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Abstract

Respiratory Complex | is the site of a large fraction of the mutations that appear to cause
mitochondrial disease. Seven of its subunits are mitochondrially encoded, and therefore, such
mutants are particularly difficult to construct in cell-culture model systems. We have selected 13
human clinical mutations found in ND2, ND3, ND4, ND4L, ND5 and ND6 that are generally
found at subunit interfaces, and not in critical residues. These mutations have been modeled

in E. coli subunits of Complex |, nuoN, nuoA, nuoM, nuoK, nuoL, and nuoJ, respectively.

All mutants were expressed from a plasmid encoding the entire nuo operon, and membrane
vesicles were analyzed for deamino-NADH oxidase activity, and proton translocation activity.
ND5 mutants were also analyzed using a time-delayed expression system, recently described by
this lab. Other mutants were analyzed for the ability to associate in subcomplexes, after expression
of subsets of the genes. For most mutants there was a positive correlation between those that were
previously determined to be pathogenic, or likely to be pathogenic, and those that we found with
compromised Complex | activity or subunit interactions in £. coli. In conclusion, this approach
provides another way to explore the deleterious effects of human mitochondrial mutations, and it
can contribute to molecular understanding of such mutations.
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1. Introduction

The genes that encode Complex I are found in both nuclear DNA and mitochondrial

DNA. Mutations in these genes are responsible for a large fraction of all mitochondrial
diseases (Mayr et al., 2015; Scheffler, 2015). Seven of the thirteen protein-coding genes

of mammalian mitochondria encode membrane subunits of Complex | (Chomyn et al.,

1986; Chomyn et al., 1985). Mutations in these genes have commonly been detected in
individuals experiencing various mitochondrial diseases, including Leber’s Hereditary Optic
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Neuropathy (LHON) (Yu-Wai-Man and Chinnery, 2021) and Leigh syndrome (Bakare et
al., 2021), since the 1990s, due to the relative ease of sequencing mitochondrial DNA
(Howell et al., 1991; Wallace et al., 1988). It can be difficult to carry out biochemical
analyses of mitochondrial function from tissue samples. Moreover, control values of enzyme
activities are typically uncertain, and must be specified by a broad range. Due to the

high copy number of mitochondrial DNA in most cells, heteroplasmy of a mutation can
vary from 0 to 100%, and this value can also vary from one type of tissue to another.

The mitochondrial haplotype can also influence the effect of a particular mutation, but
generally, in unknown ways (Klink et al., 2021). For all these reasons, the pathogenicity of
an identified mitochondrial mutation can be difficult to ascertain (Ratnaike et al., 2021; Wei
etal., 2017; Wong et al., 2020).

Complex I is an L-shaped multi-subunit enzyme embedded in the inner mitochondrial
membrane (for reviews see (Agip et al., 2019; Hirst, 2013; Parey et al., 2020; Sazanov,
2015)). It is the first member of the electron transport chain and oxidizes NADH while
reducing ubiquinone and translocating protons across the membrane. One arm of the

“L” extends into the matrix space, and the other is embedded in the mitochondrial inner
membrane. The matrix arm contains a flavin mononucleotide (FMN) and all iron—sulfur
(FeS) clusters necessary for electron transfer to ubiquinone. The membrane arm contains
the subunits that translocate protons from the matrix to the inner membrane space. There
are fourteen “core” subunits that have been found in Complex I from all species. The
membrane arm contains seven core subunits, and all are encoded by mtDNA: ND1, ND2,
ND3, ND4, ND4L, ND5, and ND6. The remaining core subunits are in the matrix arm. In
addition to the core subunits, mammalian Complex | contains 31 so-called supernumerary
(or accessory) subunits (Elurbe and Huynen, 2016; Vinothkumar et al., 2014). The structure
and pathogenicity of human mutations in the supernumerary subunits has been recently
reviewed (Dang et al., 2020; Padavannil et al., 2021). The structures of mitochondrial
Complex I from several species, including human (Gu et al., 2016), ovine (Fiedorczuk et
al., 2016), bovine (Blaza et al., 2018), mouse (Agip et al., 2018) and yeast (Grba and Hirst,
2020; Parey et al., 2018) have been determined.

Complex | from E. coliis a useful model system for the mitochondrial enzyme. A partial
structure has been determined by crystallography (Efremov and Sazanov, 2011), and full
structures by cryo-EM (Kolata and Efremov, 2021; Schimpf et al., 2021), and it appears
very similar to the core subunits of the mitochondrial enzyme. The structures of Complex

| from ovine and from E. coliare compared in Fig. 1. The enzyme from E£. coli contains
seven membrane subunits that are homologous to the seven mitochondrially encoded ones
in human Complex I. All its subunits are encoded by the nuo operon (Weidner et al., 1993).
These genes can be expressed from an inducible plasmid in a strain deleted for the nuo
operon, allowing for simple comparison of mutants (Zhang and Vik, 2021).

In this project, thirteen human clinical mutations were selected that were found in patients
with various conditions thought to be associated with mitochondrial dysfunction. They occur
at subunit interfaces between core subunits, and therefore, seemed likely to disrupt assembly.
The predicted or observed pathogenicity of these mutations ranged from “confirmed” to
“benign” to “uncertain”. All were modeled at corresponding positions in the £. colf proteins
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and analyzed. In general, a second mutation was constructed, in which the residue was
changed to alanine. This helped determine whether loss of function is associated with the
loss of the original amino acid, or by the introduction of the mutant amino acid.

2. Materials and methods

2.1.

2.2.

Materials

Restriction endonucleases, T4 DNA ligase, Q5 Site-Directed Mutagenesis Kit, Q5 High-
Fidelity PCR Kit, and Monarch PCR Cleanup Kit were from New England BioLabs
(Beverly, MA). QuikChange Mutagenesis kit was from Agilent Technologies (Santa

Clara, CA). DNA Miniprep kits were purchased from Qiagen (Valencia, CA) and
ThermoFisher Scientific (Pittsburgh, PA). The QIAquick and QiallX Gel Extraction Kits
were from Qiagen (Germantown, MD). Immunoblot PVDF (polyvinylidene difluoride),
Mini-PROTEAN TGX gels (12%; 4-15%), Precision Plus Protein ™ Dual Color standards,
Precision Plus Protein ™ unstained standards and the DC protein assay kit were from
Bio-Rad (Hercules, CA). 9-Amino-6-chloro-2-methoxyacridine (ACMA) and NativeMark™
Unstained Protein Standards were from Invitrogen. The polyclonal antibodies against

E. coli Complex | subunits were described and validated in a recent publication

(zZhang and Vik, 2021). Subunit N was detected by the monoclonal mouse HA-probe

(F7), from Santa Cruz Biotechnology (Dallas, TX), as were Goat anti-rabbit and Goat
anti-mouse 1gG-HRP, IgG (mouse monoclonal IgG1), and Protein A/G PLUS-Agarose.
SuperSignal West Dura Extended Duration Substrate and p-nitro blue tetrazolium chloride
(NBT) were from ThermoFisher Scientific (Pittsburgh, PA). n-dodecyl-B-D-maltopyranoside
was from Anatrace (Maumee, OH). Other chemicals, including NADH, 6-aminocaproic
acid, L-arabinose, D-fucose, glucose, Coomassie Brilliant Blue G, Protease Inhibitor
Cocktail (P8465), Bis-Tris, deamino-NADH, FCCP, and IPTG were from MilliporeSigma
(Burlington, MA). Oligonucleotides for plasmid construction, mutagenesis, and sequencing
were synthesized by Eurofins Genomics (Louisville, KY). DNA sequencing was performed
by Lone Star Labs. (Houston, TX).

