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Abstract

MPV17 is an integral inner mitochondrial membrane protein, whose loss-of-function is linked
to the hepatocerebral form of the mitochondrial-DNA-depletion syndrome (MDDS), leading
to a tissue-specific reduction of mitochondrial DNA and organ failure in infants. Several
disease-causing mutations in MPV17 have been identified and earlier studies with
reconstituted protein suggest that MPV 17 forms a high conductivity channel in the membrane.
However, the molecular and structural basis of the MPV 17 functionality remain only poorly
understood. In order to make MPV17 accessible to high-resolution structural studies, we here
present an efficient protocol for its high-level production in E. coli and refolding into
detergent micelles. Using biophysical and NMR methods, we show that refolded MPV17 in
detergent micelles adopts a compact structure consisting of six membrane-embedded a-
helices. Furthermore, we demonstrate that MPV 17 forms oligomers in a lipid bilayer that are
further stabilized by disulfide-bridges. In line with these findings, MPV17 could only be
inserted into lipid nanodiscs of 8 to 12 nm in diameter if intrinsic cysteines were either
removed by mutagenesis or blocked by chemical modification. Using this nanodisc
reconstitution approach, we could show that disease-linked mutations in MPV 17 abolish its
oligomerization properties in the membrane. These data suggest that, induced by oxidative
stress, MPV17 can alter its oligomeric state from a properly folded monomer to a disulfide-
stabilized oligomeric pore which might be required for the transport of metabolic DNA
precursors into the mitochondrial matrix to compensate for the damage caused by reactive

oxygen species.



Introduction

MPV17 is an inner mitochondrial membrane protein (Fig. 1a) whose dysfunction has been
linked to mitochondrial DNA depletion syndrome, a disease connected to human
mitochondrial DNA maintenance defects (MDMD) [1,2]. So far, MDMD has been associated
with mutations in 20 different genes, all encoded by the nucleus and involved in either
maintenance of the deoxyribonucleotide supply, in the synthesis of mitochondrial DNA
(mtDNA) or in mitochondrial fusion [2]. For this rare disease, around 50 different mutations
were reported in about 100 patients. In most patients this leads to a hepatocerebral
malfunction, such as liver failure [3—5] in early infants. In a few cases mutation in MPV17
resulted in a later-onset neuromyopathic disease with a better prognosis [6—8]. These data
show that the clinical outcome correlates with the location of mutations in the MPV17 gene.
However, for MPV17 the exact function and underlying pathomechanism is unresolved and
the therapy remains merely symptomatic. The protein is known to be crucial for the mtDNA
maintenance by conserving a balanced mitochondrial nucleotide pool and has been suggested
to act as a transporter for ANTP precursors [4,9]. Consequently, MPV17 deficiency leads to a
reduction of ANTPs and DNA in mitochondria, while its overexpression increases the
production of reactive oxygen species [4,10,11]. Several MPV 17 homologues have been
found in the mitochondria of other organisms, including MPV17 in mice and zebrafish, as
well as SYMI in yeast [12—14]. Since these homologues are able to mutually rescue MPV17
function in knockout cells they can serve as valuable model systems to decipher the molecular
function of MPV17 [13,15,16]. MPV 17 was predicted to consist of four transmembrane
helical domains with both termini located in the intermembrane space [11,14]. Furthermore,
MPV17 was shown to form a non-selective channel with gating properties [5]. Using
electrophysiological methods, MPV17 conductance proved sensitive to changes in the
mitochondrial membrane potential, redox state, pH and phosphorylation with a maximal

calculated pore size of ~1.8 nm. The channel was found to be closed under conditions



associated with functional mitochondria, which explains how a channel can exist in the inner
mitochondrial membrane alongside a high membrane potential [17]. In addition, it has been
reported for the yeast homologue SYM1 that the final membrane channel consists of a homo-
hexamer or dodecamer [14]. Further studies propose that MPV17 might be a subunit of larger
protein complexes (> 600 kDa), suggesting that other membrane proteins are required for pore
formation in the inner mitochondrial membrane [12,18].

Despite initial studies on MPV17 function and secondary structure content [17], no higher-
resolution structural information is available for this essential membrane protein. In order to
obtain a deeper understanding of the mode-of-action of MPV 17 and the impact of disease-
causing mutations, production and in vitro handling of this membrane protein is required for
an in-depth biophysical analysis and structural investigations. Furthermore, bacterial
production hosts are particularly attractive and essential for state-of-the-art isotope labeling
for high-resolution NMR studies.

Here, we present a protocol for the high-level production of human MPV17 in E. coli
and show that this membrane protein can be efficiently refolded into detergent micelles. This
strategy enables the analysis of the structural features of MPV17 by multidimensional NMR.
For this, we performed a screening study for suitable detergents that allow for high-resolution
NMR studies and show that MPV17 is properly folded in the best-scoring detergent. Using
NMR chemical shift and NOE information, we demonstrate that detergent-solubilized MPV17
1s composed of six membrane embedded a-helical secondary structure elements. By utilizing
different membrane mimetics, we show that in liposomes MPV17 forms larger oligomeric
species that are stabilized by inter-monomer disulfide bridges. However, in lipid nanodiscs of
defined sizes [19—21] we show that MPV 17 only incorporates into lipid nanodiscs as a
monomer if the cysteines in the protein are removed by mutagenesis or blocked by chemical
modification. Furthermore, disease-linked MPV17 variants have a decreased tendency to form

oligomers. These results show that the oligomeric functional state of MPV17 is stabilized via
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inter-subunit disulfide bridges. These features suggest a connection between the redox state in
mitochondria and MPV 17 channel functionality, which might be required for the transport of
nucleotide precursors into the mitochondrial matrix to counteract ROS-induced DNA damage

and depletion.

