitochondrial membrane. The growth defect caused by deletion of LPE( is similar to the one
observed upon deletion of MRS2. In both deletion strains, splicing of mitochondrial group II
introns is impaired and cells exhibit a pronounced growth reduction on non-fermentable carbon
sources (Gregan, et al., 2001a). Deletion of LPE0 furthermore results in weaker Mg®" influx in
mag-fura-2 measurements in isolated mitochondria (Sponder, et al., 2010).

These results characterize Mrs2p and Lpel0p as homologous proteins fulfilling similar functions.
However, the two proteins cannot substitute for each other. Only high-copy expression of MRS2
in the double deletion strain mrs2Alpel OA restored growth of cells on non-fermentative media to
some extent.

In our study we could demonstrate that the deletion of LPE10 resulted in a 70% reduction of the
mitochondrial membrane potential (AY) compared to wild-type levels, whereas mrs2A
mitochondria do not show a loss of AY. Preincubation of isolated of lpe/0A mitochondria with
nigericin artificially restored the membrane potential to wild-type levels and restored Mg*" influx
in mag-fura-2 measurements. Furthermore, in patch clamping experiments LpelOp alone did not
yield a conductance for Mg2+ (Sponder, et al., 2010; Schindl, et al., 2007). This suggests an

essential function of LPEI(0 in maintenance of the mitochondrial membrane potential. The

150



Discussion

reduced Mg*" influx observed in mag-fura-2 measurements upon deletion of LPEI0 is therefore
caused by the reduction of the membrane potential, the driving force for Mg*" influx.

Still, LpelOp is obviously also directly involved in the Mrs2p mediated Mg®" transport into
mitochondria since it was shown that Mrs2p and LpelOp are able to form hetero-oligomers.
Interestingly, coexpression of LpelOp and Mrs2p reduced the Mrs2p channel conductance by ~
70%. Besides of its impact on the membrane potential, LpelOp appears to be also a structural as
well as a modulating factor of the Mrs2p channel (Sponder, et al., 2010).

To get more insight into the bifunctional role of LpelOp, we tried to identify which parts of the
protein are responsible for Mg®" transport or maintenance of the membrane potential,
respectively.

Even conservative mutations in the universally conserved F/Y-G-M-N motif of the CorA/Mrs2p
family are not tolerated and lead to a complete loss of Mg*" transport activity (Szegedy and
Maguire, 1999; Kolisek, et al., 2003). Replacing the F/Y-G-M-N motif of LpelOp with A-S-S-V
reduced growth of the cells on non fermentable carbon sources and almost completely abolished
Mg”" influx in mag-fura-2 measurements but had only a minor impact on the membrane potential
(Sponder, et al., 2010). Given the high conservation of this motif the observed reduction in Mg**
transport is not surprising. In the heteromeric Mrs2p/LpelOp channel complex an intact G-M-N
motif is required for Mg®" transport activity. In contrast, this motif appears to be dispensable for
maintenance of the membrane potential.

The creation of chimeric Mrs2p/Lpel0p proteins gave further indications which parts of LpelOp
are important for its role in maintaining the membrane potential. The fusion of the N-terminal
domain of LpelOp with the C-terminal part of Mrs2p, exhibited better growth complementation
than the Mrs2p-LpelOp fusion. Furthermore LpelOp-Mrs2p restored AY to 80% of the wild-type
level, whereas Mrs2p-LpelOp only slightly increased the membrane potential above the level of
the double deletion strain mrs24Ilpel (4. Based on these findings, the N-terminal part of LpelOp
to the extent of a7 appears to be associated with LpelOp’s role in maintenance of the membrane
potential.