Mutagenesis

Single amino acid substitutions were constructed by Q5 Site-Directed Mutagenesis to
introduce an additional restriction site, for rapid identification of mutants. Two mutants
nuoM_L183A, P, were constructed similarly by QuikChange mutagenesis. Primers used for
construction of mutations are found in the supplement (Supplementary Table S1). Mutations
constructed in subunits L, M, N, J, K or A were transferred to the expression vector,
pBAD33(A-N) that contains a full size nuo operon (Zhang and Vik, 2021) or plasmids with
a subset of Complex | genes, using two unique restriction sites. Two strategies were used
for generating double mutants. Typically, the mutations were constructed independently,
plasmids containing single substitutions were digested with two endonucleases, and the
insert was ligated in the vector containing the second mutation. Alternatively, the plasmids
containing the first mutations were used as the templates in Q5 Site-Directed mutagenesis
for creating the second mutations. The double mutants were transferred to plasmid
pBAD33(A-N) and transformed into strain BA14 that carries a chromosomal deletion for
the genes of all complex | subunits (Amarneh et al., 2006).
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2.3. Growth and membrane preparation

For analysis of mutations expressed by pBAD33(A-N), the cells were grown in a rich
chemical medium (0.5% yeast extract, 1.0% peptone, 15 mM NagPOy4, 10 mM NayHPO,,
25 mM KH,PO,, 50 mM NH4CI, 5 mM NaySOy4, 2 mM MgSOy,, 50 mg/L riboflavin, 30
mg/L ferric ammonium citrate, and 0.5 mM L-cysteine) at 37 °C (Bungert et al., 1999). For
analysis of mutations expressed in a subset of Complex I genes, cells were grown in a rich
medium (3% tryptone, 1.5% yeast extract and 0.15% NaCl and 1% (v/v) glycerol) at 37 °C
(Amarneh and Vik, 2003). Harvested cells were suspended in 9 ml of 50 mM MES, 25%
glycerol, and 10 mM MgSO, (pH 6.0), and passed through the French press at 8000 psi.
Membrane vesicles were prepared as described previously (Zhang and Vik, 2021). These
vesicles are considered to be highly oriented, and sealed, as indicated by surface labeling
studies (Wada et al., 1999) and ACMA fluorescence quenching assays.

2.4. Time-delayed expression systems

The time-delayed, /n vivo assembly procedures developed originally by Brockmann et al.
(Brockmann et al., 2013), were used as adapted in this lab, and described recently (Zhang
and Vik, 2021). In brief, pPBAD33 (A-M) and pET22b(L) bearing nuoL mutations were
simultaneously transformed into BA14 (Anuo) competent cells that already harbored a third
plasmid, pT7Pol26. The cells were grown in 500 ml of rich chemical medium (described
above) at 37 °C with 100 mg/l ampicillin, 40 mg/l chloramphenicol, and 50 mg/l kanamycin
as selection markers. The cultures were induced with 0.03% (w/v) arabinose when Aggg =
0.05, to express the genes cloned into pBAD33, and grown to Aggg 0.3. At this time, 0.5%
(w/v) glucose and 0.045% (w/v) D-fucose were added to the medium, to repress further
expression of the pBAD-controlled genes. After thirty minutes, induction of genes cloned
into pET22b, was started with addition of 0.1 mM IPTG, and the cultures were harvested at
Aeoo =1.0.

2.5. SDS electrophoresis and immunoblotting

2.6.

50 pg of membrane protein were mixed with 10 pl 4% SDS and 5 pl of loading dye (60 mM
Tris—HCI (pH 6.8), 25% glycerol, 14.4 mM 2-mercaptoethanol, 0.1% bromophenol blue)
and then incubated at 37 °C for 15 min. Samples were run on 12% acrylamide gels at 150

V for 1 h and then were transferred to PVDF membrane for immunoblotting as described
previously (Zhang and Vik 2021). The PVDF membrane was incubated with rabbit custom
antibodies diluted 1:5000 for subunit L or M, 1:10,000 for subunits A, J, K, or mouse
anti-HA serum, diluted 1:170 for subunit N at room temperature for at least 2 h. Blots shown
are representative of 2 or 3 blots in total.

Blue-native gel electrophoresis and NADH dehydrogenase activity assay

Blue-native gel electrophoresis was performed according to previous methods (Schagger
and von Jagow, 1991; Torres-Bacete et al., 2007). In brief, £. coli membranes equivalent to
800 g of protein were resuspended in 750 mM aminocaproic acid, 50 mM Bis-Tris-HCI
(pH 7.0), 0.1 mg/ml DNase, and 0.8% (w/v) dodecyl maltoside to a total volume of 240

ul. After incubation on ice for 30 min, the samples were centrifuged at 149,000¢ for 10
min. The supernatants were recovered, and 2% (w/v) of Coomassie Brilliant Blue G in 1 M
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aminocaproic acid was added at a final concentration of Coomassie Blue of 0.08% (v/v). 50
ug protein from the samples were loaded on a 4-15% gradient gel, and electrophoresis was
performed in a 4 °C chamber at 100 V until entry of the protein sample into the stacking
gel. After that, the cathode buffer, containing 0.02% of Coomassie Blue, was replaced by
the cathode buffer without Coomassie Blue, and the electrophoresis was continued at 150
V until the tracking dye ran out. After the electrophoresis, the gel was washed several

times in 2 mM Tris-HCI (pH 7.5) before transfer to PVDF. For the NADH dehydrogenase
activity assay, the gel was incubated in 2 mM Tris-HCI (pH 7.5) containing 2.5 mg/ml of
p-nitroblue tetrazolium and 150 pM NADH for 40 min at room temperature. The reaction
was terminated by 10% acetic acid and 50% methanol.

Immunoprecipitation

450 pl of protease inhibitor cocktail solution was added to 9 ml cell suspension before

the French press procedure. Immunoprecipitation were conducted according to the methods
described previously (Zhang and Vik, 2021). In brief, 30 ul of Protein A/G Plus-Agarose
beads were incubated with 1 pg of anti-HA in 300 ul of resuspension buffer for 1 h at 4 °C
with constant rocking. Beads bound with pull-down antibody were centrifuged at 1470g for
2 min, and the supernatant was discarded. Membranes equivalent to 500 g of protein were
resuspended in 200 pl of the same buffer. After incubation on ice for 30 mins, samples were
centrifuged at 149,000¢ for 10 min at 4 °C and the supernatants were incubated with 25 pl
of untreated A/G beads with constant rocking. After 1 h, the samples were centrifuged for 2
min. Supernatants were recovered and incubated overnight with the beads which had bound
anti-HA antibodies, at 4 °C with constant rocking, followed by washes with 300 pl of the
same resuspension buffer for three times. The immunoprecipitated material was dissolved in
30 pl of SDS sample buffer and incubated at 37 °C for 10 min and then subjected to gel
electrophoresis for immunoblot analysis. 50 pg of protein was loaded in “input” lanes.

