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Abstract

Human NADH dehydrogenase (ubiquinone) Fe-S protein 7 (NDUFS7), one of
the most conserved core subunits of mitochondrial complex I, plays an important role
in the oxidative phosphorylation system (OXPHOS). This protein binds one
iron-sulfur cluster N2 (tetranuclear) which is the terminal redox center in the electron
transport process of complex I. Three types of mutations in this subunit have been
associated with Leigh syndrome (LS). NDUFS7 protein is encoded by nuclear
genome and incorporated in the peripheral segment of complex I facing the
mitochondrial matrix. The NDUFS7 was suppressed in human T-REx-293 cells using
the RNA interference (RNA1) technology.-The reduction in the NDUFS7 expression
caused a slow growth rate in-galactose containing ‘medium and increased H,O,
generation. These results indicated that NDUFS7 may )play an important role in cell
energy production and survival; Most mitochondrial matrix proteins are synthesized
in the cytoplasm and imported: into mitochondria ' by . TIM/TOM complexes
recognizing the mitochondrial “targeting  sequences~ (MTSs). Using predication
softwares, the N-terminal fragment was-suggested to be the MTS of NDUFS7. In this
study, we fused NDUFS7 containing N-terminal deletions, C-terminal deletions or
different portions of the protein to enhanced green fluorescent protein (EGFP), and
used these obtained constructs to study their intracellular localization in T-REx-293
cells. We found that the chimeric NDUFS7,6,-EGFP was colocalized with
mitochondria, demonstrating that this N-terminal fragment contained an effective
MTS. We then used site-directed mutagenesis analyses to study the role of basic and
hydrophobic residues in the first 60 amino acids of NDUFS7. These results suggested
that both two types of amino acids are important for the mitochondrial import of the

MTS in NDUFS7. In addition, we also demonstrated that there is a nuclear
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localization signal (NLS) and a nuclear export signal (NES) located in the C-terminus
of NDUFS7. These results suggested that NDUFS7 has a dual distribution both in

mitochondria and nuclei.
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Abbreviations

NDUFS7: NADH dehydrogenase ubiquinone Fe-S protein 7
OXPHOS: oxidative phosphorylation system
Leigh syndrome: LS

MTS: mitochondrial targeting signal

NLS: nuclear localization signal

NES: nuclear export signal

RNAi: RNA interference

EGFP: enhanced green fluorescent protein

ATP: adenosine triphosphate

Complex I: NADH-ubiquinone oxidoreductase
Complex II: succinate-ubiquinone oxidoreductase
Complex III: ubiquinone-cytochrome-¢ oxidoreductase
Complex IV: cytochrome ¢ oxidase

Complex V: ATP synthase

mtDNA: mitochondrial DNA

nDNA: nuclear DNA

rRNA: ribosomal RNA

tRNA: transfer RNA

FMN: noncovalently bound flavin mononucleotide
EPR: electron paramagnetic resonance

BN-PAGE: blue native PAGE

TIM: translocase of the outer-membrane

TOM: translocase of the inner-membrane
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MPPL mitochondrial-processing peptidases

IMP: inner membrane peptidase

MIP: mitochondrial intermediate peptidase
pALDH: aldehyde dehydrogenase

DHFR: dihydrofolate reductase

2-D: 2-dimensional

LMB: Leptomycin B

PTS: peroxisomal targeting sequence

ERTS: endoplasmic reticulum targeting sequence
TS: targeting sequences

FPGS: Folylpoly-gamma-glutamate synthetase
UNG: human uracil-DNA glycosylase

GR: glutathione reductase

DMEM: Dulbeccos modified Eagle medium

3> UTR: 3’ unstranlation region

GAPDH: glyceraldehyde 3-phosphate-dehydrogenase
carboxy-H,DCFDA: 5-(and-6)-carboxy-2"7/ - dichlorodihydrofluorescein diacetate
PBS: phosphate-buffered saline

PFA: paraformaldedyde

ECL: chemiluminescence

shRNA: short hairpin RNAs

LacZ: B-galactosidase

ROS: reactive oxygen species

H,0,: hydrogen peroxide

SUMO: small ubiquitin-like modifier



Introduction

The background of mitochondrion

Mitochondrion, stemming from the Greek “mito” and “chondrial” two words
which mean “line” and “pellet” respectively, is a special organelle for energy
metabolism in eukaryotic cells. This organelle is formed by two phospholipid
membranes, outer- and inner-membrane, to separate three compartments which from
outside to inside are called cytosol, inter-membrane space and matrix. There are many
protein complexes on the inner-membrane which participate in various metabolic
processes such as oxidative phosphorylation (OXPHOS), fatty acid oxidation and
citric acid cycle. The inner-membrane is often protruded to form cristac which will
increase the area of membrane surface and enhance overall enzyme efficiency. In
OXPHOS, five enzyme complexes are involved in electron transport and adenosine
triphosphate (ATP) production which are important for cell survival. These
complexes include = NADH-ubiquinone  oxidoreductase (complex 1),
succinate-ubiquinone oxidoreductase (complex II), ubiquinone-cytochrome c
oxidoreductase (complex III), cytochrome ¢ oxidase (complex IV) and ATP synthase
(complex V). The numbers of mitochondria are not constant but depend on the energy
requirement of cells. In human cells, more than 90~98% of the ATP is generated by

mitochondria, and the glycolytic source of ATP is less than 10% [1].

The relationship between mitochondrial evolution and mitochondrial
genome

According to endosymbiotic theory, mitochondrion is likely the remnant of an

oxidative prote-bacterium which is captured by endocytosis to be the partner in a

symbiotic relationship with a proto-eukaryotic cell. This relationship has been



established for over a billion years. During the euolution process, the
proto-bacterium has gradually lost most of its genes and these genes are transferred
to the eukaryotic nucleus. Nowadays the human mitochondrial DNA (mtDNA) is
about 16,569 base pairs in size and can conduct replication, transcription and
translation by itself. It only contains 37 genes, including genes for 7 subunits (ND1,
2,3,4,4L, 5 and 6) of complex I, 1 gene for subunit (cytochrome b) of complex III,
3 genes for subunits (COX1, 2 and 3) of complex IV, 2 genes for subunits (ATP6 and
8) of complex V, 2 genes for rRNAs (12S and 16S rRNA) and 22 genes for tRNAs.
Therefore, except 13 mitochondria encoded subunits just mentioned, the vast
majority of the over 1000 proteins of mitochondria are encoded by nuclear DNA

(nDNA) [1-3].

Mitochondrial complex t:and-the electron transfer:chain

Mitochondria complex I,.the biggest and most complicated enzyme complex of
OXPHOS is located on the inner-membrane-and composed of 45 subunits in bovine.
Among them 7 subunits are encoded by mtDNA ‘and 38 ‘genes including (NDUFV1-3,
NDUFS1-8, NDUFA1-13, NDUFBI1-11, NDUFAB1, NDUFCI1-2 and 10.6 kDa) are
encoded by nDNA. Complex I together with complex II are the two electron entries of
the OXPHOS. Mammalian complex I oxidizes NADH and contains 8 iron sulfur
(Fe-S) clusters for electron transfer. They include two binuclear Fe-S clusters (Nla
and N1b) and 6 tetranuclear Fe-S clusters (N2, N3, N4, N5, N6a and N6b). The
electrons are finally accepted by ubiquinone (Q). The likely electron transfer pathway
from FMN (noncovalently bound flavin mononucleotide) to ubiquinone is
FMN-N3-N1b-N4-N5-N6a-N6b-N2-Q. This electron transfer process also
accompanies the pumping of protons across the inner-membrane from matrix to

inner-membrane space thus generates proton concentration gradients. Finally,
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complex V can use this proton-motive force to produce ATP [4].

The background of NDUFS7

Human NADH dehydrogenase (ubiquinone) Fe-S protein 7 (NDUFS7) has
various names for homologues in different species, including PPST or 20 kDa in Bos
Taurus, NuoB or 19.3 kDa in Neurospora crassa, NUKM in Yarrowia lipolytica,
NQOG6 in Paracoccus denitrificans and NuoB in Thermus thermophilus and
Escherichia coli [5].

The first cDNA sequence of the NDUFS7 has been found in 1996 [NM_024407].
The coding sequence of NDUES7 has® 93% identity with that of the bovine
homologous protein (PSST, 20 kDa). The NDUFS7 ‘protein has 213 amino acids and
86.3% homology with PSST. This gene was identified to be localized on the short arm

of chromosome 19 (19p13).by in situ hybridization [6].

The association between NDUFS7 defect and‘L_eigh syndrome

Leigh syndrome (LS) is'a genetic progressive-neurodegenerative disorder caused
by deficiency in the oxidative phosphorylation system. This disease was discovered
and named by Denis Leigh in 1951, and patients suffering from this syndrome
developed several phenotypes which included subacute necrotizing
encephalomyelopathy, demyelination, spongiosis, gliosis, capillary proliferation and
necrosis [7]. Mutations in both nuclear- and mitochondrial-encoded proteins which
are related with mitochondrial energy metabolism could cause LS. Three types of
mutations are found in LS: The first is mutation in mtDNA, like the gene encoded
ATP6 subunit of ATP synthase. The second is mutation in nuclear DNA, like the gene
encoded NDUFS8 (R102H). The last is deletion or insertion in both mtDNA and

nuclear DNA [8, 9].



Three mutations in the NDUFS7 gene was found in patients with LS. Among
them, two cases were missencse mutations (V122M and R145H), and the other
mutation (c.17-1167 C>QG) could lead to activation of a cryptic exon. This abnormal
splice site was predicted to produce a truncated protein of 41 residues which only the
first five amino acids possessed the correct sequence [10-12]. In yeast model, it was
shown that the mitochondrial membrane from a Yarrowia lipolytica strain carrying the
mutation of NDUFS7 (V122M) caused complex I defects with decreased the Vi

value of complex I activity by about 50% [13].