The mechanism by which LpelOp influences AY is unknown. A possible explanation is that the
high transport capacity of a homopentameric Mrs2p channel reduces the inside negative
membrane potential by accumulating positively charged Mg”™ in the mitochondrial matrix.
Hetero-oligomerization of Mrs2p and LpelOp reduces the conductance of the channel.
Consequently, the effect of LpelOp on the membrane potential would be a secondary effect of the
reduced activity of a Mrs2p/Lpel0p heteromeric channel. This hypothesis is not supported by our

data. If Mg®" transport via Mrs2p were in a scale influencing the membrane potential,

151



Discussion

overexpression of Mrs2p should lead to a reduction of AY, which was not observed in our

experiments. Overexpression of Mrs2p in mitochondria of mrs24lpel0A cells does not further

decrease AY, in contrary; AY is slightly increased compared to mitochondria of mrs24Ilpel 04

cells (Sponder, et al., 2010).

There is no data available about a direct interaction of LpelOp with other proteins except of

Mrs2p. Nevertheless, it seems plausible that LpelOp acts as a regulatory factor on other

protein/proteins thereby influencing the mitochondrial membrane potential.

4.1.2. Gating mechanisms in CorA and Mrs2p

Two areas in the pentameric channel appear to be of central importance in the gating process.
First, the five asparagines of the G-M-N motif seal the ion conduction pathway at the
membrane-periplasm interface in the closed conformation (Lunin, et al., 2006; Eshaghi, et al.,
2006; Payandeh and Pai, 2006).

The second control point is the MM stretch (residues Met291 to Met301. This region, and in
particular bulky, hydrophobic leucine at position 294 and methionine at position 291 create a
steric and electrostatic bottleneck for Mngr flux (Lunin, et al., 2006; Eshaghi, et al., 2006;
Payandeh and Pai, 2006; Chakrabarti, et al., 2010; Payandeh, et al., 2008). Our mutational
analysis of Leu294 of T. maritima CorA verified the importance of this amino acid in the
gaiting process. Interestingly, in CorA the hydrophobic gate formed by Leu294 appears to be
of such outstanding importance that mutations at this position led to a complete deregulation
of ion transport. Substitution of Leu by Asp at this position resulted in slow, constant influx of
Mg*" in mag-fura-2 measurements. Small glycine residue at position 294 led to an even
stronger, uncontrolled Mg2+ influx which eventually was lethal for the cells (Svidova, et al.,
2010). Although several constrictions are present along the ion conduction pathway, which
are supposed to play a role in gating of the channel, this hydrophobic gate seems to be

essential for the complete closing of the CorA channel.

In contrast to that, the gating process of Mrs2p seems to be controlled at more than one site.

Recently the crystal structure of the funnel domain including TM 1 of Mrs2p has been solved

(Khan, et al., 2010). By superposition of the monomeric Mrs2p structure on the funnel domain of

TmCorA and VpZntB, we could generate a model for the pentameric form of Mr2p. Based on
this model of the N-terminal domain and TM 1, we identified Met309 and Val315 of Mrs2p as
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being functionally equivalent to Met291 and Leu294 in CorA. Met309 is highly conserved
throughout the Mrs2p family and according to our pentameric Mrs2p model, forms the narrowest
constriction of the ion conduction pathway. Val315 forms the second narrowest constriction in
the pore of Mrs2p. However, this position appears to be less conserved (Khan MB et al.,
manuscript in preparation).

Three different amino acids were introduced at these two positions (Met309 and Val315) in
Mrs2p: negatively charged glutamic acid, bulky phenylalanine and small glycine. All
substitutions of Met309 exhibited a strong growth reduction on non-fermentable carbon sources
compared to cells expressing wild-type MRS2. Phe at position 309 narrowed the pore diameter
and thereby reduced Mg”" influx in mag-fura-2 measurements. The formation of a negatively
charged ring by Glu increased Mg>" uptake, possibly due to stronger electrostatic attraction of the
ion. The strongest effect was observed in the Gly mutant, which exhibited very strong Mg flux
and incipient signs of deregulation of the closing process (Khan MB et al., manuscript in
preparation). Nevertheless, closing of the ion conduction pathway was not completely
deregulated as observed for mutations at position 294 in CorA. (Svidova, et al., 2010)

In line with the observed lower sequence conservation of Val315 in the Mrs2p family, all
three amino acid substitutions at this position were relatively well tolerated. Again,
introduction of small glycine had the strongest effect in growth tests on non fermentable
carbon sources but led only to a moderate increase of Mg”" uptake in mag-fura-2
measurements (Khan MB et al., manuscript in preparation).