Results

High-level production of MPV17 in E. coli

As a first step, we aimed at an optimized production procedure of isotope-labeled MPV17 for
subsequent NMR studies. So far, recombinant MPV17 could only be produced in yeast [17].
Despite recent advances in stable isotope labeling in this host [22], the most suitable cell
system for this purpose is still E. coli, in particular because of the straightforward route to
high-level isotope labeling and in particular deuteration, which is a key factor for membrane
protein NMR [23]. Thus, we next evaluated the possibility for production of MPV17 in E.
coli. MPV17 production in E. coli without any fusion protein was not successful. Thus, we
fused an N-terminal GBI tag to the protein, which has been shown to enhance production
yields and solubility in E. coli [24]. For proteolytic removal of the GB1 tag at a later stage in
detergent micelles, we inserted a thrombin cleavage site and a GGSS peptide spacer region
between GB1 and MPV17 (Fig. 1b). This strategy resulted in high production yields of
insoluble MPV 17 (inclusion bodies) and provided a sufficient amount of protein for refolding
experiments. For this, we solubilized MPV17 inclusion bodies in the chaotropic agent
guanidine hydrochloride (GuHCI) and induced refolding by a dropwise addition into a
detergent-containing buffer (Fig. 1b). This approach resulted in a homogenous protein
preparation as assessed by size exclusion chromatography (Fig. 1¢) where MPV17 refolded
into dodecyl-phosphocholine (DPC) micelles eluted at a volume estimated to have a

molecular weight of ~98 kDa. This species contained very pure protein as probed by SDS-



PAGE (Fig. 1d). In addition, separation of the cleaved GB1 fusion protein was achieved at

that step.

Screening for detergents that are suitable for biophysical and NMR studies

Next, we explored the biophysical and NMR properties of MPV17 in different detergents
under reducing conditions, which proved critical for reducing the formation of oligomeric
species, as will be discussed below in the section “Probing the oligomeric state of MPV17 in
detergent micelles and liposomes”. Besides the zwitterionic detergent DPC, that is frequently
used for NMR, we evaluated non-ionic detergents, such as C12E8 and maltosides (Cymal-7
and DDM). In all detergents, MPV17 shows a very similar a-helical secondary structure
content of ~ 60 %, as probed by far-UV CD spectroscopy (Fig. 2a). In addition to the CD
spectra, we determined the thermal unfolding traces of MPV17 in these detergents by
following the CD signal at 222 nm during heating, which monitors the a-helical secondary
structure content, as a readout (Fig. 2b). These experiments demonstrated that the apparent
stability of MPV 17 is lowest in C12ES8 (42°C), almost identical in the two maltoside
detergents (53 °C) and highest in DPC (73 °C), suggesting that DPC might be a suitable
choice for NMR structural investigations at elevated temperatures. The notion that MPV17 is
properly folded in DPC micelles is further corroborated by the cooperative thermal unfolding
profile of DPC-refolded MPV 17 that was subsequently reconstituted into liposomes (Fig. 2¢),
showing a high thermal stability of 63 °C. A protein folding approach to monitor the integrity
of MPV17 protein preparations was necessary at this step because no biochemical assay is
available so far to assess MPV17 functionality in vitro. However, electrophysiological
experiments to assess MPV 17 pore functionality have been reported previously [14,17]. In
one of these studies, MPV17 in DPC micelles was used for membrane incorporation to
assemble into a functional channel [17], providing further evidence that MPV17 adopts a

proper folding state in DPC. Next, we recorded 2D-['SN,'H]-TROSY NMR spectra to



evaluate the investigated detergents for subsequent multidimensional NMR experiments (Fig.
2d). Relevant criteria in this process are the number of resolved NMR signals, which should
closely match the number of all non-proline residues in the protein, as well as the
homogeneity of the peak intensities. Suitable spectral regions for assessing these criteria are
the tryptophane € NH signals that are well separated from the backbone amide resonances
(inset in the spectra in Fig. 2d), as well as the glycine backbone amide region at the high-field
edge of the "N dimension (105-110 ppm). In all tested detergents, a decent NMR spectral
quality was observed. However, in mild detergents, such as C12E8, Cymal-7 or DDM,

MPV 17 partially precipitated during the purification process and during the NMR experiment,
leading to an additional loss in protein concentration of up to 50%. In contrast, this problem
was not encountered in DPC micelles. Furthermore, the number of observed NMR signals in
DPC was very close to the expected signals from non-proline residues in the protein (168 of
174). The observed dispersion of NMR signals was very similar in all tested detergents, which
supports the assumption that the structure of MPV17 is not markedly influenced by the
chosen detergents. Taking into account the excellent spectral quality as well as the large
number of well-resolved signals, a more detailed NMR structural characterization of MPV17

was tackled in DPC micelles.

NMR structural characterization of MPV17 in DPC micelles

For the backbone resonance assignment, we recorded a set of 3D TROSY-based triple
resonance experiments, consisting of HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB,
HN(CO)CACB and a ’N-edited-['H,'H]-NOESY experiment with a U-[*H, 13C, 1N]-labeled
MPV17 sample in DPC micelles. The quality of these 3D NMR spectra was sufficient to
assign 89% of the backbone amide resonances in the protein (Fig. 3a), as demonstrated by
representative strips of a tr-HNCA experiment (Fig. 3b). This enabled an almost complete

estimation of the secondary structure content based on '*C secondary chemical shift



information (Fig. 3¢). The Ca and Cp shifts indicate an a-helix content of ~ 65%, confirming
the CD structural data. As compared to a secondary structure prediction based on the amino
acid sequence in the protein databank (UniProtKB, entry P39210), the location of a-helices as
determined here experimentally shows marked differences. In particular, the short a-helix at
the N-terminus (aa 2-14) as well as the longer C-terminal a-helix (aa 153-173) are not present
in the prediction, giving rise to only four instead of six a-helices. The herein detected content
and location of helical secondary structure elements is most likely also present in other
mammalian MPV17 homologues as estimated from the very high sequence identity (Fig. 3e).
Variations mainly occur outside of the herein determined secondary structure elements.
However, structural information is not available for other MPV17 homologues so far. In order
to obtain information on the dynamics of MPV17 in the ns to ps time scale, we recorded a
{'H}-N heteronuclear NOE experiment (Fig. 3d). The '’N-hetNOE adopts low values for
residues in flexible regions of the protein and values close to 1 for rigid residues. The
obtained pattern is in good agreement with the location of a-helical secondary structure
elements assuming that flexible residues are mainly located in loop regions. In line with that
notion, the calculated order parameter profile based on chemical shift information agrees well
with the ’N-hetNOE results. Of particular interest for a putative redox regulated protein such
as MPV17 is the presence and the location of cysteine residues. As indicated in Fig. 3¢, all
four cysteine residues (C59, C99, C103, C160) are located in a-helical secondary structure
elements and do not show enhanced dynamics in the ns to ps time scale (high "N-hetNOE
values). The a-helical geometry also suggests that C99 and C103 are pointing toward the
same side in a-helix 4, which could be relevant for the formation of inter- or intra-monomer

disulfide bridges within the membrane.