The function of NDUFS7

NDUFS7, a subunit containing the last Fe-S-.cluster for electron transfer in
complex I, can bind a. tetranuelear.N2 which-could be detected by mean of electron
paramagnetic resonance (EPR) spectroscopy. It was demonstrated that the N2 has the
highest redox potential of -160.mV in complex Tin'N. crassa [14, 15]. The conserved
motif for binding the [4Fe-4S] N2 cluster is. CCXXE(X)s0C(X)30CP based on multiple
sequence alignment of the  NDUFS7. protein ‘with various homologues [5]. The
mutation on V122M in Y. lipolytica NUKM decreased the function of mitochondrial
complex I activity and implied that this mutation might affect the formation of iron
sulfur cluster [13].

NDUFS?7 is a core subunit incorporated in the peripheral segment of complex I
and faces the mitochondrial matrix. It locates at a critical position which connects the
hydrophobic and hydrophilic parts of complex I [16]. The result from knockout
studies of the 19.3 kDa (NuoB) in N. crassa showed that the loss of this subunit
caused the defect in complex I assembly. The hydrophilic part of the complex was
missing from the mutated mitochondria when samples were extracted by detergent.

This observation suggested that 19.3 kDa is essential for the hydrophilic arm
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assembly in complex I in N. crassa [15]. Mitoplasts extracted from skins fibroblasts
of patients with the Leigh syndrome showed a truncated NDUFS7 protein of 41
amino acid residues when samples were separated by blue native PAGE (BN-PAGE)
or SDS-PAGE. Similarly, fully assembled mitochondrial complex I was decreased in
the BN-PAGE analysis with anti-GRIM19, NDUFA9, or NDUFS3 antibodies, but the
assembly of complex II, IIl and IV was not affected [12]. In summary, all available
data suggested that NDUFS7 is an iron sulfur (Fe-S) protein in the electron transfer

chain and is important for the assembly of mitochondrial complex I.

Mitochondrial targeting sequence

Mostly cytosolic précursors (usually unfolded or loosely folded) of
mitochondrial proteins.-need’a‘mitochondrial targeting ‘'signal (MTS) to help their
translocation into mitochondtia. This signal will be recognized by the translocase of
the outer-membrane .(TOM)..and ‘the-translocase of*the inner-membrane (TIM)
complex. Following of translocation, the majority. of MTSs of these proteins were
usually cleaved by mitochondrial-processing- peptidases (MPPs) including inner
membrane peptidase (IMP) and mitochondrial intermediate peptidase (MIP) to create
the mature form of proteins [17-19]. For example, the mature form of yeast aldehyde
dehydrogenase (pALDH) is located in mitochondrial matrix. It was found that the
precursor form of this protein would be readily degraded when it was not correctly
processed by MPP in the yeast system [20].

This signal peptide is majorly present at the N-terminus in most matrix and some
inner membrane proteins. The other mitochondrial proteins which lack the N-terminal
signals contain internal targeting signals for mitochondrial targeting. The internal
signals are often present in outer-membrane proteins such as bcl-2, TomS5 or Fisl, and

can not be cleaved. Infrequently, the MTS can be found to locate at the C-terminus.
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For example, a yeast protein called Hmilp is a DNA helicase which has it MTS
located at the C-terminus [17-19, 21].

The typical length of the N-terminal signal is about 10-80 amino acids. Both
basic and hydrophobic amino acids are often enriched in the N-terminal targeting
sequences to form amphipathic a-helices [18, 19]. In the case of mouse dihydrofolate
reductase (DHFR) protein, it was demonstrated that amphiphilicity was necessary for
mitochondrial import but forming o-helices may not be essential [22]. Artificial
mitochondrial presequences have been synthesized and contained only arginine,
serine and leucine, in addition to the fist methionine to confirm the nature of MTS
rules. These artificial signals had;the ability of mitochondrial import when they were
added to the N-terminus of the-COX4-in yeast [23].. Interestingly, an artificial MTS
fused to the C-terminus oOf the protein could, still ‘translocate this protein into
mitochondria, but in the C to N'direction [24].

In previous studies, complex. I"'was purified-form bovine heart mitochondria and
PSST was separated and identified by, 2-dimensional (2-D) gel. The amino acid
sequence of mature form of this protein (identified by N-terminal sequence analysis)
was Pro-Ser-Ser-Thr (PSST). Its molecular-weight was estimated to be 20,077.5 Da
[25]. The 1-38 amino acids of the precursor form was suggested to function as the
signal peptide which could carry this protein to mitochondria. Similarly, the first 56
amino acids of NuoB (a homologue from N. crassa) was predicted to contain a
putative MTS, and the molecular weight of the mature form was about 19,337 Da [26].

However, the location of signal peptide in human NDUFS7 has not been identified.

Nuclear localization signal
Some proteins with the molecular weight less than approximately 60 kDa can

enter the nuclei without their nuclear localization signals (NLS) by diffusing passively.
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In other words, proteins larger than this size would definitely need a NLS to help their
entries into nuclei [27, 28]. Generally, the NLS has a small size and contains a rich
number of basic amino acids including arginine (R) and lysine (K). In addition, some
NLSs may also contain proline (P) or histidine (H). It was demonstrated that a NLS
from SV40 T antigen fused with a cytoplasmic protein pyruvate kinase could
translocate the passenger protein into nuclei [29].

Recently, based on the features of NLS, nuclear leader signals were categorized
into three types. The first one like the classical type of the SV40 large T antigen
contains a defined motif P-K-K-K-R-L-V [30-32]. This type of NLS contains 4 basic
residues (K or R), or composes 3 basic residues(K.or R) and one more residue which
could either be P or H. The next-ong¢ is-the bipartite NLS, and the classical example is
first found in the Xenopus protein nucleoplasmin.. This type of NLS is composed of a
fragment containing 2 basi¢ residues as the starting and.a segment containing 4 basic
residues as the end. These two.basic segments are separated by a spacer of 10 amino
acids and making up a bipartite signal K-R-(X);0-K-K-K-L [33].

The third class of NLS is identified according to the yeast protein Mat a2 which
contains a N-terminal signal, L-I-P-I-K [34]. This type of NLS does not have a NLS
motif similar to those just mentioned, but contains basic residues and one or more
hydrophobic residues in the NLS. The detailed characteristic of this group is still not
clear. A family of transport receptors called karyopherins which can recognize the
NLS of nuclear proteins and form the transport complex with the nuclear pore
complex (NPC), which is a large protein complex and spans the nuclear envelope.
Importin a/f is a heterodimer which belongs to a common family of karyopherins and

can recognize the NLS of nuclear proteins in human [32, 35-38].

Nuclear export signal



In eukaryotic cells, nucleocytoplasmic transport of proteins plays an important
role in regulating cell cycle, proliferation, transformation and tumorigenesis. Some
proteins depend on a nuclear export signal (NES) to be exported from nuclei to
cytoplasm. NES has a loosely conserved motif containing three or more hydrophobic
leucine-rich residues, for example "°L-P-P-L-E-R-L-T-L* in protein HIV Rev [39].

More than 75 NESs have been identified. Among them, p53, cyclin D1, HIV Rev
and protein kinase A inhibitor are the most well known examples which contain a
functional NES [39-41]. These NES are recognized specifically by chromosomal
region maintenance (CRM1), a nuclear exporter protein participating in forming the
transport complex [42]. Leptomycin B,”a CRM1 inhibitor, can bind CRM1 to block
the formation of transport complex [43].-Some proteins like Pho4 and Migl lack a
hydrophobic NES but can still be transported-from nuclei to-cytoplasm by regulation

through specific exportins (e.g:'Msn$) with phosphorylation on the NES site [44-46].

Dual localization of protein in eukaryotes

After finishing human genomeé-sequencing. projects, the numbers of predicted
genes are apparently smaller than- scientists’ original anticipation in various
eukaryotes. One possible explanation for this finding is that one protein or a single
gene product may have having different (or the same) functions in dual or multiple
locations in cells. In recent reports, many cases that a single gene of which the derived
products have dual or more subcellular localizations have been reported. The protein
transports of these multiple targeting proteins to different intracellular organelles are
executed by using mitochondrial targeting sequence (MTS), nuclear localization
signal (NLS), nuclear export signal (NES), peroxisomal targeting sequence (PTS) or
endoplasmic reticulum targeting sequence (ERTS).

Dual subcellular localization can be carried out by several mechanisms. A single
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gene can get two translation products which may contain a different targeting
sequence (TS) in each protein or only one has the TS but the other does not
(distributed in  cytosol) by  dual transcription  initiations (e.g.
Folylpoly-gamma-glutamate synthetase, FPGS) [47], mRNA alternative splicing (e.g.
human uracil-DNA glycosylase, UNG) [48] and multiple translation start sites (e.g.
NifS) [49]. The other type is one product from one gene. The available examples
include two different TSs on the same polypeptide (e.g. P4502B1), post-translational
modification (e.g. WND) [50], inefficient/chimeric targeting (e.g. HMGCL and
AMACR) [51, 52], protein-protein interactions (e.g. Apnl) [53], ambiguous signal
(e.g. glutathione reductase form "pea, GR)-[54] and shuttle or export from
mitochondrion (e.g. GOT2) [55]):

According to MITOP2' program - analyses;. about "92%._ of the mitochondrial
proteins are specifically localized in mitochondria without dual localization [56]. It
means that most enzymes of_energetic ‘metabolism aré-restricted in mitochondria for
specific functions. However, ‘more, than 31 human .mitochondrial proteins that are
derived from a single gene but have multiple-distributions have been identified. For
example, proteins participated in lipid or fatty acid f—oxidation in peroxisomes and
mitochondria (e.g. HMGCL and AMACR) [51, 52], protein synthesis in cytosol and
mitochondria (e.g. KARS) [57], DNA repair in nuclei and mitochondria (e.g. UNG

and APE2) [48, 58-62].