Taken together, these findings suggest a higher degree of regulation of the Mrs2p channel in
comparison to CorA. Mutations at only one of several positions putatively involved in gating

do not abolish the ability of the channel to close the ion conduction pathway. The strong
inside negative membrane potential of mitochondria represents a strong driving force for the
positively charged Mg2+ ion. The homomeric Mrs2p channel exhibits a high conductance of
155 pS in patch clamping experiments (Sponder, et al., 2010). A stringent control of the
transport activity at more than one site of the ion conduction pathway may therefore be
essential to assure an adequate Mg”" level in the mitochondrial matrix and thereby normal

mitochondrial function.
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4.1.3. The role of the G-M-N motif for Mg®* transport and ion selectivity

The sequence G-M-N at the end of the first transmembrane helix is the only universally
conserved motif in the large CorA/Mrs2p/Alrlp family (Knoop, et al., 2005). Mutational studies
on S. typhimurium CorA showed that even conservative single point mutations are not tolerated
(Szegedy and Maguire, 1999). However, sequences divergent from G-M-N (e.g. G-V-N and G-I-
N) occur in nature but have been proposed to be involved in transport of ions different from Mg
(Knoop, et al., 2005). Based on the CorA crystal structure, different roles of this sequence for the
function of the channel were proposed. In the closed conformation the Asn ring of G-M-N
occludes the ion conduction pathway in 7. maritima CorA (Lunin, et al., 2006). Furthermore, the
G-M-N motif is supposed to be responsible for positioning of the short, periplasmatic loop
(Lunin, et al., 2006; Moomaw and Maguire, 2010). This loop presumably is the initial site of
interaction between the hydrated ion and the channel and is suggested to assist in the dehydration
process as well as to be involved in cation selectivity (Lunin, et al., 2006; Moomaw and Maguire,
2010). The main-chain carbonyl groups of G-M-N are oriented towards the center of the pore
entrance which allows an interaction with the hydrated ion and consequently these amino acids
may play an important role in the dehydration process (Moomaw and Maguire, 2010).

The importance of this motif for the function of the channel was also confirmed for Mrs2p,
mutation of G-M-N to A-M-N completely abolished Mg”" transport activity (Kolisek, et al.,
2003).

In our study we chose a different approach to get more insight into the role of this motif. We took
advantage of the fact, that heterologous expression of MRS2 complements the Mg® -dependent
growth defect of S. typhimurium strain MM281, deficient for all major bacterial Mg®" transport
systems (CorA, MgtA and MgtB). We performed random mutagenesis of all three amino acids,
which, in principle, allows all possible amino acid combinations at these positions and screened
for mutants still able to transport Mg®" (Svidova S. et al. manuscript in preparation). The
advantage of investigating G-M-N mutants in a bacterial system is that besides of an altered
transport activity also alterations in ion selectivity of the channel can be assessed directly.

Surprisingly, we found plenty of mutants still able to transport Mg®" with sequences completely
different to G-M-N. However, mutant variants of MRS2 required higher expression levels to
complement the growth defect of MM281 cells, indicating reduced Mg”" transport compared to

wild-type Mrs2p (Svidova S. et al. manuscript in preparation).
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These findings show that the G-M-N motif can be replaced by several amino acid combinations,
although is highly conserved. Moreover, the high divergence of functional sequences from the
original G-M-N sequence is astonishing. A positively charged amino acid in the first position and
a hydrophobic amino acid in the third position were frequently observed. The second position
appeared to be relatively variable (Svidova S. et al. manuscript in preparation).