Location of MPV17 in DPC micelles



Next, we utilized NMR paramagnetic relaxation enhancement experiments to obtain
information on the location of the secondary structure elements of MPV17 in the DPC
micelle. We compared the NMR peak intensities of backbone amides of MPV17 in DPC
micelles with the ones obtained after the addition of a paramagnetic agent (Fig. 4a,b). Gd*-
chelated DOTA is soluble in aqueous solution, thus its paramagnetic properties should affect
only residues that are located outside the membrane. In contrast, the spin-labeled fatty acid
16-doxyl-stearic acid (16-DSA) incorporates into DPC micelles and consequently affects
residues of MPV17 that are located in the membrane region. Looking at the intensity plot
obtained with Gd**-chelated DOTA (Fig. 4¢), mainly signals that correspond to residues in
regions in MPV17 that are not located in secondary structure elements are affected. Only
helix 5 seems to be more heavily affected than the other helices. The presence of 16-DSA
(Fig. 4d) leads to pronounced intensity changes in helical secondary structure elements. In
line with the data obtained with DOTA, helix 5 is less affected by 16-DSA. Of particular
interest is the notion that all cysteine residues are heavily affected by 16-DSA and thus it can

be assumed that they are located inside the hydrophobic membrane area.

Insertion of MPV17 into lipid nanodiscs

Since oligomeric pore assemblies have been proposed for MPV17 and its homologues [14,17]
we next set out to investigate the oligomerization properties of MPV17 by assaying the
insertion of MPV17 into lipid nanodiscs of defined sizes [19-21,25]. In case large and stable
oligomeric species are formed in a lipid bilayer environment, insertion into the selected lipid
nanodiscs of 8 -12.5 nm diameter would not be possible. Sterically, insertion is only possible
in case of a monomer or smaller oligomeric species. For this scenario we used our previously
established GB1 proteolysis assay to quantify the average number of MPV 17 monomers in
each nanodisc [26]. As outlined in Fig. 5a, MPV17 fused to a GBI protein tag in detergent

micelles is used as a starting material. Once the fusion protein is inserted into nanodiscs, these



MPV17-containing nanodiscs are separated from the empty ones by affinity purification and
size exclusion chromatography (SEC). Afterwards, thrombin is added to cleave off the GB1-
tag. The ratio of GB1 and nanodiscs is calculated by using the absorption peak integrals in a
second SEC run. With these data, the number of MPV17 in nanodiscs can be quantified.
Using MPV17wt, nanodisc assembly, even with larger nanodiscs (12.5 nm) was not
successful, suggesting the formation of a large oligomeric species in a lipid environment.
Thus, we removed all four cysteine residues in the protein, yielding MPV17ACys. In
agreement with the assumption that cysteine residues play a crucial role in MPV17
oligomerization, the MPV17ACys could successfully be incorporated into lipid nanodiscs of
various sizes (Fig. 5b,d). The average number of MPV17ACys per MSP1AHS nanodisc (8 nm
diameter [19]) was determined to be 1.45, which suggests that even without cysteine residues
MPV17 has a tendency to oligomerize, even at lipid nanodisc assembly conditions that would
favor the incorporation of a monomer (Fig. Sd). An almost identical behavior (1.42 MPV17
per MSP1AHS nanodisc) could be detected if the cysteines in MPV 17wt had been chemically
blocked by the methylation reagent MMTS (Fig. Sb,d). The usage of larger nanodiscs and of
MPV17-to-MSP ratios theoretically leading to the incorporation of more than one MPV17
resulted in the incorporation of on average almost three MPV17 monomers. In these
experiments a slight effect of the lipid composition on MPV17 oligomerization could be
observed. The negatively charged and dimeric lipid cardiolipin (CL) that is highly abundant in
the inner mitochondrial membrane appears to hinder the incorporation of an oligomer. In
particular, this is apparent with small MSP1AHS5 nanodiscs, where the usage of CL results in
only half as much MPV17 in nanodiscs as the negatively charged monomeric lipid DMPG.
This behavior can be rationalized by tight binding of CL to MPV 17, leading to a larger
preformed protein-lipid assembly that is too large for the 8 nm nanodiscs if higher oligomers
are present. In order to assay the MPV17 folding state, we performed CD-detected thermal

unfolding experiments with the nanodiscs shown in Fig. S¢. Both MPV17 species show a
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thermal stability of around 60 °C followed by the unfolding transition of the MSP at > 70 °C.
This is in excellent agreement with the thermal stability of MPV 17wt in liposomes (T, = 62
°C, Fig. 2¢). In addition to the CD-spectroscopic analysis, we inserted 2H,!N-labeled
MPV17ACys into MSP1AHS5 nanodiscs and recorded a 2D-['’N,'H]-TROSY spectrum (Fig.
Se). The obtained spectrum (blue contour lines) showed a very similar backbone amide signal
dispersion as in DPC micelles (grey contour lines), indicating that the overall structure of the
MPV 17 monomer is not heavily altered by the chosen membrane mimetic. In addition, we
could not obtain a purely monomeric MPV 17 nanodisc preparation, which introduces an
additional portion of heterogeneity and consequently line broadening in NMR experiments.
Furthermore, taking into account the proposed oligomeric functional form of MPV 17, it
seems likely that monomeric MPV 17 trapped in small lipid nanodiscs would show an
enhanced level of exchange dynamics in the intermediate regime as compared to a more
stable oligomer, further leading to line broadening effects. Thus, we assume that the
monomeric form of MPV 17 represents the inactive species that, upon stimulation, needs to

assemble into more stable membrane pores.

Structural effects of cysteine removal or modification

In order to obtain a better understanding of the role of the cysteine residues for the MPV17
structure, we performed a sequence specific NMR backbone resonance assignment of
methylated MPV 17wt (met-MPV17wt) as well as MPV17ACys in DPC micelles (Fig. 6a,b).
The backbone amide signal positions in a 2D-['N,'H]-TROSY experiment were then
compared with MPV 17wt using chemical shift perturbation (CSP) plots. For met-MPV 17wt
(Fig. 6¢), the CSP effects are relatively broadly distributed around the modified cysteine
residues. Apparently, the incorporation of an additional -SCH; moiety leads to minor steric
clashes as well as to changes in the electronic properties of the cysteine residues, which more
heavily affects neighboring regions. In contrast, the CSP pattern for MPV17ACys (Fig. 6d) is
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very sharply clustered around the mutated cysteine residues. All cysteines were mutated to
alanine, leading only to subtle changes in the electronic properties in close proximity to the
mutation sites. This indicates that the overall fold is not changed by the elimination of
cysteines. To confirm these findings, we assayed the thermal stability of MPV 17wt and
MPV17ACys in DPC micelles using CD spectroscopy. In these experiments, we could detect
an only slightly increased stability for MPV 17wt (Fig. 6e) as compared to MPV17ACys (Fig.
6f), confirming that the cysteine residues do not play a critical role for the folding and the

stability of the MPV17 monomer.