Materials and methods

1. Cell culture

T-REx-293 cells (Invitrogen, Eugene, USA), human embryonic kidney cells with
tetracycline-regulated expression system, were maintained in Dulbeccos modified
Eagle medium (DMEM) with 1095 fetal bovine serum (FBS), 100 U/ml penicillin

and 100 pg/ml streptomycin at 37 °C.

2. Protein sequence alignment and analysis

The following protein sequences of NDUFS7-homologues were obtained from
the NCBI database: Homo sapiens -NDUFS7 (NP _077718), Bos taurus PSST
(NP_001033111), Neurospora=crassa-19.3 kDa. (CAE06152), Yarrowia lipolytica
NUKM (CAB65525), Paracoccus denitrificans NQO6-(P29918), Thermus aquaticus
thermophilus NuoB (AAA97939) and Escherichia coli-NuoB (YP_001731224). The
retrieved multiple protein ‘'sequences of NDUFV2 homologues were aligned by
EMBL-EBI ClustalW2 " (http://www.ebi:ac.uk/Tools/clustalw2/), displayed by
BOXSHADE server (http://www.ch.embnet.org/software/BOX form.tml) and the
percentages of sequence identity and similarity comparing to those collected
sequences were analyzed by FASTA (http://fasta.bioch.virginia.edu/asta www?2/fasta

_www.cgi?rm=lalign&pgm= lal).

3. Suppressed expression of NDUFS7 by RNA interference (RNAI)
Two knock down RNAI target sites designed by Clontech and invitrogen were
located at 3’ unstranlation region (3’ UTR) and the coding region of NDUFS7 gene.

The oligonucleotide sequences of these two target sites were: CCG TGA GGT TGT
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CAA TAA A (3° UTR) and GAG GAG GCT ACT ACC ACT A (coding region). This
designed short hairpin oligonucleotides of NDUFS7 were cloned into a
pSUPER.neo+EGFP vector (Appendix 1) by Hind 111 (NEB, Ipswich, USA) and Xho
I (NEB), and transfected into T-REx-293 cells with Lipofectamine 2000 (Invitrogen).

The stable clone cells were selected in a medium containing 500 ug/ml G418.

4. Real-time reverse-transcription polymerase chain reaction analysis

The total cellular RNA of cells was isolated by TRI reagent (molecular research
center, Cincinnati, USA) and converted to cDNA by reverse-transcriptase from ABI
High Capacity cDNA RT kit (Applied. biosystems, -Lincoln, USA). Specific primers
were designed and synthesized to- detect™ the:.expreéssion of NUDFS7 and
glyceraldehyde 3-phosphate ‘dehydrogenase (GAPDH) by real-time PCR. The primers
used were: NDUFS7-F3: 574 CTA'CGA CAT GGA CCG CTT TG -3°, NDUFS7-R3:
5’- CC GAG TAG GAA TAG TGG TAG -3’, GAPDH=F2: 5°- GTT CGT CAT GGG

TGT GAA CC -3’ and GAPDH-R1:/5’-GCA TGGACT GTG GTC ATG AG-3°).

5. Growth measurements

2x10* cells were seeded on 6-well plates in the glucose containing medium (10%
FBS, DMEM, 4.5 mg/ml glucose and 0.11 mg/ml pyruvate) and galactose containing
medium (10% FBS, 0.9 mg/ml galactose and 0.5 mg/ml pyruvate). The number of

cells was counted by trypan blue dye exclusion method for 8 consecutive days.

6. Reactive oxygen species (ROS) assay

Cells were seeded in cover glasses and incubated with 25 uM
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5-(and-6)-carboxy-2"7'- dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA,
Invitrogen) for 30 min. After washing once in phosphate-buffered saline (PBS), the
cells were mounted by the VECTASHIELD Mounting Medium (Vector Laboratories,

Burlingame, USA). Fluorescence was visualized by LSM510 confocal microscope.

7. Constructs

(1) Construction of plasmids expressing full-length and truncated NDUFS7
proteins
The pcDNA4/TO/myc-His A vector (Invitrogen) (Appendix 2) was used as
the expression plasmid, and“EcoR 1(NEB) and X%o I (NEB) were employed as
restriction enzyme sites/for'cloning. The pcDNA4-NDUES7 vector constructed in
a previous study in Dr. Kao’s laboratory was used-as the template for its various
deletion constructs (NDUFS7a1:20-Myc-His, NDUFS741-38-Myc-His,
NDUFS7a1-60-Myc-His, * . NDUES7a1-96-Myc-His; © NDUFS7a199.213-Myc-His,
NDUFS7a1-60/187-213-Myc-His “and -NDUFS74,-1191187213-Myc-His). The sequences

of primers used are shown in Table 2.

(2) Construction of NDUFS7-EGFP and EGFP-NDUFS7

Various DNA fragments coding for N-terminal, internal or C-terminal
peptides of NDUFS7 were designed and generated to fuse with EGFP gene in the
pEGFP-N3 expression vector (Clontech Laboratories, Terra Bella Ave, USA)
(Appendix 3). The restriction enzyme sites used for this purpose are Xho 1 and
EcoR 1 (NEB). The pcDNA4-NDUFS7-myc-His was used as the template to
generate the various different N-terminal proteins of NDUFS7. These constructs

included: NDUFS7,.,13-EGFP  (full-length NDUFS7), NDUFS7,,7-EGFP,
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NDUFS7,.29 -EGFP, NDUFS7,.335-EGFP, NDUFS7,.50-EGFP, NDUFS7,.60-EGFP,
NDUFS730.60-EGFP, NDUFS730.96-EGFP, NDUFS739.139-EGFP, NDUFS7,g7.213
-EGFP, = NDUFS7,59.213-EGFP,  EGFP-NDUFS7,.2;3, EGFP-NDUFS7, ¢,
EGFP-NDUFS7,87.213, EGFP-NDUFS7199.213, EGFP-NDUFS7,99.206, NDUFS 74129
-EGFP, NDUFSTA135-EGFP and NDUFSTA;.60-EGFP. All of fragments in
NDUFS7 were amplified using the pfu turbo DNA polymerase (Stratagene, USA).

The sequences of primers used are shown in Table 2.

(3) Construction of NDUFS7 missense mutations

The pEGFP-N3-NDUFS7 was used as the template for mutation of basic,
acidic and hydrophobic residues inthe first1-60 and 187-213 amino acids of
NDUFS?7 using site-directed mutagenesis methodology. These constructs included:
NDUFS7,c040-EGFP, “~ NDUFS71.c096-EGFR,- || NDUFS7,.g00141-EGEP,
NDUFS71.6011150-EGEP, NDUFS7150170/-EGEP;~ NDUFS7, ¢011471150-EGFP,
NDUFS7 .60a141.170-EGFP, - NDUFS71=60L150/117Q)-EGFP, NDUFS7/ .60 401141
115Q-EGFP, NDUFS7s0®i106-EGFP, NDUFS7.60r136)-EGFP, NDUFS7_6or15G)
-EGFP, NDUFS7,.s0r106136-EGFP, NDUFS7, o 106/r156-EGFP, NDUFS7, 40
®136R156-EGFP, NDUFS7,27106-EGFP, NDUFS7,.7L40-EGFP, NDUFS7,.;
w15Q-EGFP, EGFP-NDUFS799.213r1996), EGFP-NDUFS7199.213k2006), EGFP-
NDUFS7199-213R1996/k2006), EGFP-NDUFS7199-213x202), EGFP-NDUFS7
199-213(R203G), EGFP-NDUFS7199.213k2026/R203G6), EGFP-NDUFS7199.213R205G), EGFP
-NDUFS7199213®2066), EGFP-NDUFS7199.213R2056/R2066), EGFP-NDUFS7199.513
®212G6),  EGFP-NDUFS7,99.213r2136), EGFP-NDUFS7199213R2126/R2136), EGFP
-NDUFS71992132006/R2066), EGFP-NDUFS7199.213R2036/R2066), EGFP-NDUFS7
187-213(E204T), NDUFS7187221382041-EGFP, NDUFS7189213(k2041-EGFP, NDUFS7

189-213(E204A)-EGFP,  NDUFS7:39.2132041)-EGFP,  NDUFS7,39.213(k2040)-EGFP,
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NDUFS7189_213(E204Q)-EGFP, NDUFS7188_213(E138A/E204A)-EGFP, EGFP-NDUFS7
187-213(L195A/1.1974) and EGFP-NDUFS71g7.213(L190a/L191a/L195a/L1974). All of mutations
in NDUFS7 were made with the pfu turbo DNA polymerase (Stratagene) and the

used primers are shown in Table 2.

(4) Construction of N. crasa NuoB

The fragment containing 212-226 residues of N. crasa NuoB was designed
and generated by annealing two primers which containied BsrG I (NEB) and Not I
(NEB) restriction sites at the two ends. This fragment was fused with EGFP gene
in pEGFP-N3 expression vector (Clontech) and.the resultant construct was named
EGFP-NuoB;1,.226. The used primers are the forward primer 5’- GTG TAC AAG
AGG AAG ATG . AGG /AAT -ACG AAG ATC ACG AGG ATG-3" and the
reverse primer 5’-- AGC GGC CGC CTA CTT GCG GTA.CCA CAT CCT CGT

GAT CTT CGT ATT-3".

(5) Construction of LacZ-NDUFES7-and LacZ-NuoB
The pcDNA4/TO/myc-His/LacZ vector (Invitrogen) (Appendix 4) was used
as the expression plasmid, and Not I (NEB) and Xho I (NEB) were employed as
restriction enzyme sites for cloning. The EGFP-NDUFS7,99.213 and
EGFP-NuoB3i12.2206 was used as the template to generate the fragment 199-213
residues of NDUFS7 and the fragment 212-226 residues of N. crasa NuoB,
respectively, by primers containing Not I (NEB) and Xho I (NEB) restriction sites.

The used primers are shown in Table 2.