All tested mutants exhibited altered ion selectivity leading to a growth defect on plates
supplemented with Mn®" or Zn*". This effect may be caused by a blockage of the pore or
transport of these ions leading to toxic effects (Svidova S. et al. manuscript in preparation). Patch
clamping experiments are necessary to clarify, if these ions are transported by mutant Mrs2p
variants.

The G-M-N motif therefore appears to act in concert with the periplasmatic loop in selecting and
dehydrating the Mg2+ ion. The G-M-N motif is located at the end of the first transmembrane helix
TM 1, directly at the membrane-periplasm/intermembrane space interface. This location at the
mouth of the channel is an ideal site to control selectivity and dehydration of the incoming Mg”*
ion. Not the individual amino acids of this motif seem to be important but the structural
properties generated collectively by these residues. This can be in part accomplished by amino
acid combinations completely different from the original sequence, albeit with reduced
selectivity. Thus, G-M-N appears to be the best combination nature found to ensure a high

selectivity of the Mrs2p channel and concomitant high transport capacity.

4.1.4. The role of the Mrs2p C-terminus in Mg?* transport

The LpelOp-Mrs2p chimeric protein consists of the N-terminal part of Lpel0p and the C-terminal
moiety of Mrs2p starting with the long a7 helix forming the funnel domain. The higher transport
capacity of this fusion protein, compared to the Mrs2p-Lpel0p chimeric protein may be in part
based on the fact that this fusion protein contains the pore of Mrs2p (Sponder, et al., 2010).
However, also the exceptionally long C-terminus of Mrs2p seems to play an important role for
the transport activity.

For CorA a role of the C-terminus in regulation of Mg”" transport has been proposed. The helix
forming TM 2 of CorA ends with the highly positively charged motif KKKKWL. Compared to
Mrs2p, the C-terminus is extremely short, placing the motif directly at the membrane-cytosol
interface. This high accumulation of positive charge in the form of 20 lysine residues in the

pentamer has been termed basic sphincter. The basic sphincter, in combination with the
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hydrophobic constrictions formed by Leu294 and Met291 appear to be the major barrier for Mg
transport in CorA (Lunin, et al., 2006; Eshaghi, et al., 2006; Payandeh and Pai, 2006). In contrast,
TM 2 of Mrs2p end with two lysine residues, putatively resulting in a ring of only ten positively
charged residues located directly at the membrane-matrix interface.

The C-terminus of Mrs2p also contains an arginine-rich motif (ARM) (Weghuber, et al., 20006).
The end of TM 2 and the arginine-rich motif are separated by ~ 40 amino acids. A tertiary
structure for the ~ 106 amino acid long C-terminus is not available. This makes predictions about
the molecular function of this part of the protein difficult. Despite of its distance from TM 2, the
arginine-rich motif of Mrs2p may be located near the membrane and would represent a potential
candidate for a basic sphincter in Mrs2p. However, our data do not argue for a major role of this
motif in regulation of the transport activity. Deletion of this motif (aa 400-414) resulted in
weaker Mg”" influx upon low copy expression. In contrast, high-copy expression of this mutant
exhibited no growth defect on non-fermentable carbon sources and exhibited Mg®" influx
comparable to WT (Weghuber, et al., 2006).

However, deletion of a whole motif could result in major structural changes and a different
orientation of the residual C-terminus in regard to the funnel domain. This renders the evaluation
of the importance of this motif for Mg*" transport difficult. In a subsequent study we reversed the
charge of the KRRRK sequence of this motif (aa 402-406) by introducing negatively charged
glutamic acid residues at these positions. This mutant exhibited normal growth on non-
fermentable carbon sources and slightly elevated Mg”" uptake rates in mag-fura-2 measurements.
The observed higher transport capacity is likely due to the formation of a highly negatively
charged ring surrounding the ion conduction pathway and consequently in a stronger electrostatic
attraction of the Mg”" ion. At the same time this mutation obviously had no dramatic effect on
regulation of the channel (Khan MB et al., manuscript in preparation).