Probing the oligomeric state of MPV17 in detergent micelles and liposomes

Since the presented data suggest that the cysteine residues of MPV17 play a role in its
oligomerization, even in DPC micelles, we next wanted to probe the oligomerization behavior
in this membrane mimetic and in more native liposomes using crosslinking assays. First, we
utilized the oxidizing agent Cu?*-phenanthroline (Phen),-Cu?" to monitor the cysteine-
dependent crosslinking of MPV17wt (Fig. 7a) in DPC micelles and POPC:CL liposomes. In
the absence of reducing agents, MPV17 showed a clear band for a dimer in DPC micelles and
the addition of (Phen),-Cu?" did not reveal further oligomeric species. In contrast, in
liposomes almost no oligomeric species was visible without the oxidizing agent, must likely
due to a shorter storage time before the crosslinking was performed. However, once (Phen),-
Cu?* was added, the formation of a dimer but also of higher oligomeric species could be
detected in liposomes. This data clearly shows that the cysteines are accessible for disulfide-
bond formation, leading to oligomerization induced by oxidative stress. To verify these
results, we performed crosslinking with the amino-selective crosslinker BS3. This enabled us
to investigate the occurrence of oligomers in the absence or presence of a reducing agent (Fig.
7b). In the presence of the reducing agent dithiothreitol (DTT), predominantly the monomeric
form could be detected for MPV17 in DPC micelles. Also in liposomes, the addition of DTT
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resulted in a marked reduction of oligomers with only the dimer giving rise to a clearly visible
band on the SDS-PAGE gel. In the absence of DTT, BS? revealed large oligomeric species in
liposomes as seen for the cysteine-mediated crosslinking experiments. These data further
highlight the role of MPV 17 as a redox-regulated protein - a conclusion additionally
supported by NMR experiments at reducing and non-reducing conditions using *H,’N-
labeled MPV17 in DPC micelles. As already shown in Fig. 3a, MPV17 gives rise to a well
resolved spectrum under reducing conditions (Fig. 7¢, left), whereas marked line broadening
and signal disappearance can be observed in the absence of a reducing agent (Fig. 7c, left). A
more detailed analysis of the peak intensities under both conditions shows that mostly
residues are affected that are located in those regions where cysteines are present (Fig. 7d).
The pronounced effects detected in the NMR experiments suggest the formation of dimers or
even larger oligomers, favored by the more than 10-fold higher concentration as compared to
the cysteine-dependent crosslinking experiments (Fig. 7a).

Several mutations in MPV17 are linked to diseases such as the hepatocerebral form of the
mitochondrial-DNA-depletion syndrome (MDDS) [1,2]. Thus, assuming that MPV17
functionality is heavily linked to its oligomeric state, we set out to investigate the
oligomerization tendencies of three of the disease-related mutations (RS0W, Q93P and
N166K [11,27]) in our lipid nanodisc assay (Fig. 7e). In this set of experiments, we could
incorporate a small amount of MPV 17wt into MSP1AHS lipid nanodiscs if very high amounts
of DTT were added (> 20 mM) (black SEC trace). However, even under these strongly
reducing conditions, the assembly yield was too low for a more detailed analysis. However,
nanodisc assembly yields with the disease variants of MPV17 were much higher, especially
with the RSOW and Q93P variants, suggesting that these mutations indeed lead to a marked
weakening of the oligomerization tendency of MPV17. A quantification of the number of
MPV17 protomers in each MSP1AHS nanodisc (Fig. 7e¢) showed that only one MPV17 was
present with all tested variants. This number is lower than the number obtained with

13



MPV17ACys or met-MPV 17wt (see Fig. 5), most likely because the investigated mutations
disturb the interaction between the individual MPV17 monomers, leading to the expected
insertion of one monomer under assembly conditions that strongly favor this stoichiometry.
This data also suggests that inter-monomer disulfide-bond formation only takes place if
MPV17 is able to initially interact in a non-covalent manner. In line with this notion is that
mutations of single cysteine residues are not among the known disease linked MPV17

variants.

Discussion

In this study we demonstrate that the inner mitochondrial membrane protein MPV17 can be
produced efficiently in E. coli and refolded into detergent micelles (Fig. 1). The herein
described protocol will facilitate the high-level production of MPV 17 for further biochemical,
biophysical and structural investigations. In particular, it enables further NMR studies since E.
coli permits cutting-edge isotope labeling schemes that are required for the structure
determination of large membrane proteins [23].

Additionally, we here present a systematic biophysical approach for the identification of
optimized detergent conditions that enable high-resolution NMR studies. Using a combination
of size exclusion chromatography, CD and NMR spectroscopy with refolded MPV 17, we
could identify DPC as the detergent in which MPV'17 behaved most favorable (Fig. 2). In
DPC, MPV 17 shows a high thermal stability and does not tend to precipitate during NMR
experiments at 37 °C. This was essential for obtaining an almost complete NMR backbone
resonance assignment. This initial NMR work will serve as a promising starting point for a
more detailed NMR or EM structural analysis of MPV 17 in detergent micelles or other
membrane mimetics, such as lipid nanodiscs of varying sizes in order to incorporate

monomeric or oligomeric pore forming species [19-21,25].
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The NMR characterization presented here permits the mapping of a-helical secondary
structure elements leading to the identification of six a-helical elements (Fig. 3).
Furthermore, it has been shown that MPV17 or the yeast homologue Sym1 form oligomeric
pore structures in a lipid bilayer membrane [14,17] and this assembly is most likely induced
by oxidative stress in the mitochondrial matrix [17]. These functional features suggest that
cysteine residues might play a crucial role for MPV 17 oligomerization and eventually
membrane pore formation. Human MPV 17 contains four cysteine residues at positions 59, 99,
103 and 160. With our NMR data, we could show that all cysteines are positioned in a-helical
secondary structure elements in the protein (Fig. 3b) and these regions are located inside the
hydrophobic interior of the detergent micelle (Fig. 4), suggesting that stable oligomerization
of MPV17 is mediated by disulfide bond formation within the membrane. Recently, it has
been shown that MPV 17 produced in the yeast strain Pichia pastoris and extracted and
purified in DPC micelles could be functionally reconstituted into lipid bilayers for
electrophysiological experiments [17]. These data clearly support our conclusion that MPV17
preparations in DPC micelles are properly folded and capable of forming a redox-sensitive
channel in a lipid bilayer membrane. In that study five out of the six a-helices were predicted
and a very similar size exclusion chromatography profile and far-UV CD spectrum could be
obtained.