2.8. Enzyme assay

The activity assays were conducted according to the methods described previously
(Amarneh et al., 2006; Michel et al., 2011). In brief, NADH oxidase activity assays were
started with 0.25 mM dNADH (extinction coefficient 6.22 mM~1 cm™1) and the absorbance
was monitored at 340 nm for 2 min. dNADH oxidase activity assays were conducted by
using 50 ug/ml protein membrane in 50 mM MOPS, 10 mM MgCl,, pH 7.3 at room
temperature. The uncoupler FCCP was added to 1 uM final concentration from a 1 mM
ethanol stock to eliminate the buildup of a proton gradient during NADH oxidase assays.
Proton translocation assays were conducted by measuring the fluorescence quenching of
the acridine dye ACMA (9-amino, 6-chloro, 2-methoxyacridine) as a ApH indicator using
excitation and emission wave lengths of 410 and 490 nm, respectively. Proton translocation
assays were conducted by using 25 ug/ml protein membrane in 50 mM MOPS, 5 mM
MgCl,, 50 mM KCI, at pH 7.3 at 25 °C, with additions of 0.25 mM dNADH, 1 pM
valinomycin, and 1 pyM ACMA.
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3. Results
3.1. Mutations in ND5 (nuol)

Two mutations found in ND5, 1149S (T12782G) and Y159H (T12811C), were modeled

in £. coli nuoL. The E. coliresidues are L148 and Y158. Both are found at the interface
with ND4 (nuoM) in transmembrane helix 5 (TM5) of ND5, which also contains the key
residue E145. Both mutations contact the N-terminal half of the “broken-helix” TM12 in
ND4. The C-terminal half of this “broken-helix” contains key residue E378. These two key
residues constitute the functional interface of ND4 and ND5, which is essential for proton
translocation. The locations of the mutations are shown in Fig. 2 for the human and the £.
coli proteins.

The ND5_1149S mutant was discovered among a group of patients with LHON-like optic
neuropathies (Abu-Amero and Bosley, 2006). The individual with this mutation also carried
3 other mitochondrial mutations in ND1 (4216, Y304H), ND5 (13708, A458T), and CYTB
(15257, D171N). All are known to be associated with LHON (Leber’s Hereditary Optic
Neuropathy), indicating the possibility of an accumulation of negative effects on function. In
E. colithe mutations were constructed and moved to the expression vector pPBAD33(A-N)
for the preparation of membrane vesicles. Both mutants had similarly high levels of dANADH
oxidase activity (Fig. 2E), with values compared to wild type of 83 + 2% for L148S and 85
+ 6% for L148A, suggesting that loss of leucine was the key effect. In proton translocation
assays, using the quenching of ACMA fluorescence, both mutants showed a corresponding
rate compared to the wild type samples (Fig. 2G). The presence of subunit L was confirmed
by immunoblotting, (Supplementary Fig. S1). In BN gels, a complex corresponding to the
size of Complex | (540 kDa) was detected by immunoblotting and an in-gel assay showed
bands of activity corresponding to full-size Complex | (Supplementary Fig. S1). Finally, the
L148S mutant was tested for its ability to function in a time-delayed expression experiment
(Fig. 21 and J). When wild type L is expressed from pET22b(L) after a 30 min time delay
after all other genes were expressed from pBAD33(A-K + MN), 100% of dNADH oxidase
activity is achieved, as compared to the wild type operon, pPBAD33(A-N) (Zhang and Vik,
2021). In the case of L148S, only 70 + 12% activity was found, suggesting a decreased
efficiency in assembly due to the mutation.

In a study of a family with LHON (Cai et al., 2008), an individual was identified

with an ND5_Y159H mutation, and also carried the common LHON mutation in ND4
(G11778A, R340H) (Wallace et al., 1988). In addition, mutations in CO1 (G6480A) and
CYB (A15395G) were identified. A second individual was found with the ND5_Y159H
mutation (Bi et al., 2012), and also carried a second mitochondrial mutation, ND1 (S110N,
G3635A) that was considered to be a primary LHON mutation (Brown et al., 2001; Yang
et al., 2009), and two additional mutations in ND5 (1576T, T14063C) and in CYB (1164T,
T15237C). Therefore, it was thought that the ND5_Y159H mutation might contribute to
the pathology, without being causative. This was supported by a recent report, in which an
individual with the same allele was treated for vision problems as an adult, but recovered
with an improved diet, and cessation of alcohol and cigarette consumption (Zhou et al.,
2021).
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In E. colitwo mutations were constructed in subunit L, Y158H and Y158A, and analyzed

in membrane vesicles. Both mutants had similarly high levels of ANADH oxidase activity
(Fig. 2F), with values compared to wild type of 86 + 3% for nuol_Y158H and 90 + 6%

for nuoL_Y158A. In proton translocation assays, both mutants showed a corresponding rate
compared to the wild type samples (Fig. 2H). The presence of subunit L was confirmed by
immunoblotting (Supplementary Fig. S1). In BN gels, a complex corresponding to the size
of Complex | (540 kDa) was detected by immunoblotting, and an in-gel assay showed bands
of activity corresponding to full-size Complex I (Supplementary Fig. S1). The nuolL_Y158H
mutant was also tested for its ability to function in the time-delayed expression experiment
(Fig. 21 and J). When expressed from pET22b(L) after a 30 min time delay after all other
genes were expressed from pBAD33(A-K + MN), 60 + 6% of dNADH oxidase activity was
achieved, as compared to the wild type operon, pPBAD33(A-N). This indicates a decreased
efficiency in assembly due to the mutation. Finally, the Y158A mutation was constructed
with a second mutation in an interacting residue of subunit M, W378A, which reduces the
possible interaction surface. Activity measurements showed only a slightly reduced level

of activity, 84 + 7%, as compared to the single mutant in L, Y158A, 90% of wild type,
suggesting that loss of interactions of Y158A with W378 were not a significant cause of loss
of activity (Fig. 3).

3.2. Mutations in ND4 (nuoM)

Two clinical mutations in ND4, L158P (red) and 1165T (blue), were modeled in the nuoM
gene of £. coli. The locations of the mutations for the human and the £. coli proteins are
shown in Fig. 4. The E. coliresidues are L183 (red) and L190 (blue). Both are found in
TM6 of subunit M, at the interface with subunit N (ND2) and in proximity to key residue
E144 found in TM5 of M. Both mutations contact the C-terminal half of the “broken-helix”
TM12 of subunit N (TM8 in ND2), which contains key residue K395 (K263 in ND2). The
interactions of M_E144 and N_K263 are part of the functional interface of these subunits
and are essential for proton translocation.

The ND4_L158P mutation (T11232C) was first identified in a 48 year old male with
symptoms of chronic progressive external ophthalmoplegia (CPEO) (Pulkes et al., 2003).

In muscle cells the mutant load was about 40%, but the rates of Complex | activity

were well within the normal range, suggesting a mild effect. In £. coli two mutations,
nuoM_L183P and nuoM_L183A, were constructed and analyzed in membrane vesicles.
The L183P mutant had a diminished level of ANADH oxidase activity of 72 + 7% as
compared to wild type (Fig. 4E), while the L183A had higher activity of 87 + 6%,
suggesting that the proline was deleterious. In proton translocation assays, both mutants
showed a corresponding level compared to the wild type (Fig. 4G). The presence of subunit
M was confirmed by immunoblotting (Supplementary Fig. S2). A band corresponding to
the size of Complex | (540 kDa) was detected in BN gels, and an in-gel assay showed
bands of activity corresponding to full-size Complex | (Supplementary Fig. S2). Finally,
the L183P mutant was tested for its ability to disrupt a complex of subunits M and N.