In contrast, deletion of almost the complete C-terminus (after Thr376) resulted in a growth defect
on non-fermentable carbon sources, comparable to mrs24 cells. This is in accordance with the
significantly reduced transport activity of this mutant observed in mag-fura-2 measurements
(Khan MB et al., manuscript in preparation).

Besides of the arginine-rich motif, the whole C-terminus of Mrs2p exhibits a surplus of positively
charged amino acid residues. (24 positively versus 5 negatively charged residues). The extensive
deletion did not lead to an increased instability of the protein, in contrary, protein levels were
slightly elevated. These findings suggest that, maybe not in particular the arginine-rich motif, but
the overall positively charged C-terminus of Mrs2p plays an important role for transport

activity/regulation of the channel. This is also in line with Mg”>" uptake measurements with the
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two chimeric Mrs2p/LpelOp proteins. The fusion protein Mrs2p-LpelOp lacking the Mrs2p
specific C-terminus exhibited weaker Mg”" influx in mag-fura-2 measurements (Sponder, et al.,
2010). Furthermore, the C-terminus may be also directly involved in structural changes
regulating opening/closing of the pore, apart from providing a surplus of positive charge
surrounding the ion conduction pathway. Consequently, deletion of the whole sequence may

result in a reduced opening capability.

4.1.5. Divalent cation sensing sites in CorA and Mrs2p

Opening and closing of the CorA channel is likely to be controlled by a Mg*" sensor located in
the intracellular portion of the protein. As the intracellular Mg*" concentration decreases, Mg”" is
released from the sensing site/sites leading to conformational changes and opening of the ion
conduction pathway (Lunin, et al., 2006; Eshaghi, et al., 2006; Payandeh and Pai, 2006). Based
on the crystal structure of T. maritima CorA, putative Mg®" binding sites in the intracellular,
funnel domain of the protein have been identified. A site termed M 1 is formed by residues
Asp89 in helix 03 and Asp253 of the stalk helix and directly coordinates Mg*". M 1 is considered
to be the primary regulatory sensing site (Lunin, et al., 2006; Eshaghi, et al., 2006; Payandeh and
Pai, 2006; Maguire, 2006b). A second site (M 2) formed by residues Glu88, Asp175 and Asp179
seems to coordinate the ion indirectly via water molecules (Payandeh and Pai, 2006; Niegowski
and Eshaghi, 2007). Results on the M 1 site obtained from a protease protection assay (Payandeh
and Pai, 2006) and mutational analysis (Payandeh, et al., 2008) argue for an involvement of this

sensing site in CorA function.

According to our structure based sequence analysis of CorA and Mrs2p, we identified Asp97 as
being equivalent to Asp89 in 7. maritima CorA. Asp89 from one monomer possibly coordinates
the ion with Glu270 from the long a7 helix of another monomer (Khan, MB et al., manuscript in
preparation). Furthermore, both amino acids are well conserved throughout the Mrs2p subfamily,
which also argues for an involvement of these amino acids in the formation of a divalent cation
sensing site. Thus, we exchanged negatively charged Asp97 to small alanine and to the bulky,
hydrophobic amino acids tryptophan and phenylalanine.