Using our established nanodisc insertion assay [26], we showed that cysteine residues are key
elements for stable oligomerization in the membrane. Wild-type MPV 17 could not be inserted
into nanodiscs ranging from 8§ to 12.5 nm in size, whereas cysteine-deficient or cysteine-
methylated MPV17 behaved much better in this assay (Fig. 5). However, even without
available cysteine sulfhydryl moieties, MPV17 had a slight tendency to form oligomeric
species, manifested in on average more than one inserted MPV17 monomer under nanodisc
assembly conditions that strongly favor the insertion of a monomer, i.e., with a large excess of

empty nanodiscs in the assembly mixture. In this almost monomeric nanodisc-incorporated
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state, MPV17 shows a high degree of conformational flexibility, as evident from the strong
line-broadening effects in 2D-NMR experiments of MPV17ACys in MSP1AHS nanodiscs
(Fig. 5e). The mutation of cysteine residues does not lead to strong NMR spectral changes,
indicating that folding of the MPV 17 monomer is not dependent on the formation of intra-
molecular disulfide bridges. In line with this notion, we found that the thermal stability of
MPV17 is only slightly lower if cysteine residues are removed (Fig. 6).

For our NMR studies, the use of detergent micelles was critical because MPV 17 strongly
tends to oligomerize in a lipid bilayer environment (Fig. 7) and this oligomeric form might
indeed be the functionally active species that forms at oxidative stress conditions. For the
yeast homologue Syml, oligomeric assemblies corresponding to a 6- and 12-mer have been
detected by blue-native PAGE [14]. In line with these previous observations, we here detected
oligomers up to a hexamer in our crosslinking assay. The ability of MPV 17 to form disulfide-
linked larger species can also be observed by NMR spectroscopy in DPC micelles if reducing
agents are omitted and the protein is present in a relatively high concentration (Fig. 7c).
Finally, we investigated the impact of disease-linked mutations on the formation of
oligomeric states. The expectation for a disease-causing mutation would be that MPV17
oligomerization and eventually pore formation is markedly reduced. An earlier study revealed
that disease-linked mutations in the yeast homologue Sym1 reduce the amount of higher
molecular weight complexes, suggesting that the mutations hamper its oligomerization [28].
As shown in Fig. 7e, the anticipated behavior was observed with the investigated MPV17
variants RSOW, Q93P, N166K. To a varying extent, all of these variants can be inserted into
small lipid nanodiscs, which was almost impossible with the wild-type protein. Of note, these
variants insert into nanodiscs as a pure monomer, which is in contrast to MPV17 where
cysteines have been either removed or blocked. This behavior suggests that MPV 17 needs to
oligomerize in a non-covalent manner before cysteine residues of neighboring monomers are

able to form disulfide bridges.

16



With the herein presented data we can further refine our understanding of the molecular
features of MPV17 and its functional role in the inner mitochondrial membrane. Earlier
studies showed that MPV 17 is forming a membrane pore upon the exposure to oxidative
stress [17]. We here show that oligomerization, which is most likely linked to pore formation,
is stabilized via disulfide bonds. Among other possible effects, disease causing mutations can
lead to a weakening of MPV 17 oligomerization, which would most likely prevent stable pore
formation. These insights suggest that the MPV17 pore is important under oxidative stress
conditions that can easily occur in the mitochondrial matrix as the site of oxidative
phosphorylation, where reactive oxygen species (ROS) are generated. It has been proposed
that diseases like mitochondrial DNA depletion syndrome (MDDS) are linked to ROS stress
[11]. A possible explanation for this observation might be that ROS lead to increased
mitochondrial DNA damage, increasing the demand for nucleotide precursors to be imported
into the mitochondrial matrix (Fig. 8). Since MPV 17 is located in the inner mitochondrial
membrane, it can directly sense buildup of reactive oxygen species and form a channel that
can (selectively) transport the required metabolic precursors. If the MPV17 channel cannot be
formed due to a critical mutation in the protein, damaged DNA cannot be repaired or
synthesized, leading to its gradual depletion.

In conclusion, we here provided novel structural and function insights on the disease-linked
mitochondrial membrane protein MPV17. Furthermore, we presented production protocols in
bacterial hosts that will be helpful for a more detailed structural characterization of the
MPV17 monomer as well as the final oligomeric pore state at high resolution. Such studies
will be essential for obtaining a better mechanistic understanding of the regulation and

selectivity of MPV 17 under varying cellular stress conditions.
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Experimental Procedures

Construct design and production of MPV17 in E. coli

The MPV17 gene was cloned into a pET15b vector harboring a N-terminal His¢-tag, followed
by a GB1 fusion protein and a thrombin protease cleavage site. Cysteine-free (C59A, C99A,
C103A, C160A) or disease-linked single point variants (R50W, Q93P, N166K) of MPV17
were obtained by site directed mutagenesis using a Quikchange lightning mutagenesis kit
(Stratagene). E. coli BL21 (DE3) cells were transformed with the respective plasmid and
grown in shaker flasks at 37°C. After reaching an ODg of 0.6-0.8, protein expression was
induced with 0.1 mM IPTG and the cells were shaken for an additional 4h. For the production
of [U-?H, 13C, ’'N]-MPV 17, bacteria were grown in M9 medium supplemented with 1 g/L
[98% SN]-NH4Cl and 2 g/L [98% ZH, '3C]-glucose in 99% D,O (Eurisotope or Sigma-

Aldrich). MPV17 accumulated in the insoluble fraction as inclusion bodies.