This mutant was expressed from pBAD33(MN), and after preparation of membrane vesicles
and solubilization by dodecyl maltoside, subunit M was tested for co-immunoprecipitation
by an anti-HA antibody, which precipitates subunit N. The results (Fig, 41), show that
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nuoM_1L183P is not co-immunoprecipitated with N, unlike the wild type M. This shows a
potential disruption of assembly due to the mutation.

The ND4_1165T mutation was discovered in a 29 year old male with LHON symptoms
(Leo-Kaottler et al., 2002) and in a patient with idiopathic Parkinson disease by PCR analysis
of the mitochondrial DNA from the substantia nigra (Kdsel et al., 1998). Vision of the
individual with LHON declined for several months after initial diagnosis, but the following
year began to improve to moderate levels. In £. colitwo mutations, nuoM_L190T and
nuoM_L190A, were constructed and analyzed in membrane vesicles. The nuoM _L190T
mutant had a slightly diminished level of ANADH oxidase activity of 85 + 3% as compared
to wild type (Fig. 4F), while nuoM 1L 190A had higher activity of 93 + 14%. In proton
translocation assays, both mutants showed a corresponding rate compared to the wild type
(Fig. 4H). The presence of subunit M was confirmed by immunoblotting (Supplementary
Fig. S2). A complex corresponding to the size of Complex | (540 kDa) was detected in

BN gels by immunoblotting, and an in-gel assay showed bands of activity corresponding

to full-size Complex I (Supplementary Fig. S2). The nuoM_L190T mutant was also tested
for its ability to disrupt the formation of a complex of subunits M and N. The results
showed that nvoM_L190T is not co-immunoprecipitated with N, unlike the wild type M
(Fig. 4l). This suggests a potential disruption of assembly like that of the nuoM 1.183P
mutant. Finally, the nuoM_1.190T mutation was constructed with a second mutation in an
interacting residue of subunit N, F396A, which reduces the possible interaction surface. The
results indicate a further reduced level of activity, 72 £ 5%, as compared to the single mutant
in M, L190T, 85% of wild type (Fig. 5). These results suggest that interactions of subunit M
with nuoN_F396 contribute to enzyme stability or function.

Mutations in ND2 (nuoN)

Two clinical mutations in ND2, F60S (red) and L71P (blue), were modeled in the nuoN
gene of £. coli. The E. coliresidues are T160 (red) and L171 (blue). Both are found at

the interface with NDAL (nuoK) in TM2 (TM6 in £. colj). The mammalian ND2 lacks the
first four transmembrane helices, and about 100 amino acids, that are found in bacterial
species. Mutated residue F60 contacts TM3 of subunit K (ND4L), near the key residue E70,
while mutated residue L71 contacts TM2 of subunit K (ND4L) near key residue E34. These
interactions are part of the functional interface of subunits K and N (ND4L and ND2) and
are essential for proton translocation. The locations of the mutations in the human and the £.
coliproteins are shown in Fig. 6.

The ND2_F60S mutation (T4648C) was first identified in a 65 year old male with
pseudoexfoliation syndrome (PES), a less severe form of pseudoexfoliation glaucoma

(PEG) (Abu-Amero et al., 2008). Limited biochemical analysis indicated no difference

in respiration rates relative to controls. In £. colitwo mutations, nuoN_T160A and
nuoN_T160F, were constructed and analyzed in membrane vesicles. Due to lack of sequence
conservation, T160F was chosen to be disruptive. Both mutants had high levels of AINADH
oxidase activity (Fig. 6E), with values compared to wild type of 97 + 5% for nuoN _T160A
and 87 + 3% for nuoN_T160F. In proton translocation assays, both mutants showed a
corresponding level compared to the wild type (Fig. 6G). The presence of subunit N was
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confirmed by immunoblotting (Supplementary Fig. S3). A complex corresponding to the
size of Complex | (540 kDa) was detected in BN gels by immunoblotting, and an in-gel
assay showed bands of activity corresponding to full-size Complex | (Supplementary Fig.
S3).

The ND2_L71P (T4681C) mutation was discovered in an infant boy with Leigh Syndrome,
who died at age 12 (Ugalde et al., 2007). In blood, muscle, and fibroblast cells the mutant
load was about 95%, and the rates of Complex I activity were well below the normal range.
Analysis by BN gel electrophoresis found decreased levels of fully assembled Complex

I and increased levels of sub-complexes. In £. colitwo mutations, L171P and L171A,
were constructed in nuoN and analyzed in membrane vesicles. The nuoN_L171P mutant
had a diminished level of AINADH oxidase activity of 73 + 1% as compared to wild type,
while the nuoN_L171A had higher activity of 92 + 3% (Fig. 6F). In proton trans- location
assays, both mutants showed a corresponding level compared to the wild type (Fig. 6H). The
presence of subunit N was confirmed by immunoblotting (Supplementary Fig. S3). A band
corresponding to the size of Complex | (540 kDa) was detected in BN gels, and an in-gel
assay showed bands of activity corresponding to full-size Complex | (Supplementary Fig.
S3).

In the original report of the ND2_L71P (T4681C) mutation (Ugalde et al., 2007), 25
polymorphisms in the mtDNA of the individual were reported, including N150D in ND2
(A4917G). N150 is not conserved in E. coli nuoN, but the corresponding residue appears to
be A268 (see Fig. 7A). The double mutant in subunit N, A268D/L171P, was constructed

to probe whether the polymorphism contributed to the pathology. The double mutant

had a level of ANADH oxidase activity of 71 + 6% (Fig. 7B), while the single mutant,
nuoN_L171P, had an indistinguishable activity of 73 + 1% (Fig. 6F). This suggests that the
polymorphism had no impact on the identified mutation. Finally, the nzoN _L171P mutation
was constructed with a second mutation in an interacting residue of subunit K, A65F, which
increases the possible interaction surface. The results indicate a somewhat increased level
of activity, 82 + 8% (Fig. 7B), as compared to the single mutant nuvoN_L171P, 73% of

wild type (Fig. 6F). This result suggests that the introduced nuoK_A65F mutation partially
suppresses the nuoN_L171P mutation through increased nonbonding interactions.

3.4. Mutations in ND4L and ND6 (nuoK and nuoJ)

One clinical mutation in ND4L, H25R (blue), was modeled in the nuoK gene of E. coli. The
E. coliresidue is nuoK_N27 (blue). It is found at the interface with ND6 (nu0J), which is
one of the largest subunit interfaces in the £. colienzyme. The three helices of K are nearly
surrounded by the five helices of J, on three sides. In the human enzyme, H25 is contacted
by S24 at the N-terminal end of TM2, and by E76 at the C-terminal end of TM3. In £

coli, the primary contact is from E84 of subunit J, found in a similar position in a helical
connection between TM2 and TM3. The location of the mutation in the human and the £.
colf proteins is shown in Fig. 8.