8. Immunofluorescence staining with antibodies
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T-REx-293 cells were trypsinized and seeded at approximately 50~70%
confluency in 24-well plates containing cover glasses, and then transfected with
TransIT-LT1 transfection Reagent (Mirus, Madison, USA). Twenty-four hours later,
cells were induced with tetracycline at the concentration of 0.5 pg/ml for 24 hours.
After tetracycline induction, they were incubated for 30 min at 37 ‘C with 0.5 ml
growth medium containing 100 nM Mito Tracker Red (CMX-Ros; Molecular probe,
Eugene, USA) and then washed once in 0.5 ml PBS (phosphate-buffered saline).
After this step, all samples should be protected from light. Cells were permeabilized
and fixed with 0.5 ml acetone and methanol mixture (acetone/methanol = 3/1) for 5
min on ice. After fixation, specimens were moved to 6-well plates and blocked with 2
ml growth medium at room temperature (RT)-for 2 hours. Samples were then
incubated for 1 hours at RT ‘with diluted primary antibody: (1:50~1:100). After 5 times
of PBS washing for 5 min 'each, cells were incubated-for another 1 hour at RT with
diluted secondary antibody (1:100); and-washed-again by PBS for 5 times. Finally, the
cover glass was mounted ' with VECTASHIELD - Mounting Medium (Vector
Laboratories) at RT for 10’ min:- Fluorescenee was_visualized by Zeiss LSMS510
confocal microscope. The primary detection was performed using monoclonal mouse
anti-c-myc antibody (Calbiochem, San Diego, USA), monoclonal mouse anti-ATPase
alpha subunit antibody (Santa Cruz Biotechnology, Delaware, USA) and rabbit
polyclonal affinity purified anti-c-Myc antibody (Santa Cruz). The secondary
detection was performed using goat anti-mouse IgG (H+L) FITC conjugate antibody
(Calbiochem, San Diego, USA), goat anti-mouse IgG (H+L) rhodamine conjugate
antibody (Molecular Probe) and anti-rabbit IgG (H+L) FITC conjugate antibody

(Zymed, Eugene, USA).

9. Immunofluorescence staining with EGFP
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T-REx-293 cells were trypsinized and seeded at approximately 50~70%
confluency in 24-well plates containing cover glasses and transfected with
TransIT-LT1 transfection Reagent (Mirus). Twenty-four hours later, the cells were
incubated for 30 min at 37 ‘C with 0.5 ml growth medium containing 100 nM Mito
Tracker Red (Molecular probe) and then washed once in 0.5 ml PBS. After this step,
all samples should protect from light. Cells were fixed with 4% paraformaldedyde
(PFA) in PBS for 15 min at RT, and cells were then permeabilized with 0.5 ml
methanol for 5 min on ice. After washed with PBS for 5 min, the cover glass was
mounted with VECTASHIELD Mounting Medium (Vector Laboratories) at RT for 10

min. The fluorescence was visualized by Zeiss LSM510 confocal microscope.
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Results

The function of NDUFS7 subunit in mammalian cell

NDUFS7, one of the most conserved core subunits of mitochondrial complex 1,
is expected to play an important role during the oxidative phosphorylation (OXPHOS)
process (Fig. 1). It has very high homologies with subunits from Bos Taurus,
Neurospora crassa, Yarrowia lipolytica, Paracoccus denitrificans and, slightly less
with Thermus thermophilus and Escherichia coli (Fig. 2 and Table 1). Therefore, it is
a rational speculation that NDUSF7 in human mitochondria has similar functions as
those discoveries made in other organisms. However, the subunit compositions of
mammalian complex [ are much complicated than those of lower eukaryotic
organisms or prokaryotes, and theresults derived from lower order model organisms
may not be totally applicable to-higher orderiorganisms'or even human being. For this
reason, we targeted at humdan:NDUES7 in this study ;and would like to know more
about its functions and mitochondrial targeting.

RNA interference (RNAi) methodology. was” first applied to knock down
NDUFS7 gene expression. Two different-short-hairpin RNAs (shRNA) targeting at the
coding region and 3’ UTR respectively, were designed and cloned into pSUPER
plasmid (Fig. 3A). The derived vector was transfected into T-REx-293 cells of the
tetracycline on system. After screening, several stable clone cell lines with mRNA
levels of NDUFS7 been knocked down were selected for farther studies. According to
data obtained from real-time PCR studies, the mRNA expression levels of NDUFS7
were suppressed efficiently by 81% and 99.1% in U19 and U21 cell lines respectively
(Fig. 3B).

ATP can be produced from glycolysis in cytoplasm or OXPHOS in mitochondria

in mammalian cell. However, between these two sources, the majority of ATP is
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produced from mitochondria. If the cell has a functional defect in mitochondria, it will
grow slowly and increase the ATP production in the glycolysis pathway for
compensation. We measured the growth rate of cells cultured in DMEM medium
containing high glucose only or galactose only to understand the effect of NDUFS7
knockdown on cell growth. The growth rates of both U19 and U21 cells were slower
than those of control cells in glucose medium (Fig. 4A), and the differences were
much more significant in galactose containing medium (Fig. 4B). Furthermore,
knock-down cells did not survive in galactose containing medium when TTFA
(complex II inhibitor) was added at concentration of 200 uM to block the complex II
source of electron entry (Fig. 4F).

The complex I not only can transfer-electrons. from NADH to ubiquinine, but is
also a major source of production of reactive oxygen species(ROS).The generation of
H,0,, which is one of the ROS, in knock-down-cells was detected by the addition of
DCFH-DA. The image analyses from cofocal microscopy 'studies indicated that U21
cells produced a large number of H>0 when'they were compared with T-REx-293
cells (Fig. 5). These results revealed-that the-function of NDUFS7 is important in

mammalian mitochondria for cell survival and-defense.

Mitochondrial targeting signal of NDUFS7

Mitochondrial genome only contains 37 genes and most mitochondrial proteins
are encoded by the nuclear genome. The mitochondrial targeting sequence (MTS) can
lead these nuclear-encoded mitochondrial proteins into the mitochondria (Fig. 6). In
previous studies, NDUFS7, a nuclear-encoded protein, was thought to be located only
in the mitochondrial matrix part of complex I[. However, the location and
characteristics of MTS in NDUFS7 have not been detailedly analyzed in human or

yeast. According sequence analyses, both N- and C-terminus of NDUFS7 had many
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positive charged and hydrophobic residues capable of forming a potential amphipathic
a-helix thus become an effective MTS (Fig. 2, 7 and 8). In order to investigate
whether these two regions contain a MTS sequence, N- or C-terminal deletions of
NDUFS7 were fused with enhanced green fluorescent protein (EGFP), and the
obtained constructs were used to study the intracellular localization of the resultant
hybrid proteins.

Four different deleted constructs, named NDUFSa;.33-EGFP, NDUFSa1-60-EGFP
and NDUFSa199.213-EGFP, contained deletions of the N-terminal 38, 60, or C-terminal
15 amino acid residues respectively, and the full length of NDUFS7,.,,3-EGFP were
generated (Fig. 9A). These constructs were then transfected into T-REx-293 cells for
24 hours, and the subcellular. -localization: of. expressed fusion proteins and
mitochondria was visualized by EGFP.and Mito Tracker'Red (dye for mitochondria)
respectively. The full-length 6f NDUSE7 could take EGEP to the mitochondria but the
construct with EGFP itself only could not-(Fig. 9B,:a and b). Similar results were also
observed in HeLa cell (Fig: 9B, f). This result indicated that NDUFS7 may carry a
signal peptide for mitochondrial-targeting. . When construct with deletion of the
C-terminal 15 (Fig. 9B, ¢) amino acid residues in NDUFS7 was fused with EGFP, this
deletion did not affect the ability of mitochondria targeting of EGFP. However, the
proteins expressed from two other deletion constructs, NDUFS,.3s-EGFP (Fig. 9B, c¢)
and NDUFSa,.¢0-EGFP (Fig. 9B, d), were diffused throughout the cells. These
observations indicated that the MTS of NDUS7 should be located at N-terminus of
the protein.

To further investigate the minimum covering region of MTS in NDUFS7, EGFP
was also used as the report protein and fused with a NDUFS7 fragment at its
N-terminus or C-terminus. The constructs and the result of image analyses were

outlined in Figure 10A. In summary, N-terminal 60 residues showed a similar
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mitochondrial targeting efficiency to that of the full-length NDUFS7 (Fig 10A, f).
Based on the results from the following constructs: NDUFS,.,7-EGFP (Fig. 10B, b),
NDUFS,9-EGFP (Fig. 10B, c), NDUFS, 3s-EGFP (Fig. 10B, d), NDUFS,_5-EGFP
(Fig. 10B, e) and NDUFS,.¢-EGFP (Fig. 10B, f) it was conduced that within the
range of N-terminal 60 amino acids residues, the longer sequence selected for MTS
had a stronger mitochondrial targeting efficiency. All of the aforementioned constructs
showed at least partial mitochondrial localization, whereas the construct with the
N-terminal 19 residues of NDUFS7 (Fig. 10B, a) did not. Interestingly, all of the
constructs expressing residues 30-60 (Fig. 10B, g), 30-96 (Fig. 10B, f) and 30-189
(Fig. 10B, 1) in front of the N-terminus of EGFP were diffused throughout the cells.
These results implied that the residues1=27 were the-minimum sequence required for
mitochondrial targeting. of NDUFS7, but for-more efficient-mitochondrial import, a
longer MTS such the one constructed from the” N-terminal-60 residues might be
required.

The results also showed that the construets with the N-terminal 60 residues (Fig.
10B, k) or full-length NDUFS7 (Fig: 10B, j) fusing at the C-terminus of EGFP could
not be imported into mitochondria, even' though these constructs contained the
full-length MTS. These observations indicated that the correct direction of the
NDUFS7 MTS located at the N- or C-terminus of the protein is important for
mitochondrial import of this protein.