Purification of MPV17

The MPV17 protein pellet, produced in E. coli, was resuspended in lysis buffer (50 mM Tris
pH 8.0, 200 mM NaCl, I mM EDTA, 1 mM PMSF) and incubated with lysozyme for 30 min.
Cells were lysed by sonicating for 10 min (1 s on, 2 s off, 30% amplitude; Sonifier 250D,
Branson). The lysate was incubated with DNase I and 5 mM MgCl, for 30 min and cleared by
centrifugation (50.000 g, 30 min, 4 °C). The pellet was washed once with wash buffer A (20
mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) + 1 % TritonX-100 and twice with buffer A.
The resulting pellet containing inclusion bodies was dissolved in buffer B (50 mM Tris pH 8,
6 M GdmCl, 5 mM beta-mercaptoethanol (BME)) + 1 mM MgCl,. The protein solution was
purified on a Ni-NTA gravity flow column equilibrated in buffer B, washed with 10 CV
buffer B + 10 mM imidazole and eluted with 5 CV buffer B + 500 mM imidazole. The elution
fraction was dialyzed against 5 L of 10 mM Tris pH 8.0, 1 mM EDTA, 5 mM BME, resulting

in precipitation of MPV17. The precipitate was dissolved in 50 mM Tris pH 8.0, 6 M GdmCl,
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100 mM NaCl, 5 mM EDTA, 10 mM DTT at a protein concentration of 5 mg/mL. Refolding
of MPV17 into detergent micelles was done by dropwise addition of the protein solution into
a 10-fold excess of refolding buffer (0.5 % DPC (or other detergent), 20 mM NaPi pH 7.0,
200 mM NaCl, 1 mM EDTA, 5 mM DTT) and dialyzed against 2 L of 20 mM Tris pH 8.0,
100 mM NaCl, 2 mM DTT to remove residual GdmCl. For GBI removal, 100U Thrombin
was added and incubated at room temperature for 3-4 h. Finally, MPV 17 was purified on a
HiLoad 16/600 Superdex 200 pg size exclusion column (GE Healthcare) in 20 mM NaPi pH

7.0, 50 mM NaCl, 1 mM EDTA, 0.1 % DPC (or other detergent), 5 mM DTT.

Cysteine-specific methyl labeling with S-methyl-methanethiosulfonate (MMTS)

MMTS labeling was done according to a published protocols [29] with specific modifications
required for a membrane protein [30]. After chromatographic separation by a semi-
preparative S200 (300/10) column the pooled fractions were concentrated in Amicon 15
centrifugal devices (10,000 MWCO) to approx. 250 pL and washed with 3 x 12.5 mL methyl
labelling buffer (50 mM NaPi pH 7.5, | mM EDTA, 0.1% DPC (w/v) to remove the reducing
agent DTT. After buffer exchange, 1 mL of protein sample was transferred to a reaction tube
and the exact concentration of the protein sample was determined by UV/Vis spectroscopy for
subsequent S-methyl-methanethiosulfonate (MMTS) labeling. The concentration of MMTS
(Sigma-Aldrich, 100 mM stock in DMSO) was adjusted to a 5-fold molar excess per cysteine
residue in MPV17 and the mixture was incubated overnight at 4 °C on a rotating mixer.
Subsequently methyl labeled MPV 17 was washed with 3 x 12.5 mL NMR buffer (20 mM
NaPi pH 7.0, 50 mM NaCl, 0.5 mM EDTA, 0.1 % DPC (w/v)) to remove the remaining free

MMTS reagent.

Nanodisc assembly
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Nanodiscs were assembled with the MPV17 to MSP ratios indicated for the individual
assemblies according to established protocols [19-21]. AH5-nanodiscs were formed by
applying an MSP to lipid ratio of 1:25 [31], while 1E3D1-nanodiscs were formed using an
MSP to lipid ratio of 1:85 (80 for the 1:1 ratio of MPV17:MSP) [25]. As lipids either
DMPC/DMPG (75/25) or DMPC/Cardiolipin (14:1) (80/20) were used. The mixtures were
assembled in 20 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM EDTA (for MPV17wt and cysteine
containing variants, 10 mM DTT was added) for 1.5 h at room temperature with a final MSP
concentration of 150 uM. 0.6g/mL of Biobeads-SM2 (Biorad) were added and the assembly
was shaken at room temperature for 3.5 h. Finally, the MPV17 containing nanodiscs were
separated by Ni-NTA affinity chromatography and subjected to SEC. Thrombin cleavage was
performed at 37 °C for 4 h, followed by a second SEC performed to separate the cleaved
GBI1. The ratio of MPV17/nanodisc was calculated from the resulting chromatogram as

described before [26].

Liposome preparation

3 mg of POPC (palmitoyl-oleoyl-glycero-phosphocholine) and 1.5 mg of Cardiolipin (18:1)
(both obtained from Avanti Polar Lipids) were mixed in chloroform and dried under a N, gas
stream. The lipids were resuspended in 500 pL of liposome buffer (20 mM NaPi pH 7.0, 50
mM NaCl, 0.5 mM DTT), subjected to 8 freeze/thaw cycles and extruded 11 times through a
filter with 100 nm pore size. MPV17 in DPC was added at a protein to lipid ratio of 1:500. After
incubation for 30 min at 4 °C, the liposomes were dialyzed overnight at 4 °C in a 10 kDa

MWCO membrane against 1 L of liposome buffer.

Crosslinking
For cysteine-mediated crosslinking with the oxidizing agent Cu/Phe, both MPV17-containing

liposomes and MPV17 in DPC-micelles were dialyzed in a 10 kDa MWCO membrane against
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20 mM Tris pH 8.0, 50 mM NaCl for 3 h at RT. The Cu/Phe reagent was prepared freshly
before usage as described previously [32]. This resulted in a 240 mM stock solution in
EtOH:H,0 (1:4), followed by two steps of 1:10 dilution in H,O. 30 uM of Cu/Phe was added
to MPV17 containing samples (10 or 20 uM) and incubated for 1 h at 25 °C while shaking. The
resulting protein species were monitored with a non-reducing SDS-PAGE.

For BS3-crosslinking a 25 mM BS? (suberic acid bis(3-sulfo-N-hydroxy-succinimide ester)
sodium salt) solution was prepared freshly in BS? buffer (20 mM NaPi pH 7.0, 50 mM NacCl).
The liposome samples were prepared by either dialyzing against BS3 buffer or adding 20 mM
DTT to the liposome buffer. MPV17 in DPC micelles was used directly after SEC. Samples
were diluted to 20 uM in the respective buffer and the BS3-crosslinker was added at a 1:30
ratio. The reaction was performed at 25°C for 1h under shaking. The result analyzed with SDS-

PAGE and Coomassie staining.

Circular dichroism (CD) spectroscopy

CD measurements were conducted on a Jasco J-715 spectropolarimeter with a I mm path-
length quartz cuvette. Spectra were measured at 20 °C. Thermal unfolding was measured by
monitoring the ellipticity at 222 nm between 20 and 100 °C with a heating rate of 1 °C/min.

Data were fitted to a custom Boltzmann equation for thermal unfolding [33].