Surprisingly, none of the mutations had an effect on growth of the cells on non-fermentable
carbon sources or led to changes in Mg*" uptake in isolated mitochondria compared to wild-type

Mrs2p — an unexpected finding given the high conservation of these amino acids (Khan, MB et
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al., manuscript in preparation). A possible explanation is that Mrs2p has like CorA two or even
more Mg”" binding sites and mutations in only one of these sites is not sufficient to impair the
sensing ability of the Mrs2p channel. Alternatively, the chosen amino acids did not alter the
conformation of this domain in the desired manner. Mutational analysis of this divalent cation
sensing site in CorA also yielded unexpected results. Mutation of Asp89 by phenylalanine had no
effect and substitution of Asp253 to phenylalanine had only a minor effect on the regulation of
Mg?*" transport (Payandeh, et al., 2008). Further experiments will be necessary to clarify which
amino acids are involved in sensing of the mitochondrial matrix Mg>" concentration thereby

controlling opening and closing of the channel.

4.2. Mitochondrial K*/H" exchange in S. cerevisiae

4.2.1. The long search for the mitochondrial K*/H* exchanger

Half a century ago, Peter Mitchell postulated the existence of cation/proton exchangers in the
inner mitochondrial membrane (Mitchell, 1961). The high, inside negative membrane potential of
mitochondria is essential for energy conversion by the ATP-synthase but at the same time, it
turns mitochondria into infinite sinks for positively charged ions in particular for the most
abundant ion, potassium (Garlid and Paucek, 2003). The existence of coupled K and H'
gradients across the inner mitochondrial membrane has been studied extensively in isolated
mitochondria (for review see Bernardi, 1999 and Garlid and Paucek, 2003). Furthermore,
reconstitution experiments with purified protein fractions in liposomes were shown to mediate
K'/H" exchange (Martin, et al., 1984). However the molecular identity of the protein/proteins

constituting the antiporter remained unclear.

Recently, Mdm38p and Mrs7p of S. cerevisiae and their human homolog Letm1 have been
identified as factors involved in mitochondrial K'/H" homeostasis (Froschauer, et al., 2005;
Nowikovsky, et al., 2007; McQuibban, et al., 2011). Deletion of MDM38 causes a complete loss
of K'/H" exchange activity accompanied by a strongly reduced membrane potential, increased
K'-content and fragmentation of the mitochondrial network (Froschauer, et al., 2005;

Nowikovsky, et al., 2007). Knock-down of LETM1 in human cells and in Drosophila exhibited
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similar effects (Dimmer, et al., 2008; McQuibban, et al., 2011). Furthermore, deletion of LETM1
seems to be the cause for seizures in Wolf-Hischhorn syndrome (Zollino, et al., 2003).

Mdm38p, Mrs7p and Letm1 have been implicated in different biological processes. For Mdm38p
and Mrs7p a function in the translation and export of mitochondrially encoded proteins has
previously been proposed (Frazier, et al., 2006). Recently, LETM1 has been characterized as
mitochondrial Ca>"/H" exchanger (Jiang, et al., 2009). Typical exchangers contain six to twelve
transmembrane domains (Wakabayashi, et al., 2000). In contrast, Mdm38p, Mrs7p and Letml
have only one predicted transmembrane domain (Zotova, et al., 2010; Frazier, et al., 2006). This
makes it rather unlikely that these proteins form an active exchanger by homo-oligomerization,

although this cannot be fully excluded.

4.2.2. ldentification of interaction partners of Mrs7p

Deletion of MRS7 itself leads only to a weak growth reduction on non-fermentable carbon
sources. Nevertheless, it is a strong suppressor of the mdm384 deletion phenotype when
overexpressed (Nowikovsky, et al., 2004; Zotova, et al., 2010). For members of the Na'/H"
exchanger family it has previously been shown that these exchangers require essential cofactors
for their activity (Pang, et al., 2001). We found that Mrs7p is able to dimerize and that the protein
is part of a high molecular weight complex of ~ 500 kDa (Zotova, et al., 2010). Taken together,
these facts led us to the hypothesis that Mrs7p may be a regulatory factor of the mitochondrial
K'/H" exchanger. Identification of the molecular composition of this complex therefore
represents a promising approach to identify other regulatory proteins involved in K'/H" exchange

or the exchanger itself.