To explore the critical residues in the MTS of NDUFS7, site—directed
mutagenesis method was used to replace leucine, isoleucine and arginine to glutamine,
threonine and glycine, respectively, with the NDUFS, 4-EGFP construct as the
template. All residues selected for mutations was located within the first 27 residues,
because we have demonstrated in previous studies that the N-terminal 27 residues is

the minimum NDUFS7 MTS required for mitochondrial targeting (Fig. 11A). The
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results showed that only one point mutation (L4Q) lost the ability to target to
mitochondria completely, and others (e.g. L9Q, I14T, L15Q, L17Q, R10G, R13G or
R18G) had milder effects on mitochondrial targeting (Fig. 11B, a-e and j-1). In
constructs with double or triple mutations, proteins expressed from I[14T/L15Q,
L15Q/L17Q, L4Q/T14T/L15Q, R10G/R13G or R10G/R18G were not colocalized
with Mito Tracker Red (Fig. 11B, f, h-i and m-n), but proteins expressed from
114T/L17Q or R13G/R18G could have partial colocalization (Fig. 11B, g and o).
Similar results were obtained when three critical amino acids just identified were
individually mutated (R10G, L4Q and L15Q) in the NDUFS,_,7-EGFP construct (Fig.
11B, p-r). These results clearly indicated that these three amino acids (L4, R10 and
L15) in the NDUFS7 MTS are critical .for mitochondrial import of this protein. In
addition, we concluded that both positive charged and. hydrophobic residues which
may form amphipathic o—helices-in the. M'TS are essential for mitochondrial import of

NDUFST7.

A competent NLS of NDUFS7was located at the C-terminal region
When EGFP was fused with the full-length NDUFS7 in the N-terminus, it
showed that the EGFP signals diffused throughout the cells and had prominent
accumulation in nuclei (Fig. 10B, j). Based on this result, NDUFS7 may have a
nuclear localization signal (NLS) for nuclear targeting. However, no typical NLSs
which contained three or more basic residues (R or K) were recognized at the
N-terminus using PSORT II sequence analysis programs (http://psort.
ims.u-tokyo.ac.jp/form2.html). In contrast, the C-terminal 187-213 residues of
NDUFS7 contained 8 basic residues which formed 4 sets of 2 connected basic
residues that might be an effective NLS. In order to study this region to see if it

contains a competent NLS, various C-terminal fragments from NDUFS7 were fused
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with EGFP in the N-terminus and the resultant constructs were transfected into
T-REx-293 cells (Fig, 12A).

When the peptides of amino acids 187-213 were fused with EGFP
(EGFP-NDUFS7,87213), two significantly different distribution patterns were
observed: one had the fusion protein distributed majorly in the cytoplasm (Fig. 12B,
a), the other had the most fusion protein accumulated in nuclei (Fig. 12B, b). To
narrow down the region of the putative NLS, two peptides with residues 199-213 and
199-206 were chosen for further NLS studies using similar strategies. Both fusion
proteins derived from these two peptides were able to accumulate in nuclei (Fig. 12B,
c and d). Especially, the distribution - of the .-EGFP-NDUFS7,99.213 construct was
exclusively in nuclei. Thesé observations indicated-that the peptide converting the
C-terminal 199-213 amino acids of NDUFS7 is.a competent. NLS which can carry
EGFP into nuclei but does not have a typical NLS' sequence. Excitingly, the
corresponding sequence in the. C=terminus-of NuoB (a NDUFS7 homologous from M.
crassa) also had a similar nuclear import -ability. (Fig. 12B, e). This observation
suggested that the possibility of nuclear_localization of NDUFS7 not only exits in
human but may also in other eukaryotic species like B. Taurus, N. crossa or even Y.
lipolytica (Fig. 2).

To define the important residues in the NLS of NDUFS7, site—directed
mutagenesis was conducted in previous identified NLS region to change arginine or
lysine to glycine, using the EGFP-NDUFS;¢9,13 construct as the template (Fig.
13A). The results were summarized in Figure 13. The efficiency of nuclear import
was slightly decreased when individual basic residue was mutated to glycine. These
mutative constructs included R199G, K200G, K201G, R202G, R205G, R206G,
R212G and R213G (Fig. 13B, b-c, e-f, h-i and k-1). However, when both the

connected basic amino acids were mutated (e.g. R199G/K200G, K201G/R202G,
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R205G/R206G and R212G/R213G), the EGFP signals were diffused throughout the
cells (Fig. 13B, d, g, j and m). A similar trend was also observed when double
mutations were conducted two non-connected basic residues (e.g. K200G/R206G and
R203G/R206G, Fig. 13B, n and o). Meaningfully, these 8 basic residues are all related
to the nuclear import ability of NDUFS7 NLS and the effect is synergistic.

Recently, it was demonstrated that the EGFP could enter nuclei by itself in some
occasions, even though it did not have any putative NLS sequence [63]. It was also
well recognized that some nuclear proteins with molecular weights less than
approximately 60 kDa could enter into nuclei by passive diffusion. However, for
nuclear proteins larger than this siz¢ would need a-NLS for successful nuclear entry
[27, 28]. To avoid the possible“influence of EGEP-.on the nuclear targeting of the
tested NLS constructs, LacZ (B=galactosidase), which is.a large protein with 120 kDa
size, was fused in front of the NLS sequences of NDUES7 and NuoB as the passenger
protein by using the pcDNA4/TO/LacZ/mye/Hts vector as the template. With this
design, it was clearly observed that these two-peptides selected were able to carry
most of the LacZ into nuclei of T-REx-293 cells (Fig. I4B, b and c) when they were
compared with the LacZ only construct (Fig: 14B, a). A similar result also appeared in
a test using HeLa cells as the experimental system (Fig. 14B, d) indicating, that

NDUFS?7 has the nuclear import ability because of its C-terminal 199-213 residues.

The C-terminal region of NDUFS7 may contain a NES sequence

In previous results, it showed that the nuclear targeting efficiency of
EGFP-NDUFS7.199213 is higher than that of the longer EGFP-NDUFS7 ;37213
construct. In other words, the EGFP-NDUFS?7.,37.213 construct has a more cytoplasmic
distribution compared with the EGFP-NDUFS7. 199213 construct (Fig. 12B, a and c).

Therefore, it is a reasonable speculation that the region covering NDUFS7_1g7.513 may

23



contain a nuclear export signal (NES) sequence. By using NetNES 1.1 as a NES
prediction program (http://www.cbs.dtu.dk/services/NetNES/) (Fig. 15A), it could be
found that the region of NDUFS7 C-terminus may contain a NES. When this putative
NES sequence was compared with well known NES sequences, including IxBa,
PRRSV N protein, p53 and p73, the putative NES of NDUFS7 was partially fitted in
the classical NES motif as L-(X),3-L-(X),3-L-X-L (Fig. 15B). To investigate the
involvement of the conserved residues in the NES motif, several leucines in this
region was mutated to alanines by site—directed mutagenesis with
EGFP-NDUFS7,57.213 as the template. Interestingly, when both L195 and L197 were
mutated at the same time (L195A/L197A), the nuclear distribution was sharply
increased (Fig. 15D, b) as” compared-with.the control (Fig. 15D, a). Even more
significantly, the fusion.proteins were exclusively accumulated.in nuclei when all four
leucine  residues _were' “mutated. to ~ alahines,. Simultaneously in the
L190A/L191A/L195A/L197A construct(Fig:-15D, c). These results suggested that the
C-terminal 187-213 amino “acids -of NDUES7 contain a competent NES, and the
leucine residues in this region are impertant fornuelear export.

To confirm the aforementioned finding, a nuclear export inhibitor leptomycin B
(LMB) was used to identify the role of NES in the nuclear export of NDUFS7. After
transfected with the EGFP-NDUFS7,37.513 construct for 2 days, T-REx-293 cells were
incubated in absence or presence of LMB at concentration of 20 ng/ml for 4 more
hours. In the absence of this drug, most of the EGFP fusion proteins were diffused in
cytoplasm (Fig. 15D, a). However, a striking accumulation in nuclei was observed
when LMB was added to the cell culture, suggesting the loss of export ability of the
fusion proteins (Fig. 15D, d). These results demonstrated that the nuclear export
ability of the NDUFS7 NES was affected by LMB which has the function of

inhibiting formation of the nuclear CRM1 export complex.
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NDUFS7 has a dual distribution both in mitochondria and nuclei

In previous section, the EGFP fusion system was applied to locate the covering
region and essential amino acid residues of the MTS, NLS and NES in NDUFS7. In
order to conform that NDUFS7 has a dual localization (mitochondria and nuclei),
full-length NDUFS7 fusing with both c¢-Myc and His tags in the
pcDNA4/TO/myc-His plasmid was designed and constructed (Fig. 16A). The
subcellular localization of these constructs and mitochondria were probed with
anti-His and anti-ATPase alpha subunit antibodies, respectively, in T-REx-293 cells.
In most cases, the subcellular distribution of NDUFS7,.,;3-c-Myc-His was mostly in
mitochondria (Fig. 16B, a), but-some cells had targeted proteins colocalizied both in
mitochondria and nuclei (Fig. 16B, b); in T-REx-293 “cells.-To further confirm this
finding, the confocal microscopy. (LSMS510, ZEISS, Welwyn Garden City, Germany)
was used to scan each Z' section” from-0 to-8 (Fig:~16B, d-1). The nucleus and
mitochondrial patterns were recognized:in Z0-Z6 and Z1-Z8, respectively. From these
data it was apparent that NDUFS7 had a dual-distribution both in mitochondria and

nuclei, and the result was corresponded to previous EGFP data.
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Discussion

In our present studies, the NDUFS7 was suppressed in human T-REx-293 cells
using the RNAI technology. The reduction in the NDUFS7 expression caused a slow
growth rate in galactose containing medium without glucose and increased ROS
generation. These results indicated that NDUFS7 may play an important role in cell
energy production and survival. In addition, we also discovered the signal sequences
including MTS, NLS and NES in the NDUFS7 and investigated the critical amino
acid residues involved in the targeting by using the EGFP fusion system. Although the
region of N-terminal 1-27 residues in NDUFS7 is capable of mitochondria targeting,
the N-terminal 1-60 residues contains.a-more_sufficient ability to carry EGFP into
mitochondria. Both NLS and-NES are-localized at the C-terminus of NDUFS7, and
they can carry passenger proteins efficiently in or out, réspectively, through the nuclei.
In addition, to prevent the!possible-influence caused by| the use of EGFP fusion
techniques, a small tag fusion:system such as'¢c-Myc and His tags were also applied in
this study. The results indicated that the constructiof'wild type NDUFS7 fused with
c-Myc and His tags also hasa dual distribution both in mitochondria and nuclei, and

suggested that this phenomenon may also exist in the native situation for NSUFS7.