NMR spectroscopy

NMR experiments were done at 310 K on Bruker Avancelll spectrometers operating at 600,
800, 900 and 950 MHz proton frequency, respectively, with cryogenic probes and controlled
by Topspin 3.5 (Bruker Biospin). For backbone resonance assignments, a set of TROSY-type
3D-experiments was recorded [34] as well as a 3D-"N-edited-['H,'H]-NOESY-TROSY (200
ms mixing time) with ~ 400 uM U-?H,"3C,!>N-labeled MPV 17 samples (wt, cysteine-free,

MMTS methylated) in 20 mM NaPi, pH 7.0, 50 mM NaCl, 0.5 mM EDTA, 5 mM DTT (only
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wt MPV17), 300 mM DPC (Anatrace, F308) were run in a non-uniformly sampled (NUS)
manner with 15-20 % sampling density. The NUS sampling schedule was obtained by the
Poisson-gap method [35]. For rapid spectra reconstruction, we employed iterative soft
thresholding (IST) [36]. All NUS-3D spectra were processed with NMRpipe [37]. All other
spectra were processed with Topspin3.5 (Bruker Biospin). Resonance assignment and NMR
data analysis was done with NMRFAM-Sparky [38]. Chemical shift-based order parameters
were calculated with the program TALOS+ [39]. Chemical shift perturbations were calculated
as 'H,"’N-averaged values, as described in Ref. [40] using the perturbation analysis module in
NMRFAM-Sparky [38].

{'H},">N-heteronuclear NOE was measured with a 400 uM 2H,'>N-labeled sample at 310K
with a 2 s proton saturation time, 96 transients and 128 complex points in the indirect N
dimension in a fully interleaved manner.

Paramagnetic relaxation enhancement (PRE) experiments were conducted with a series of 2D-
['SN,'H]-TROSY experiments (recycle delay 2 s) with or without the paramagnetic agent. For
probing membrane locations, we added spin-labeled 16-doxyl-stearic acid (16-DSA) to a
’H,">N-labeled MPV 17 sample in DPC micelles at 1 to 5 mM concentration. For measuring
solvent PRESs, soluble Gd**-DOTA was stepwise added to the MPV 17 sample in DPC
micelles at a final concentration of 2 to 8 mM. At each sample, a 2D-['°N,'H]-TROSY

experiment was recording with a recycle delay of 2 s.

Data availability
The NMR backbone resonance assignments of MPV17wt, cysteine-free MPV17 and MMTS-
labeled MPV 17wt in DPC micelles have been deposited at the BMRB databank (acc. codes

50889, 50890, 50891). All other data are contained in the manuscript.
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Figure captions

Fig. 1. Optimization of the production and refolding of MPV17 produced in E. coli. (a) MPV17 is
an inner mitochondrial membrane protein potentially involved in nucleotide precursor transport and
ROS signaling. (b) MPV17 could only be produced in E. coli cells as a fusion protein with GB1.
MPV17 inclusion bodies were purified in chemical denaturants and refolded into detergent micelles.
(c) Representative SEC S200 profile of refolded MPV 17 after thrombin cleavage of the GB1 fusion
protein. Due to the attached Hisg-tag and a linker, GB1 runs at 17 kDa. (d) SDS-PAGE of the SEC
fractions labeled in (c). Minor bands visible in the gel originate from uncleaved GB1-MPV17 (30
kDa) or dimeric MPV17 (40 kDa). IM: inner membrane; OM: outer membrane; H: His-tag; T:
thrombin site; L: GGSS linker; GuHCI: guanidine hydrochloride; M: molecular weight marker.

Fig. 2. Detergent screening and NMR evaluation with MPV17. (a) Far-UV CD spectra of MPV17
in the indicated detergents at 20 °C. (b) CD-detected thermal melting curves of MPV17 in different
detergents. (c) Thermal melting curves of MPV 17 refolded into DPC micelles and reconstituted in
DMPC:DMPG (4:1) liposomes. (d) 2D-[°N, '"H]-TROSY spectra of U-[?H,!’N]-labeled MPV 17 in the
indicated detergents at 37 °C. Best NMR spectral quality was obtained in DPC micelles.

Fig. 3. NMR backbone resonance assignment and dynamics of *H,'3C,'5N-labeled MPV17 in
DPC micelles. (a) 2D-['SN,'H]-TROSY spectrum of MPV 17 with assigned backbone amide
resonances labeled. 89% of all non-proline residues in the protein could be assigned. (b)
Representative strips of a 3D-TROSY-HNCA experiment that was used to obtain sequence specific
backbone resonance assignments. (¢) Secondary chemical shift data analysis of MPV17 in DPC
micelles indicates six a-helical segments. (d) {'H}-"N heteronuclear NOE data (low value for
dynamic and high values for rigid regions in the protein in the ns to ps time scale) data of MPV17
correlates well with the presence of secondary structure elements. For comparison, the predicted order
parameter pattern calculated from chemical shift information is shown as a black line. (e) Degree of
sequence conservation among mammalian MPV 17 homologues using human, macaque, bovine, bison,
seal, hedgehog, mouse and rat amino acid sequences with a sequence conservation of > 90%.

Sequence variability is mainly observed in regions outside secondary structure elements.

Fig. 4. Membrane location of MPV17 helices probed with NMR paramagnetic relaxation
enhancement (PRE) experiments. (a) 2D-['’N,'H]-TROSY spectra of MPV 17 in DPC micelles and
after addition of 8 mM Gd3**-chelated DOTA (b) same as in (a) but with 1 mM 16-doxyl stearic acid
(16-DSA). (c) Intensity plot of the NMR signals in (a) before and after the addition of the water-
soluble DOTA chelator loaded with paramagnetic Gd** which affects the intensity of solvent-exposed
residues in MPV 17 via PRE. (d) Intensity ratio with 1 and 2 mM 16-DSA, a spin-labeled fatty acid
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that affects residues of MPV 17 that are located inside the detergent micelle. Negative bars indicate

missing resonance assignments.

Fig. 5. Lipid nanodisc incorporation of MPV17. (a) Overview of the nanodisc assembly procedure.
The GB1-MPV17 fusion construct is assembled into nanodiscs out of DPC micelles. Finally, the GB1
is cleaved off resulting in a 1:1 stoichiometric ratio between GB1 and incorporated MPV17. (b) SEC
profiles of different MPV 17 constructs incorporated into nanodiscs after GB1 cleavage. The nanodiscs
and GBI are well separated, so that the amount of GB1 can be directly used to calculate the amount of
MPV17 per nanodisc. Top: MPV17ACys in AH5-nanodiscs. Bottom: met-MPV 17wt in AHS5-
nanodiscs. (c) Far-UV CD melting curves of the different MPV 17 constructs in AH5-nanodiscs. (d)
Overview of the different MPV 17 nanodisc assemblies. The assembly ratios, lipids and MSP
constructs were varied resulting in similar amounts of MPV 17 per disc for both MPV17 samples. (e)
2D-[5N,'H]-TROSY spectrum of MPV17ACys in AH5-nanodiscs formed with DMPC/DMPG-lipids
(blue) overlayed with the MPV17ACys spectrum in DPC micelles.