We employed different affinity chromatography approaches to purify the Mrs7p containing high
molecular weight complex. Various tags were tested for their applicability to isolate the intact
high molecular weight complex of ~ 500 kDa. The relatively low expression level of Mrs7p made
it difficult to obtain sufficient protein amounts for reliable analysis by mass spectrometry. Best
results were obtained with a two-step purification protocol via the 6xHis- and the Strep-tag. An
analysis of the complete complex by mass spectrometry after Blue native electrophoresis could
not be achieved. Elution fractions of the affinity purifications were therefore analyzed on

denaturing SDS-PAA gels.
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Mass spectrometry analysis of proteins co-purified with Mrs7p-6xHis-Strep yielded the candidate
protein Ygr1l49wp. In a recent study applying theoretical topology prediction combined with C-
terminal reporter fusions, Ygrl49wp was characterized as a membrane protein with eight
transmembrane domains with a Nj,-Ci, topology. However, results from the reporter assay
suggest a localization of the C-terminus in the cytosol which would exclude localization in the
inner mitochondrial membrane (Kim, et al., 2003).

No experimental data on the subcellular localization of YmrlO2cp, the second
uncharacterized protein identified by mass spectrometry, are available. Prediction of a
mitochondrial targeting sequence (using Mitoprot II, http://ihg.gsf.de/ihg/mitoprot.html) for
Ymrl102cp, yielded only a very low probability of export to mitochondria of 3.66%.
Consequently, Ygr149wp and Ymr102cp do not appear to be ideal candidates for constituting

the K'/H" exchanger or to act as regulatory factor thereof.

Interestingly, several proteins constituting cytosolic ribosomes but no mitochondrial ribosomal
protein was identified by mass spectrometry. This is at variance with results obtained by Frazier
et al. who reported a strong interaction of Mdm38p and Mrs7p with mitochondrial ribosomes
(Frazier, et al., 2006). The high number of cytosolic ribosomal proteins identified in our approach
may represent contaminations. Crude mitochondrial extracts were used for solubilization and
affinity purifications. Under the mild purification conditions used to prevent dissociation of the
complex, a co-purification of Mrs7p with high abundant proteins seems to be plausible.

The signal strength of protein bands containing possible interaction partners of Mrs7p were
significantly weaker compared to the band for the bait Mrs7p (Figure 22). This allows two
possible explanations. First, the high molecular weight complex is mainly composed of Mrs7p.
Second, a significant fraction of the interaction partners is lost during the purification process. As
discussed in the results section, an estimation of the relative amounts of the Mrs7p dimer and
high molecular weight complexes in Western Blots is difficult. Although the presence of the
Mrs7p containing high molecular weight complexes after affinity chromatography was
demonstrated, Mrs7p was also found in a dimeric form. A Mrs7p dimer could not be observed
when mitochondrial were only solubilized and directly applied on a Blue native gel (Figure 11).
This suggests that, although very mild conditions were used in affinity chromatography, the
complex dissociates during this process to a certain degree, which impairs the identification of
interacting proteins.

It is known, that certain membrane proteins do not stain well with Coomassie (Ladner, et al.,

2004). It can therefore not be ruled out, that the K'/H" exchanger was co-purified with Mrs7p but
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was not visualized under our conditions. Furthermore, the identification of hydrophobic
membrane proteins by standard MALDI-TOF (matrix-assisted laser desorption/ionization-time of
flight) and PMF (peptide mass fingerprinting) is often difficult (Zischka, et al., 2004).
Consequently, it cannot be excluded that one of the analyzed bands contained the protein
encoding the K'/H" exchanger but identification by mass spectrometry failed due to the low
amounts of peptides generated and the resulting insufficient signal intensity.

Further experiments with different protein staining methods and improved mass spectrometric
analyses are necessary to rule out that some of the co-purified proteins were not visualized or not

detected.
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