The NDUFS7 studies of mitochondrial targeting

In previous studies, the N-terminal 38 amino acids of bovine PSST were
predicted to be the MTS [4, 25]. In this study, we identified that the N-terminal
residues 1-27 was the minimum region required for mitochondrial targeting. Although
this region could carry EGFP to mitochondria, the transport efficiency of this peptide
has its limitation. Our data suggested that a longer N-terminal peptides has better

mitochondrial targeting ability, and the first 60 amino acids already have the same
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mitochondrial targeting efficiency as that of the full-length NDUFS7.

Because NDUFS730.60-EGFP, NDUFS730.9s-EGFP and NDUFS739.139-EGFP
constructs were unable to be transported to mitochondria, these results implied that
the key region of mitochondrial targeting ability is located at first 1-27 amino acids,
and the residues 30-60 play a supporting role in the MTS of NDUFS7. In order to
confirm this hypothesis, we used Target P 1.1 server (http://www.cbs.dtu.dk/se
rvices/TargetP/) to predict the mitochondrial targeting ability in different NDUFS7
constructs. The results showed that the full-length NDUFS7 scored 0.948 which is a
strong indication of a mitochondrial protein and the N-terminal 1-27 residues of
NDUFS7 scored 0.617, whereas;thé N-terminal 28-60 residues of NDUFS7 scored
only 0.153 which has a" very - little.~mitochondrial ~ targeting potential. These
bioinformatic results may support our hypothesis;that the first.1-27 amino acids play
an important role for mitochondrial targeting and the residues'28-60 has a supporting
role to increase the MTS efficiency.

From the PSIPRED * secondary: structure, . prediction server (http://bioinf.
cs.ucl.ac.uk/psipred/psiform.html);-it-was_showed-that the NDUFS7 N-terminal 1-32
residues contains a o—helix-loop—a-helix motif which is a common structure found in
the MTS. However, when the first 1-32 amino acids of NDUFS7 were arranged by
Helical Wheel Projection (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi), the results
showed that it does not contain a very classical amphipathic pattern. It indicated that
the MTS of NDUFS?7 is not belonging to the common MTS of mitochondrial matrix
proteins.

Moreover, we used the site-directed mutagenesis analysis to investigate the
critical amino acid residues in the MTS of NDUFS7. We found that the L9Q, 114T,
L15Q and L17Q point mutations in the NDUFS7,4y constructs would partially

decrease the ability of mitochondrial targeting, but when the L4 of NDUFS7,.¢ was
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mutated, the MTS capability would be mostly destroyed. The double mutations of 114
and L15 in NDUFS7,.¢ constructs would cause a synergistic loss of the mitochondrial
targeting ability. In contrast, any one of basic residues (R10G, R13G and R18G)
mutated in NDUFS7,¢ constructs only caused a slightly decrease in the MTS
capability, but double mutations in any two basic residues would completely lose the
mitochondrial targeting ability except the RI3G/RI18G pair. These results
demonstrated that both basic and hydrophobic residues are very important for the
mitochondrial targeting ability of the MTS in NDUFS7, and their effects are
synergistic. Intriguingly, the MTS ability was destroyed completely when one basic
(R10) or hydrophobic (L15) residue’ in NDUFS7,,7; was mutated. This result
confirmed that the supporting role-of the residues-28-60 of NDUFS7 is important for

efficient mitochondrial import.

The NLS and NES studies of NDUFS7

In this study, we also identified: that NDUFS7 has other signal peptides,
including non-classical NLS' and*NES,. which-ate-both located at the C-terminus of
NDUPFS?7. These results strongly suggested that NDUFS7 has a dual distribution both
in mitochondria and nuclei in the native state (Fig. 17). However, what factors
determine its distribution in these two organelles remain unknown. In addition, there
is still no clue to the function of the NDUFS7 in the nucleus. Further experiments are

required to answer these two questions.

The perspective of SUMOylation and the dual distribution of
NDUFS7
In recently studies, scientists have found that the distribution of some nuclear

proteins are related to a novel host cell posttranslational modification system, termed
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sumoylation. Many SUMOylated proteins are localized on nuclei, and SUMOylation
is known as the key to regulate the distribution of nucleocytoplasmic transport [64,
65]. For example, the level of nuclear localization in KLF5 was enhanced by
SUMOylation, and its SUMOylation site was close to the NES of this protein [66]. To
evaluate the possibility that the SUMOylation is involved in the NDUFS7 distribution,
the SUMOplot analysis program (http://www.abgent.com/tools/sumoplot login) was
used to predict the SUMOylation sites on the basis of a consensus motif YKXE (¥, a
large hydrophobic residue; K, lysine; X, any residue; and E, an acidic residue which is
primarily glutamate) [64, 65]. Interestingly, two putative SUMOylation sites were
found in NDUFS7: one is located at lysine 66 and the other at lysine 202 (Fig. 18A).
Surprisingly, the lysine 66 isclose to the identified MTS;, and lysine 202 is located
within NLS and NES of NDUFS7 (Fig. 18B).. From these results, we hypothesized
that the SUMOylation may be the key regulation for the-dual distribution of NDUFS7
between mitochondria.and nuclei. ‘This~hypothesis has to be confirmed by more

experiments.
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Tables

Table 1. Sequence identity (%) and similarity (%) of NDUFS7 to its
homologous proteins from various species

Species Identity (%) Similarity (%)
Bos taurus 83.8 954
Neurospora crassa 62.3 88.9
Yarrowia lipolytica 62 4 Q41 7
Paracoccus denitrificans 813 94 2
Thermus thermophilus 58 4 869

Escherichia coli 46.9 77.1
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Table 2. Primers used in this study

Applications/Primer name

Nucleotide sequence (3'->3")

Comment

For shENNA

NDUFS7-shENA-ORF-F1
NDUFS7-shRNA-ORF-R1
NDUFS7-shRNA-3'TI'TR-F1
NDUFS7-shRINA-3'UTR-R1
pSUPER-F1

pSUPTER-R1

pSITPER-F2

Heverse Transcriplion-1"CR

NDUFS7-T1
NDUEFS7-R1
NDIUFS7-TF3
NDUFS7-R3
GADTTI-T2
CADPH-R1

Cloning of NDUFS7 in pcDNA4/TO/myc-His

CMVF-TFi

Veclor Reverse
myc-R
NDUEST-EcoR1-F
NDUFS7-Xhol-K
LacZ-F

AGCTTCCGAGGAGGCTACTACCACTATTCAAGAGATAGTGGTAGTAGCCTCCTCTITITTIC
TCCAGAAAAAGACCGAGCCTACTACCACTATCTCTTCAATAGTCCTAGCTACCCTCCTCGGA
AGCTTCCCCGTGAGGTTGTCAATAAATTCAAGAGATTTATTGACAACCTCACGGTTTTTC
TCCAGAAAAACCCTCAGCTTICTCAATAAATCTCTTICGAATTTATTCACAACCTCACGGGCA
ATCAGACCACACATCTAAGC

TTAGCTCACTCATTAGGCAC

CCAACCOTCACCGTCATCAAC

GCACGAGGTGTCCATCAGAG
CAACCTCACCGGACACAACT
CTACGACATGGACCGCOTTTG
CCCACTACCAATACTCGTAG
GTTCGTCATGGGTGTGAACC
CCATGCACTGTGGTCATCAG

CGCAAATGRGOGGTAGGCGTGT
TAGAAGGCACAGTUCGAGG
GATCCTCTTCTGAGATGAG
CCAATTCGCCAAGATGGUGGTIGCIGIC
GUTCGAGTCUTGUGGTACCAGATCTGUAG
CATTGGTGGCGACGACTC

31

the coding region
the coding reglon
JIUTR

JUIR

For sequenceing
TFor sequenceing

For sequenceing,

Tdentification the coding region of NDUFS7
ldentilication the coding region of NDUEFS7
Tdentification the coding region ol NDIFS7
Tdentification the coding region of NDUFS7
Tdentification the coding region of NDUFS7
Tdentification the coding region of NDIUFS7

TFor sequenceing

For sequenceing

TFor sequenceing

ldenlilication the lull length coding region of NDUFS?
Tdentilivation (he Tull length coding regivn of NDUFS7
ldentification the coding region of LacZ



Cloning of Nuol in pcDNA4/10/myc-1lis

Nuob-212-226-Noll-¥
NuoB-212-226-Xhol-R

Cloning of NDTUFS7 in pECFP.N3

pEGFP-N3-NDUFS7-Xhol-F
PEGFP-N3-NDUFS7-EcoR1-R
pECFP-N3-NDUFS7-BsrCI-F
pEGFIP-N3-NDUFS7-Notl-R
pEGFP-N3m-NDUFS7-EcoR1-F1
PEGFP-NIm-NDUFS§7-Xhol-R1
pEGFP-N3-NDIFS7-1-19-FeoRI-R
pLGFI-N3-NDUIFS7-1-22-EcoRl-R
pECFP-N3-NDUFS7-1-27-EcoRI-R
PEGTFP-N3-NDIF57-1-358-FcoRI-R
PEGFP-NINDIFS7-1-50-FcoRI-R
PEGFP-N3-NDUFS$7-1-60-EcoR1-R
PEGFP-NIANDTFS7-30-00-Xhal-F
pLCFI-N3-NDUIS7-3U-%6-EcoRI-R
pLEGEFD N3 NDUIS7 39 189 Xhol I
pEGFP-N3-NDUFS7-39-189-EcoRI-R
pECTP-N3-NDUFS7-199-213-EcoRI-T
pPEGTFP-NI-NDIF57-199-213-Xhol-R1
pEGFP-NIANDIFS7-189-213-Xhol-F
PEGFP-N3-NDUFS7-187-213-Xhol-F
PECFP-N3-NDUFS7-187-213-BsrGI-F
pLECGFI-N3-NDUIFS7-199-213-BsrG1-F
NDUFS7-1-60-Notl-R