The ND4L_H25R mutation (A10543G) was first identified in a 65 year old male with
pseudoexfoliation syndrome (PES) (Abu-Amero and Bosley, 2006). Limited analysis of
biochemical function indicated no difference in respiration rates relative to controls. In £.
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colitwo mutations, N27R and N27A, were constructed in nuoK and analyzed in membrane
vesicles. The nuoK N27R mutant had a diminished level of AINADH oxidase activity of

74 + 10% as compared to wild type (Fig. 8E), while nuoK_N27A had a lower activity

of 54 + 5%, suggesting that a polar residue was preferred at this position. In proton
translocation assays, corresponding levels were seen, as compared to the wild type (Fig.
8F). The presence of subunit K was confirmed by immunoblotting (Supplementary Fig. S4).
A band corresponding to the size of Complex | (540 kDa) was detected in BN gels by
immunoblotting, and an in-gel assay showed bands of activity corresponding to full-size
Complex I (Supplementary Fig. S4).

Two clinical mutations in ND6, V112M (red) and N119D (blue), were modeled in the nuoJ
gene of £. coli. The E. coliresidues are 1111 (red) and G118 (blue). The locations of the
mutations are shown in Fig. 9 for the human and the £. coli proteins. In all cases, the
mutated residues are found near the N-terminus of ND4L (nuoK).

The ND6_V112M mutation (C14340T) was first identified in a 27 year old female with
auditory neuropathy along with the 12S rRNA mutation T1095C, previously known to be
associated with hearing loss (Wang et al., 2005). No biochemical analysis was done. In E.
colitwo mutations were constructed in nuvoJ, 1111M and 1111A, and analyzed in membrane
vesicles. The nuoJ_1111M mutant had a diminished level of dNADH oxidase activity of

72 + 8% as compared to wild type (Fig. 9E), while nuoJ 1111A had a slightly higher
activity of 81 + 6%. In proton translocation assays, both mutants showed a corresponding
level compared to the wild type (Fig. 9F). The presence of subunit J was confirmed by
immunoblotting (Supplementary Fig. S5). A band corresponding to the size of Complex |
(540 kDa) was detected in BN gels by immunoblotting, and an in-gel assay showed bands of
activity corresponding to full-size Complex | (Supplementary Fig. S5). The mutant 1111M
was tested for its ability to assemble in the subcomplex of J-N. The mutants were expressed
from pBAD33(I-N), and after preparation of membrane vesicles, and solubilization by
dodecyl maltoside. Blue native gel electrophoresis was performed, immunoblotting used
antibody against subunit J. A very faint band at the size of 260KDa was seen in I-N
(1111M), suggesting that mutant 1111M greatly decreases the efficiency of assembly of J-N
(Fig. 9G).

The ND6_N119D mutation (T14325C) was identified in a single Dutch pedigree of
individuals with LHON that lack the 3 most common mutations in mitochondrial DNA

at positions 3460, 11778, or 14,484 (Howell et al., 2003). In £. colitwo mutations, G118D
and G118L, were constructed in nuoJand analyzed in membrane vesicles. The nuoJ G118D
mutant showed no dNADH oxidase activity, while the nuoJ G118L had a slightly reduced
activity of 86 + 8% as compared to wild type (Fig. 9E). In proton translocation assays, both
mutants showed a corresponding level compared to the wild type (Fig. 9F). The presence of
G118L was confirmed by immunoblotting, but G118D was absent (Supplementary Fig. S5).
A band corresponding to the size of Complex | (540 kDa) was detected for G118L in BN
gels, but not for G118D (Supplementary Fig. S5). Similarly, an in-gel assay showed a band
of activity corresponding to full-size Complex | for G118L, but only a faint band of activity
for G118D, consistent with a very low level of assembled Complex | (Supplementary Fig.
S5).
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3.5. Mutations in ND3 (nuoA)

Four clinical mutations in ND3, S45P (blue), A47T (red), 160T (magenta), and D66N (lime),
were modeled in the r710A gene of E. coli. The E. coliresidues are G58 (blue), A60 (red),
M73 (magenta), and D79 (lime). The locations of the mutations are shown in Fig. 10 for
the human and the Thermus thermophilus proteins. In this case, the structure of different
bacterial Complex | is shown, because it shows a more complete ND3-ND1 architecture
(Baradaran et al., 2013). Both S45P and A47T are found in the long loop (residues 25-50)
of ND3 between TM1 and TM2. These two residues are found at the interface between

the loop connecting TM3-TM4 in ND1 (nuoH) and the loop connecting TM3-TM4 in ND6
(nuoJ). This region undergoes important conformational changes during catalytic turnover.
Residues 160 and D66 are found in TM2 of ND3, which is situated between TM4 of ND1
(nuoH), TM5 of ND6 (nuoJ), and TM3 of ND4L (nuoK). Residue D66 is in a hydrophobic
environment in the conformation shown here, but during turnover, it becomes hydrated, and
is part of the proton translocation pathway.

The ND3_S45P mutation (T10191C) was first identified in a 42 year old male that had
developed symptoms including ataxia and seizures beginning at age 24 (Taylor et al., 2001).
Initial analysis of Complex I activity indicated a loss of respiration rate, depending upon

the mutant load in the tissue assayed. This mutation was found again in 2003 in a second
individual that died after 23 days (McFarland et al., 2004). This individual had a high mutant
load (>98%) in all tissues that were analyzed and showed 60% level of Complex | assembly
by native gel electrophoresis. In £. colitwo mutations, G58P and G58L, were constructed in
nuoA and analyzed in membrane vesicles. The nuoA_G58P mutant had a diminished level
of dNADH oxidase activity of 65 + 3% as compared to wild type, while nuoA_G58L had a
higher activity of 85 + 3% (Fig. 10E). In proton translocation assays, both mutants showed
a corresponding rate compared to the wild type (Fig. 10F). The presence of subunit A was
confirmed by immunoblotting (Supplementary Fig. S6). A band corresponding to the size
of Complex | (540 kDa) was detected in BN gels by immunoblotting, and an in-gel assay
showed bands of activity corresponding to full-size Complex | (Supplementary Fig. S6).

The ND3_A47T (G10197A) mutation was discovered in 3 children with basal ganglia
lesions and Complex | deficiencies [Chae 2007], and in 3 other families, where affected
individuals had Leigh syndrome or dystonia [Sarzi 2007]. Severity of the disease was
associated with high mutant loads (>95%), and rates of Complex | activity well below the
normal range. In £. colitwo mutations, A60P and A60T, were constructed in nuoA and
analyzed in membrane vesicles. The nuoA_A60P mutant had a diminished level of ANADH
oxidase activity of 60 + 3% as compared to wild type, while nuoA_A60T had a slightly
higher activity of 70 £ 7% (Fig. 10E). In proton translocation assays, both mutants showed
a corresponding rate compared to the wild type (Fig. 10G). The presence of subunit A was
confirmed by immunoblotting (Supplementary Fig. S6). A band corresponding to the size of
Complex I (540 kDa) was detected in BN gels, and an in-gel assay showed bands of activity
corresponding to full-size Complex I (Supplementary Fig. S6).