Fig. 6. NMR and protein folding analysis of cysteine-free and cysteine-modified MPV17. (a)
Overlay of 2D-[’N,'H]-TROSY spectra of MPV 17wt (black) and cysteine-methylated MPV 17wt
(green) in DPC micelles. (b) same as in (a) but with cysteine-free MPV17 (red). (c), (d) NMR
chemical shift perturbation plots of met-MPV 17wt (c) and MPV17-cysfree (d) using MPV17wt as a
reference. (e,f) Thermal unfolding transitions of MPV 17wt (e) and cysteine-free (f) in DPC micelles
monitored by CD spectroscopy at 222 nm.

Fig. 7. MPV17 form covalent oligomers in a cysteine-dependent manner. (a) Cysteine-mediated
oxidative crosslinking of MPV17 with (o-phenanthroline),-Cu?* in DPC micelles and liposomes.
Higher oligomers can only be observed in liposomes. (b) Amino selective crosslinking of MPV17 in
DPC micelles and liposomes with BS?® with or without the reducing agent DTT. (c¢) 2D-[!*N,'H]-
TROSY spectra of MPV17wt in presence and absence of 5 mM DTT. MPV17 readily forms larger
species if DTT is omitted giving rise to signal disappearance and line broadening in the NMR spectra.
Signals that are disappearing in the oxidized sample are marked in the reduced sample spectrum. (d)
NMR signal intensity plot of the spectra shown in (c). A marked reduction in the signal intensity is
observed in regions where cysteine residues are present, further supporting a cysteine-dependent
oligomerization mechanism. Negative bars indicate missing signals or resonance assignments. (e)
Nanodisc assembly with MPV 17wt and disease-linked variants. MPV 17wt forms oligomers and does
not fit into nanodiscs, whereas the MPV 17 variants can be inserted into nanodiscs, suggesting a less
pronounced tendency for oligomerization. The GB1-cleavage assay to determine the number of
MPV17 monomers in the nanodiscs gives values very close to one, which is lower than for cysteine-

free MPV17 (see Fig. 5).
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Fig. 8. Model of MPV17 functionality of redox-dependent oligomeric pore formation. Reactive
oxygen species (ROS) are a byproduct of oxidative phosphorylation in the respiratory chain in
mitochondria. Enhanced levels of ROS lead to DNA damage and eventually to a lack of protein
expression of respiratory chain complexes that are encoded by mitochondrial DNA (mito-DNA).
MPV17, also located in the inner mitochondrial membrane, is able to sense oxidative stress via its
cysteine residues, leading to the formation of a stable oligomeric pore that can serve as an entry
channel for nucleotide precursors that are required for mito-DNA synthesis and repair. This model can
explain the severe effects of MPV17 leading to mitochondrial DNA depletion, mitochondrial
misfunction and associated phenotypes such as liver failure in early childhood. OMM: outer
mitochondrial membrane, IMM: inner mitochondrial membrane, IMS: inter membrane space. Ox.

Phos.: components of the respiratory chain, esp. complex IV, where electron transfer to O, takes place.

32



Journal Pre-proofs

Figures
Figure 1
i MPV17
a M c ~98 kD
440 5 29 137 6.5 (kD)
300~ | [
=)
<C 200
E
(=]
§100-
mitochondrium 04 . . ] O <
40 60 80 100
Elution volume (mL)
b d
12 345 6 7 89

M

Solubilization Refolding into (kD)
Purification detergent 35
MPV17 | in GuHCI micelles 25
Inclusion | ==y 20,5 e e Sl
bodies Thrombin Y
- ~ GB1

cleavage

33



Figure 2

o

a £
S 5 . . € 1.0hu 0.02 % DDM |
by 002%pbM | N 0.05% Cymal-7 o
x 4 005% Cymal-7 | N 0g 0.02% C12E8 | Leiiii“if?iiﬁ DPC |
g 3 0.02% C12E8 | ® 0.025% DPC P
£ 0.025%DPC { ® 06
& 15
5 {1, ‘B 0.4
= = 53
%7 M 1307 53
22 ~60 % a-helix 1 & 42
= , . ] = 00} 73 [RDan ans
@ 200 220 240 260 & - ‘ ‘ . . ‘
Wavelength (nm) £ 20 4 60 80 10020 40 60 80 100
aveleng =4 Temperature (°C) Temperature (°C)
d % m
P P T . (N
8,("N) —JL"’“‘/ @W/O
lppm]| - DPC C12ES8 _ Cymal-7 .. DDM
110 = . - -=
= - w L w
15 . o= . . ...
e . sitsae
120 = 5
LT 22 R e TR e
125 = - Trp e - M 9 sgﬂ s °
90 85 80 75 7.0 90 85 80 75 70 90 85 80 75 70 90 85 80 75 70 62(‘H)

[ppm]

34



—= b [c28]L29]G30]|[D31][132
5365‘%-?2“ 457
W G49
T2 *
5115 :435370 < ; = n
= ':“&4“ & RS g'so
‘H;‘.‘.UD? &
= @55 "l
;Bf— = || D | | ESH
=
60
130 ._-2’.-“‘
10 9 8 ] [
. 0,('H) [ppm]
C99 C103 C160

H1G H2 . { H4| : Hs i |He

2 |
Z :
2 V. ] - ] . : .
—— } ¥ 1 L J | | P 1 { ' | 1 ! 1 | 1
I 0.0% 20 40 60 80 100 120 140 160 180
= Residue number
e

n

C

(@]

(@]

0 20 40 60 80 100 120 140 160 180
Residue number

35



Figure 4
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Figure 7
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Research Highlights

Structural and functional features of the inner mitochondrial disease-linked protein
MPV 17 are only poorly understood.

Establishment of MPV 17 production in E. coli and screening for suitable detergents
for structural and biophysical studies.

NMR resonance assignment, secondary structure content, dynamics and membrane
location of MPV17 in DPC micelles.

Lipid nanodisc assay to determine the tendency of MPV17 to form larger oligomers,
which can be inhibited by the removal of cysteine residues or by the introduction of
disease-linked mutations.

These data provide first structural insights into MPV17 and suggest that this protein
a redox sensor that forms oligomeric pores upon expose to oxidative stress.
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