EGFP-F1

ECGFP-R1

TTGCGGUCGUCAAGGAAGATGAGGAATACG
CCTCCAGACTTCCCGTACCACATCCT

GUICGAGATGGUCGGTGCTIGTCAGUTCC
GGAATTUCGCCCTGUGGTACCAGATCIGC
CTCTACAACATCGUGGTICGCTCTCAGCTC
CGUGGLCGCCTACCTGCGGTACCAGATCTG
CGCCACCCGAATTCATGGCGGTGCTGTCAGC
CCTCGAGCCTGOGGTACCAGATCTG
COAATTCCCCCAGCGCACACCAAGCATC
GGAATICGCACCTCGTGUCCTGCACAGC
CCAATTCCCTCCCTCCACAGCCAGGCC
GGAATTCGCGCCATCGGTCGUCACGCTC
GGAATTOGCTCTGGCCTTTGGCAGGGC
GGAATIUGCGCCCUGGUIGCTIGGGTTT
GUTCGAGATGOTCCATCACAGOGTG
GCUCAATICCCCATCTCCATCATCICCAC
GUTCGAGATGCCAAGCAGCACCCAGCCTIG
GGAATTCGCGGUCTCGGCCGTAGGTIG
CCAATTCAGCAACATCAACCCGGAG
CCTCGAGACCTGCGATACCAGATCTGC
GUTOGAGATGGCCCTGOTCTACGGCATC
GCTCGAGATGGUCGAGGCCUTGCTCTAC
CTCTACAAGATCCCCCACGCCCTCCTCTAC
CTCTACAACACCAACATCAAGCGGCAG
CGUGGULCGCCTAGCCCUGGUIGCTGGEITIG
CTACCTGAGCACCCAGTC
CGCOQOCCQCTTTACTTGTAC
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1dentilication (he Iragment of NuobB
Identification the [ragment of NuoB

Tdentilivation (be Tull lenzth voding region ol NDUFS7
1dentiflcation the tull length coding reglon of NDUEFS7?
Identification the [ull length coding region of NDUFS7
Identification the [ull length coding region ol NDUFS7
Identification the full length coding region of NDUFS7
Tdentification the fragment of NDIUFS7

Tdentification the fragment of NDUFS7

ldenlification (he Iragment of NDLES7

Identification the fragment of NDUFS7

Tdentification the fragment of NDUFS7

Tdentification the fragment of NDI'FS7

Ldentiflcation the tragment of NDLFS7

Tdentification the fragment of NDTFS7T

Ldenlification (he Iragment of NDLES?

1dentification the fragment of NDLEST

Identification the fragment of NDUFS7

Identification the fragment of NDUFST

Tdentification the fragment of NDUFS7

Tdentification the fragment of NDIUTFS7

Ldentiflcation the tragment of NDLFS7

Idemification the fragment of NDUFS7

Ldenlification the Iragment of NDLES?

1dentification the fragment of NDLEST

For sequenceing

Far sequenceing



Cloning of NueB in pEGFIN3

NuoB-212-226-BsriI-F
Nuol}-212-226-Notl-R

Site-dirceted nnrtagenesis

T40QF

L4QKR

1.9Q-F

LYK

TI4T-T
114T-R
L15Q-F
LI5QR
L17Q-F
L17Q-R
L141T+L15Q-F
T4T+HLI5Q-R
4T I TA7Q-F
1141T+L170-R
LI5QILA7Q-T
LI5Q+L17Q-R
R10C-F
R10G-R
R13C-F
RI3C-R
RIBG-F
RISC-R
RIVGHR13G-F
RINCHRIZC-R

GIGTACAAGAGGAAGA TGAGGAATACGAAGATCACGAGGA T
AGOGGRCOGCOTACTTGCGGTACCACATCCTOGTGATCTTCGTATT

CGAGATGGOGGTGCAGTCAGCTCCTGGCC
GGUCAGGAGUIGACTGUACOGUCATCICG
GTCAGCTCCTGGCCAGCGCGGCTTCOGGA
TCCGGAAGUULOGUTGGUCAGGAGUTGAC
GCGCGGETTCCGGACCOCTTGATCTGCGOTC
GAGUCGCAGACCAAGGGTCCGGAAGCCGCGC
CCCCTTCCCCGATCCAGCGCTCIGCCCTICCAG
CTGGAGCGCAGACCCTGGATCCGGAAGCCG
CCCCATCCITGCGTCACGCCCTCCACCGTGG
CCACCCTCCACCCCTCACCAACCATCCCC
GCGCGGUTTCCGGACCCAGGGTCTGCGUTUCAG
CTGCAGUGCACACCCTCOGATOOCOGAAGOCOGOGT
COGGACCOTTGGTCAGCGCTCCAGCGTGG
CCACGUIGGAGUGUTGAUCAAGLGIOUL
COGCATCCAGGGTCAGCGCTCCAGCATOG
CCACGCTGGAGCGCTGACCCTGGATCCGG
CACGCTCCTGGCCTCCGOCGGCTTCCGCATC
GATCCGGAAGCCGCCCAGGCCAGGAGCTG
CCCTCGCCCCCGCTICGCCGATCCTTCCTICTC
CAGACCAACCATCCCCAAGCCGCGCAGGT
CGGATCCTIGGTCIGGGCTCCAGCGTGGGC
GUOCACGOTGUOAGUOCAGACCAAGGATOCG
GCCIGGGUGGCTICGGGATUCTIGGICTG
CACACCAACGATCOCCCAAGOOGOOCAGGE
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| dentitication the fragment of NuoH

Tdentification the fragment of Nuol}

Teud (o Gln

Leu4 to (zIn

Leu9 to Gln

Leu to Gin

Tic14 to Thr

llel4 to Thr

Leul5 to Gln

Leul3 10 Gln

Leul7 to Gln

Leul7 1o CGln

llel4 to Thr and Leul5 to Gin
Tie14 1o Thr and Teul S o Gln
Tle14 to Thr and T.eul7 to Gin
llel4 to Thr and Leul7 to (~ln
Leul5 to Gln and Leul7 to Gn
Leul5 to Gln and Leul7 to Gln
ArglD to Gly

ArglD to Gly

Argl3 to Gly

Argl3 o Gly

ArglB to Gly

Argl8 o Gly

Argll to Gly amd Arpl3 loGly
Arglinio GIy and Argl3 toGly



F12V-F

F12Y-R

EIIL-F
E2MT-R
E2IMA-F
E2HA-R
FE24D-T
E2ZI4I-R
EIZMQF
F2MH0O-R
E204L-F
E2HL-R
FARSA-T
EINSA-K
R199G-T
RIPG-R
KI00G-F
K2MG-R
RIYMGHRK2NG-F
R199GHK20G-R
K2RG-F
K202-K
R203C-F
RZ13G-R
KURGHR UG-
K212G1 R203G-R

TGGCCTGCGOGGCTACCGGATCCTTGGTC
GACCAAGGATCCGGTAGCCGOGCAGGOCA
CGAAGATCAAGUGGACGUGGAGGUITGUAG
CTGCAGCCTCCGCGTCOGCTTGATCTTCC
GAAGATCAAGUCGGGUGUGGAGGUTGCAG
CTGCAGCCTOCGOGOCCGCTTGATCTTC
AAGATCAAGOGGGATOGGAGGUTGCAGATC
GATCTGCAGUCTOCGATCCOGUTTGATCTT
GGAAGATCAAGCGGCAGCGGAGGCTGCAG
CTGCAGCCTCCGCTGCOGCTTGATCTTCC
GGAAGATCAAGCGGCTGCGGAGGCTGCAGA
TICTCCAGCCTCCCCACGCCCCTTCATCTTCC
ATCTCGAGATGGCCGCGGCCCTGCTCTAC
GITAGAGCAGGGUOGUGGUCATCIUGAGAL
ACGAGCTOTACAAGGGGAAGATCAAGCGG
COGOTTGATCTTCCCCTTGTACAGCTCGT

GAGCTGTACAAGAGGGGTATCAAGCGGGAGCG

CGCTCCCGCTTGATACCCCTCTTGTACAGCTC
ACGAGUTHTACAAGHGTGHETATCAAGOGGGA
TCCCGOCTTGATACCACCCTTGTACAGCTCGT

ACAAGAGGAAGATOGGACGGGAGCGGAGGOT

AGUCICCLOICCUGICCHAICTICCICTIGL

AGACCAACGATCAACCCACACCCCACGCTCCA

TGCAGCCICOGUICTCCCTTGATCTICCICT

ACAAGAGHGAAGATUGH TN GLAGAGUGGAGGET

AGCOCTCCGOTCTCCACCGATCTTCCTCTTGT
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Phel2 to Tyr