The ND3_160T (T10237C) mutation was discovered in an LHON patient, but was
not characterized biochemically (Horvath et al., 2002). In £. coli two mutations were
constructed in nuoA, M73T and M73A, and analyzed in membrane vesicles. The
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nuoA_MT73T mutant had a somewhat high level of AINADH oxidase activity of 88 + 4% as
compared to wild type, while the nuoA M73A had a lower activity of 70 + 3% (Fig. 10E).
In proton translocation assays, both mutants showed a corresponding rate compared to the
wild type samples (Fig. 10H). The presence of subunit A was confirmed by immunoblotting
(Supplementary Fig. S6). A band corresponding to the size of Complex | (540 kDa) was
detected in BN gels, and an in-gel assay showed bands of activity corresponding to full-size
Complex | (Supplementary Fig. S6).

The ND3_D66N (G10254A) mutation was discovered in a patient with Leigh syndrome
that died at the age of 8 months (Leshinsky-Silver et al., 2010). In muscle cells the mutant
load was 90%, and the level of Complex I was low, as judged by BN gel electrophoresis.

In E. colitwo mutations, D79N and D79A, were constructed in nvoA and analyzed in
membrane vesicles. The nuoA D79N mutant had a diminished level of ANADH oxidase
activity of 52 + 4% as compared to wild type, while the nuoA_D79A had a higher activity
of 69 + 3% (Fig. 10E). In proton translocation assays, both mutants showed a corresponding
rate compared to the wild type (Fig. 101). The presence of subunit A was confirmed by
immunoblotting (Supplementary Fig. S6). A band corresponding to the size of Complex

| (540 kDa) was detected in BN gels, and an in-gel assay showed bands of activity
corresponding to full-size Complex | (Supplementary Fig. S6). In all three blots, the level of
D79N was reduced relative to the wild type and the D79A mutant.

4. Discussion

The thirteen clinical mutations described in this report are listed in Table 1, along with

the activities of the modeled residues in E. coli and whether an assembly defect was
observed. The pathogenicity of the human mutations is listed, as described at the Mitomap
(Lott et al., 2013) website (www.mitomap.org) and at the NCBI site of Clinical Variations
(ClinVar) [Henrie 2018]. Only two of these mutations, ND3_S45P and ND3_A47T, were
considered to be pathogenic by both sites. The activities of the corresponding £. coli mutants
seem consistent with pathogenicity, at 65% and 70%, respectively. This region of ND3
undergoes large conformational changes as the enzyme transitions between closed and open
states (Grba and Hirst, 2020; Gu et al., 2022; Kampjut and Sazanov, 2020; Parey et al.,
2018), consistent with the sensitivity to mutation. Two additional mutations are described

as pathogenic at ClinVar: ND2_L71P and ND3_DG66N. The latter shows an activity of 52%
when modeled in £. coli, also consistent with pathogenicity. The same mutation had been
constructed and analyzed in 2004 (Kao et al., 2004), and found to have 44% of the wild type
activity, similar to our results. This residue in ND3 is found near a chain of water molecules
connecting the quinone binding region with the distal membrane arm, and it adopts different
positions depending upon whether the enzyme is in a closed or open conformation, during
enzyme turnover (Grba and Hirst, 2020; Gu et al., 2022; Kampjut and Sazanov, 2020).
When modeled in £. coli, ND2_L71P has a somewhat higher activity of 73%. However, this
mutation shows a clear assembly defect when subunits JKLMN are expressed alone, in that
the K subunit (ND4L) fails to co-immunoprecipitate with N (ND2). Therefore, it appears
that these 4 mutants, which are described as pathogenic at Mitomap and/or ClinVar, are
successfully modeled in £. coli.
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Two of the clinical mutations were considered uncertain in pathogenicity: ND5_Y159H and
ND4-L158P. The former residue is found near a chain of water molecules that connect to
the matrix space (Grba and Hirst, 2020; Gu et al., 2022; Kampjut and Sazanov, 2020), and
showed a relatively high activity of 86% when modeled in £. colias Y158H, although a
deficiency in assembly was discovered. When it was tested in the time-delayed expression
system, where subunit L (ND5) is expressed last, it showed only 60% of the activity of
wild type L, indicating a likely assembly defect. Similarly, ND4_L158P showed an activity
of 73% when expressed in E. coli as nuoM_L183P, but in an assembly test when only
subunits M and N were expressed, subunit M (ND4) failed to associate with subunit N
(ND2). These results support the hypothesis that these mutations could cause assembly
defects in humans. This residue was found near the chain of water molecules in the central
axis of the membrane arm in mitochondrial Complex I, and so might also impact activity by
disturbing the connected water molecules (Grba and Hirst, 2020; Gu et al., 2022; Kampjut
and Sazanov, 2020).

Four of the clinical mutations are described as benign, or likely benign, at the ClinVar site.
ND4_1165T is associated with Parkinson’s Disease and with a mild case of LHON that
exhibited partial recovery. In £. coli it showed 85% of the activity of the wild type, but also
an inability to associate with the N subunit (ND2) when expressed together. Formation of
the MN dimer is likely to be very sensitive to mutations at the interface. The ND3_160T
mutation, when modeled in £. coli, gave 88% of the activity, which seems consistent with

a benign mutation. Complex | appeared to assemble normally, when it was expressed in the
while operon plasmid, pPBAD33(A-N), and no further analysis of assembly was carried out.
The two ND6 mutations, V112M and N117D, are described as likely benign, or benign at
ClinVar. The former mutation was found with a second mutation in a tRNA gene that was
considered more likely to be pathogenic (Wang et al., 2005). The latter was found in Dutch
pedigree of LHON patients, and its effects are likely to depend upon the mitochondrial
haplotype (Howell et al., 2003). In general, it has been difficult to model ND6 mutations in
the E. coli nuoJsubunit (Kao et al., 2005; Pétsi et al., 2008), especially the loop containing
these two residues (see Fig. 5), due to differences in sequence, and in the resulting tertiary
structure. That likely explains the very low activity of the G118D mutation in £. coli, which
probably does not reflect the ND6_N117D phenotype. The £. coliprotein has two additional
aspartate residues in that region, 116 and 120, which might contribute to the phenotype we
observed. In contrast, the human protein has no charged amino acids in the corresponding
region, residues 117-121.

The remaining three mutations were not characterized at ClinVar: ND5_1149S, ND2_F60S,
and ND4L_H25R. When modeled in £. coli, the first two both showed deficiencies in
assembly. The ND5 mutation was tested by the time-delayed expression of L, where it
showed only 70% of the wild type activity, as compared to its 83% when expressed from
the whole operon plasmid. The ND2 mutation also showed a deficiency in assembly, when
only M and N subunits were expressed, So, although the activity of this mutant when
expressed from the whole operon plasmid was 87% of wild type, it is possible that it could
be defective in assembly. In a previous report from this lab (Amarneh and Vik, 2003),

the nuoN_T1601 mutant was shown to have about 80% of wild type activity. Later, using
molecular dynamics simulations (Kaila et al., 2014) it was found that this mutation caused a
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blockage of the chain of water mol- ecules in the central axis. In the case of ND4L_H25R
no further analysis of assembly was done, but the activity was only 74% of the wild type in
E. coli, consistent with pathogenicity. This residue is found in a polar environment, in both
human and £. coli Complex | provided by E77 (ND6) or E84 (nuoJ), and in our analysis
the alanine mutant had lower activity than the arginine mutant. This would be consistent
with His25 being a sensitive site for mutation. This residue was previously mutated in the
E. coli subunit, with activities of 82 + 8% for N27C and 59 + 8% for N27S as compared to
wild type (Torres-Bacete et al., 2012). In that study the mutations were incorporated into the
chromosome, and so were expressed from a single copy gene.

In summary, the clinical mutations under consideration in this project were all from
membrane arm subunits. They ranged from those that are confirmed or highly likely to

be pathogenic, to those that are considered unlikely to be pathogenic. Assessment from
reading the clinical literature is difficult because not all relevant information is available,
such as biochemical analysis of tissue samples, measurement of the heteroplasmy of the
mutation in various tissues, analysis of family members, and knowledge and interpretation
of mitochondrial haplotypes. As modeled in £. co/i most mutants in this group showed
modest effects on Complex | activity, from 60 to 85% of the wild type activity. In general,
there was a correlation between the loss of activity seen in the £. colienzyme and the
reported pathogenicity of the clinical mutation, especially when the amino acid sequence
and structure was conserved. A limitation of a high expression system, as was used here,
might be that a very large amount of Complex | is produced, and this might obscure poor
assembly that would have occurred at normal levels of expression. The level of Complex

| activity in this system is about 2-fold higher than the normal level as expressed from

the chromosome (Amarneh et al., 2006). The use of several assembly assays, expressing
individual genes, or genes in small subsets revealed more extensive assembly defects
with many of the mutations. We conclude that the £. co/i model system can be effective
in identifying deleterious human mutations, especially if appropriate assembly assays are
carried out.
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BA14 nuoA-Ndeletion strain in £. coli
BN Blue native
dodecyl maltoside n-Dodecyl-03B2-D-maltopyranoside
FCCP carbonyl cyanidep-(trifluoromethoxy) phenylhydrazone
dNADH deamino-NADH
LHON Leber’s Hereditary Optic Neuropathy
PES pseudoexfoliation syndrome
TM5 transmembrane helix 5 (for example)
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Fig. 1.

A?:omparison of the structures of Complex | from ovine and from £. coli. (A) The

core membrane subunits are colored: ND1 (orange), ND3 (blue), ND6 (yellow), ND4AL
(violet), ND2 (light blue), ND4 (light yellow), ND5 (green). Other core subunits from

the peripheral arm are shown in gray ribbons. FMN and FeS clusters are in space filling
mode. Supernumerary subunits are shown in backbone trace colored light gray. The PDB
file is 5Ink, a high-resolution mammalian structure (Fiedorczuk et al., 2016). (B) The same
coloring scheme is used for the £. colienzyme (PDB file 7nyr (Kolata and Efremov, 2021)).
nuoH (orange), nuoA (blue), nuoJ (yellow), nuoK (violet), nuoN (light blue), nuoM (light
yellow), nuoL (green). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2.

Analysis of ND5 mutations in nuoL of E. coli. (A) The locations of human mutations 1149S
(red) and Y159H (blue) are shown in ND5 (green), using PDB file 5xtd (Gu et al., 2016).
(B) ND4 (light yellow) is shown. (C) The locations of £. coliresidues L148 (red) and Y158
are shown in nuoL (green), using PDB file 3rko (Efremov and Sazanov, 2011). (D) nuoM
(light yellow) is shown. (E, F) ANADH-oxidase activities of membrane vesicles prepared
from the £. coli mutants are shown compared to a wild type sample prepared the same

day. (G, H) Proton translocation rates from the same samples shown in panels E and F

are indicated by fluorescence quenching of the acridine dye ACMA. (1) Membrane vesicles
from E. coli cells carrying the modeled human mutations, nvol_1 148S and nuol_Y158H,
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were prepared using a two-plasmid, time-delayed expression of nuoL. AINADH-oxidase rates
are shown compared to that from cells expressing all 7uo genes from a single plasmid.

(J) Proton translocation rates from the same samples shown in panel | are indicated by
fluorescence quenching of ACMA. (E and F) ns, not significant; ****P< 0.0001. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.
Analysis of interacting mutations in nuoL of E. coli. (A) The locations of mutations

M_W378 (black) and Y158A (blue) are shown in nuoL (green) and nuoM (light yellow),
using PDB file 3rko (Efremov and Sazanov, 2011). (B) dNADH-oxidase activities of
membrane vesicles prepared from the £. co/i mutants nuoM _W378A and double mutant
nuoM_W378A/nuoL_Y158A are shown compared to a wild type sample prepared the same
day. (C) Proton translocation rates from the same samples shown in panel B are indicated

by fluorescence quenching of the acridine dye ACMA. **P< 0.01; ****P < 0.0001. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Analysis of ND4 mutations in nuoM of E. coli. (A) The locations of human mutations
L158P (red) and 1165T (blue) are shown in ND4 (light yellow), using PDB file 5xtd (Gu et
al., 2016). (B) ND2 (light blue) is shown. (C) The locations of £. coliresidues L183 (red)
and L190 are shown in nuoM (light yellow), using PDB file 3rko (Efremov and Sazanov,
2011). (D) nuoN (light blue) is shown. (E, F) dNADH-oxidase activities of membrane
vesicles prepared from the £. co/i mutants are shown compared to a wild type sample
prepared the same day. (G, H) Proton translocation rates from the same samples shown in
panels E and F are indicated by fluorescence quenching of the acridine dye ACMA. (1)
Membrane vesicles from E. coli cells carrying the modeled human mutations, M_L 183P
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and M_L190T, in pBAD33-(MN), were prepared and solubilized with dodecyl maltoside.
The samples, including pPBAD33-(A-N), a control expressing the entire nuo operon, were
immunoprecipitated with an HA antibody to bring down the HA-tagged subunit N. The
input panel shows the presence of subunit M in all samples, while the 1gG panel shows
that in the absence of HA-antibody, no M subunits were precipitated. (E and F) ns, not
significant; *P < 0.05; ****P< 0.0001. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Mitochondrion. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

Fraction of Wild Type

Activity

Page 25

AN \»\:
¢h Sy
N 4
dNADH FCCP

10] \

e

Relative Fluorescence
1

e
(=)

1
50 100
Time(sec)

1
150

o

Fig. 5.

Ar?alysis of interacting mutations in nuoM of E. coli. (A) The locations of mutations
nuoN_F396A (orange) and nuoM_L190T (blue) are shown in nuoN (light blue) and nuoM
(light yellow), using PDB file 3rko (Efremov and Sazanov, 2011). (B) dNADH-oxidase
activity of membrane vesicles prepared from the £. coli double mutant nuoN_F396A/
nuoM_L190T is shown compared to a wild type sample prepared the same day. (C) Proton
translocation rates from the same samples shown in panel B are indicated by fluorescence
quenching of the acridine dye ACMA. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Ar?alysis of ND2 mutations in nuoN of E. coli. (A) The locations of human mutations F60S
(red) and L71P (blue) are shown in ND5 (light blue), using PDB file 5xtd (Gu et al., 2016).
(B) NDAL (violet) is shown. (C) The locations of £. coliresidues T160 (red) and L171 are
shown in nuoN (light blue), using PDB file 3rko (Efremov and Sazanov, 2011). (D) nuoK
(violet) is shown. (E, F) dNADH-oxidase activities of membrane vesicles prepared from the
E. coli mutants are shown compared to a wild type sample prepared the same day. (G, H)
Proton translocation rates from the same samples shown in panels E and F are indicated by
fluorescence quenching of the acridine dye ACMA. (1) Membrane vesicles from £. colicells
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carrying the modeled human mutations, nuoN_T160F and nuoN_L171P, in pBAD33-(I-N),
were prepared and solubilized with dodecyl maltoside. The samples, including a control
expressing the entire nuo operon, pBAD33-(A-N), were immunoprecipitated with an HA
antibody to bring down the HA-tagged subunit N. The input panel shows the presence of
subunit K in all samples, while the IgG panel shows that in the absence of HA-antibody,
no K subunits were precipitated. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Analysis of interacting mutations in nuoN of E. coli. (A) The locations of mutations

K_AB65F (orange), N_A268D (black), and N_L171P (blue) are shown in nuoN (light blue)
and nuoK (violet), using PDB file 3rko (Efremov and Sazanov, 2011). (B) dNADH-oxidase
activities of membrane vesicles prepared from the £. coli double mutants nuoN_A268D/
nuoN_L171P and nuoK_A65F/ nuoN_L171P are shown compared to a wild type sample
prepared the same day. (C) Proton translocation rates from the same samples shown in panel
B are indicated by fluorescence quenching of the acridine dye ACMA. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8.
Analysis of an ND4L Mutation in nuoK of E. coli. (A) The location of human mutation

H25R (blue) is shown in ND4L (violet), using PDB file 5xtd (Gu et al., 2016). (B)
Neighboring subunit ND6 (yellow) is shown. (C) The location of £. coliresidue N27 is
shown in nuoK (violet), using PDB file 3rko (Efremov and Sazanov, 2011). (D) Neighboring
subunit nuoJ (yellow) is shown. (E) dNADH-oxidase activities of membrane vesicles
prepared from the £. coli mutants are shown compared to a wild type sample prepared

the same day. (F) Proton translocation rates from the same samples shown in panel E are
indicated by fluorescence quenching of the acridine dye ACMA. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Analysis of ND6 mutations in nuoJof E. coli. (A) The locations of human mutations
V112M (red) and N117D (blue) are shown in ND6 (yellow), using PDB file 5xtd (Gu

et al., 2016). (B) Neighboring subunit ND4L (violet) is shown. (C) The locations of £.
coliresidues 1111 (red) and G118 (blue) are shown in nuoJ (yellow), using PDB file

3rko (Efremov and Sazanov, 2011). (D) Neighboring subunit nuoK (violet) is shown. (E)
dNADH-oxidase activities of membrane vesicles prepared from the £. co/i mutants are
shown compared to a wild type sample prepared the same day. (F) Proton translocation rates
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from the same samples shown in panel E are indicated by fluorescence quenching of the
acridine dye ACMA. (G) Membrane vesicles were prepared from cells expressing wild type
pBAD33-(I-N) and from the same plasmid carrying the 1111M mutation. The samples were
solubilized with dodecyl maltoside and analyzed by BN gel electrophoresis. After probing
with the blot with anti-J antibody, the wild type sample showed the sub-complex of JKLMN
(~260 kDa), while the mutant showed only a faint band at that position. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Analysis of ND3 mutations in nuoA of E. coli. (A) The locations of human mutations S45P
(red), A47T (blue), 160T (magenta), and D66N (green) are shown in ND3 (blue). ND1 is
shown in beige, using PDB file 5xtd (Gu et al., 2016). (B) Neighboring subunits ND4L
(violet) and ND6 (yellow) are shown. (C) The locations of E. coliresidues G58 (red), A60
(blue), M73 (magenta), and D79 (green) are shown in nuoA (blue) as modeled in the 7.
thermophilus structure (PDB file 4hea (Baradaran et al., 2013)). nuoH is shown in beige.
(D) Neighboring subunits nuoK (violet) and nuoJ (yellow) are shown. (E) dNADH-oxidase
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activities of membrane vesicles prepared from the £. coli mutants are shown compared to
a wild type sample prepared the same day. (F, G, H, I) Proton translocation rates from the
same samples shown in panel E are indicated by fluorescence quenching of the acridine
dye ACMA. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Mitochondrion. Author manuscript; available in PMC 2022 May 01.



Page 34

Zhang et al.

*JIEAULID/A0B1U" WU’ 1GOUMAMM//:SANY T8 punoy st JeAUND

17

*B1o°dewwojiwmmmy/:sdny 1e punoy si %.,EQ__\,_.\N

‘uolrewoy xa|dwoa-gns U pjatA moj o ‘uonendioaidountiwi-09 Ui pjaik moj ‘sisaloydolnos)s (86 AU Ul usss se | Xa|dwo) Jo PIaIA Mo| B sapnjoul Ajquussse aA1o818q

q

"yoes sayeoljdal [eo1UYO8) € 15e8| 18 pue sayealjdal [20160]01q £~ YIIM UOITRIASD PJepuUE]S F Ueal se pauodal ase pue ‘piwse|d adAl pjim ay) 01 aAIle|a) pale|nojes ale SANIANOY,

ojusboyed papodoy sok %Y F ¢§ N6.Q wonu N99d-€aN
uBiuag panoday ou %Y ¥ 88 Le/IN"wonu 1091-€AN
o1uaboyred pawuyuo) ou %L F 0L 109V vonu 1/vV-€aN
oluaboyred pawuo) ou %€ ¥ G9 d8go vonu dSPS-€aN
ubiusq pauioday S %2 astio ronu ALTTIN-9AN
ubiuag A1 pauoday sak %8 F 2L INTTTI ronu INZTTA-9AN
papoday ou %0T F 7. dLZN Monu dSZH-17aN
a1uaboyred pauioday sok T FEL dT.T7T Nonu dT.7-¢aN
pauioday sok %E F /8 409TL Nonu S094-¢aAN
ubiuaq papodoy sok %E F S8 106771 INONU 159TI1-¥AN
urepaouN papodey S %L F2L desT1 NonuU d8ST1-¥aN
111u0d paiioday sak %€ F 98 HBSTA 10nu HBSTA-SAN
pauioday sok %2 F €8 S8yTT 1onu S6YTI-SaN

(910Z *"fe 1 wnIpue) (eToz peA Jesqo

pBAUID Aq Aypiueboyred e 1o 1107) jdewon N Aq AiueBoyed

q
Ajlquiessy aAlie5eQ

glueInw 100 "3 Jo ANAde HaVYNP

uoifeINW 1100 '3

uollein Al feolulg

Author Manuscript

T alqeL

Author Manuscript

‘sjueINA [ea1UID Jo Aldiuaboyred syl Jo Arewwing

Author Manuscript

Author Manuscript

Mitochondrion. Author manuscript; available in PMC 2022 May 01.


https://www.mitomap.org/
https://www.ncbi.nlm.nih.gov/clinvar/

	Abstract
	Introduction
	Materials and methods
	Materials
	Mutagenesis
	Growth and membrane preparation
	Time-delayed expression systems
	SDS electrophoresis and immunoblotting
	Blue-native gel electrophoresis and NADH dehydrogenase activity assay
	Immunoprecipitation
	Enzyme assay

	Results
	Mutations in ND5 (nuoL)
	Mutations in ND4 (nuoM)
	Mutations in ND2 (nuoN)
	Mutations in ND4L and ND6 (nuoK and nuoJ)
	Mutations in ND3 (nuoA)

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Table 1