Phel2 to Tyr

zluZi4 to Thr

Glu204 to Thr

GluZt4 to Ala

Glu204 to Ala

Glu2d to Asp

(zlu2i4 to Asp

Glu204 to Gln

Glu2i4 to Gln

Glu2(4 to Leu

Clu2(4 to Leu

Glu188 1o Ala

=lul¥¥ to Ala

Arg199 to Gly

Argl99 to Gly

Lys200 to Gly

Lys20 to Gly

ArglY? to Gly and Lys2iH) to Gly
Arg199 to Gly and Tys200 to Gly
Lys202 tv Gly

Lys202 to GIy

Arg2(3 to Cly

Arg2i3 o Gly

1.¥5202 to (¥ and ArgZibs to 1y
Lys202 to Gly and Arg203 to Gly



R205G-1
R205G-R
R206G-1°
R2#6G-R
R2OSGHRUGG- I
R205GHR2U6G-R
RZ124-F

R212G R
R213G-F
R213G-R
R212G+R213G-F
R212G+R213G-R
R203C+R106G-F
R203GHRM6G-R
L195A+L197AF
L195A+L197A-R
T1WMAHTIMAF
L190A+L191A-R

GCATCAACCCUGCAGCUAAGGCTIGCACAICTC
CAGATCTGCAGCCTTCCCTCCCGCTTGATC
TCAAGCGGGAGUGGGGACTGCAGATCTGGTA
TACCAGATCTGCAGICCCCGUTICCOGUTTGA
GATCAAGCGGEAGGETGEACTGUAGATUTG
CAGATCTGCAGICCACCCTCCUCGUTTIGATC
TGCAGATUTGGTACGGUCAGG IAGGUGGU
GUCGUCTACCIGCCGTACCAGATCTIGCA

AGATCTGGTACCGCGGATAGGUGGUCCGCGACT

AGTCGCGGCCGCCTATCCGCGGTACCAGATCT
TGCAGATCIGGTACGGUGGATAGGUGGCC
GGCCGCCTATCCGCCGTACCAGATCTGCA
ACACGAACGATCAACCCGACACCCGGGACTCCA
TGCAGICCCCGUTCTCCCTIGATCTTICCTCT

CTGCTCTACGGCATCGCGCAGGUGCAGAGGAAGATCAA
TTCGATCTTCCICTCGCCCCTGCCGCCATCGCCGTAGAGCAG
CAAGATGGOCGAGGHOGOGHOCTACGGUATCGOGCAG

CTGCCCCATCCCCTAGCGCCCGCCGCGCCTCGGCCATCTTC

Arg2is lo Gly
Arg25 to Gly
Arg2i6 to Gly
Arg2i v Gly
Arg2i5 to GGly and Arg206 o GGly
Arg205 lo Gly and Arp206 (o Gly
Argzll to Gly
Arp212 to Gly
Argzl3to Gly
Arg2l3to Gly
Arp212 to Gly and Arg213 to Gly
Arg212 to Gly and Arg213 to Gly
Arg203 to Cly and Arg206 to Gly
Arg203 to Gly and Arg206 to Gy
Leul9S to Ala and Leul97 to Ala
Leul®S to Ala and Leul®7 (o Ala
Ten1™ to Ala and T.en191 to Ala
Leul%0 to Ala and Leul91 to Ala
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H. sapiens --=--MAVLSAPGEMRGFRILGLRSSVGPAVQAR HQS-====== VATDGPSSTQPALPKA 48

B. Taurus ----MAALAALRLL-HPILAVRSGVGAALQVR@&HSS ------- MAADSPSSTQPAVSQA 48

N. crassa MMSSVRTGASMAMRARPTAQIVPFRAAAVASISSSSRKDATGAVAPAGAQHGIARRERRE 60

Y. lipolytica MLRSQIG--RLAMRP----TLVP--ATVIPQTRAYS-~-=--=-=-~-- APAGTPRVSSSSMPTD 44

P. denitrificans - ---=-c-ccce s e e e MTGLNTA[GADRD------ - LATAELN--------- 19

T.thermophiliS = === = e - e ececcc e en- MALKDLFER-=-===--ccccccocnccnnnnx DV 11

L e MDYTLTRIDPNﬁENDR ------------- YPLQKQEIVT 26
1 1 g av

H. sapiens RAVAPK----PSSRGE)

B. Taurus RAVVPEPAALPSSRGE

N. crassa

Y. lipolytica

P. denitrificans REMQODK------- -~

T. thermophilus QEWERE---------

E.coi = DPEEQEVN-=-----

H. sapiens -V

B. Taurus

N. crassa R RIFRASPROQSDVMIVAGTLTNKMAPALRMVYDQMPPBPRWV SMGSCANGGGYYHYSY

Y. lipolytica IGERSIFRASPRQSD IVAGTLTNKMAPYLREVYDOQMPEPRWVISMGS/CANGGGY YH|3 161

P. denitrificans 'RASPRQSDaglVAGTLTNKMAP LR\?YDQMPEPR' 129

T. thermophilus SE\ MIVAGHL 121

E. coli AE 139

H. sapiens 208

B. Taurus 211

N. crassa 221

Y. lipolytica SVVRGCDRIVPVDWYVPGCPPTEEAL) NTEITR 205

P. denitrificans SVVRGCDRI?PVD YVPGCﬁPT’EALL GAP--A 171

T. thermophilus HLPPVA 174

E. coli ANMQS 199

r X

H. sapiens

B. Taurus

N. crassa

Y. lipolytica

P. denitrificans

T. thermophilus

E. coli ERERKRGERIAVTNLRTPDEI 220

iwyrr
Figure 2. Multiple sequence alignment of NDUES7 jprotein from various homologues.
Sequence alignment was -generated /by EMBL-EBI- ClustalW2, and displayed by
BOXSHADE server. Red boxes are cysteine residues of [4Fe-4S] cluster motif:

CCXXE(X)60C(X)30CP.
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Figure 3. The knock down effee'rof,‘.'RNA Ip;g_er ere_npe on ti;;-e' mRN‘A level of NDUFS7. (A)

|| I-'"J.Ill

Two different targeting reglori‘sl_"-(:-C'Dﬁ"'" nd:lS" U‘hﬂ o.fb__ﬂR'NA \.Nere selected for NDUFS7

’
suppression. (B) Quantlﬁcatlonxf -I;he- J;'iiatl‘l'dﬂhwunts of NDUFS7 was determined by

real-time PCR in T-REx-293, O10, 028 Ul, -U1-3 U19 U21 and U22 cells.
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Figure 4. The growth rate of T-REx293 and NDUFS7 knock down U19-and U21 cell lines were measured in glucose (A, C and E) and galactose (B,
D and F) containing medium. Cells were seeded at 2 x 10* per well at first day 0 and counted for 7 days. DMSO (0.025%) was added in mediums (C

and D), and the 200 uM TTFA (a complex II inhibitor) was added in mediums (E and F).
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DAPI DCFH-CA Merged

T-REx-293 . .

Figure 5. ROS assay detecting the H,O, levels in T-REx293 and U21 cells. The subcellular
localizations of H,O, and nuclei were visualized by DCFH-DA and DAPI, respectively, in

T-REx-293 cells. Merged images.of itwo tested cell lines are shown in the right panel.
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Secondary Structure Prediction
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Figure 7. The secondary structure prediction of NDUFS7. The Phyre progam was used as a prediction program for secondary structure prediction

(http://www.sbg.bio.ic.ac.uk/phyre/index.cgi). Secondary structures such as o-helix, B-sheet and non-special were marked with h, e and c,

respectively.
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Figure 8. a-helical wheel diagram of (A) the first 32 and (B) the last 27 amino acids of

NDUFS7. Hydrophobic, positively charged, negatively charged and other residues are

marked with green, blue, red and gray, respectively. This result was predicted by Helical

Wheel Projections (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi) and modified by POWER

POINT software.
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Figure 9. The MTS of NDUFS7 was located at N-terminus. (A) Overview of the various
deletions of NDUFS7 fusing with EGFP and their mitochondrial targeting abilities. (B)
The subcellular localizations of expressed fusion proteins and mitochondria were
visualized by EGFP and Mito Tracker Red, respectively, in T-REx-293 (a-e) or HeLa (f)
cells. Merged images of two results (EGFP and Mito Tracker Red) are shown in the right

panel.
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Figure 10. The effective MTS region in NDUFS7 was located at amino acids 1 to 60. (A)
Overview of the different N-terminal NDUFS7 fragments fusing with EGFP and their
mitochondrial targeting abilities. (B) The subcellular localizations of expressed fusion
proteins and mitochondria were visualized by EGFP and Mito Tracker Red, respectively, in
T-REx-293 cells. Merged images of two results (EGFP and Mito Tracker Red) are shown

in the right panel.
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Figure 11. The characteristic of MTS in NDUFS7 was identified by site-directed
mutagenesis. (A) Overview of the various site-directed mutations of NDUFS7 fusing with
EGFP and their mitochondrial targeting abilities. Blue, green and yellow letters represent
the basic, hydrophobic and mutated amino acids, respectively. (B) The subcellular
localizations of expressed fusion proteins and mitochondria were visualized by EGFP and
Mito Tracker Red, respectively, in T-REx-293 cells. Merged images of two results (EGFP

and Mito Tracker Red) are shown in the right panel.
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Figure 12. A competent NLS of NDUFS7 is located at the C-terminal region. (A)
Overview of the various deletions and site-directed mutations of NDUFS7 fusing with
EGFP and their nuclear targeting abilities. Blue, green, red and yellow letters identify the
basic, hydrophobic, negative charge and mutated amino acids, respectively. (B) The
subcellular localizations of expressed fusion proteins and nuclei were visualized by EGFP
and DAPI, respectively, in T-REx-293 cells. Merged images of two results (DAPI and

EGFP) are shown in the right panel.
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Figure 13. A competent NLS of NDUFS7 is located at the C-terminal region. (A)
Overview of the various deletions and site-directed mutations of NDUFS7 fusing with
EGFP and their nuclear targeting abilities. Blue, green, red and yellow letters identify the
basic, hydrophobic, negative charge and mutated amino acids, respectively. (B) The
subcellular localizations of expressed fusion proteins and nuclei were visualized by EGFP
and DAPI, respectively, in T-REx-293 cells. Merged images of two results (DAPI and

EGFP) are shown in the right panel.
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Figure 14. The NLS of NDUFS7 (from H. sapiens) and NuoB (from N. crassa) can carry
LacZ into nuclei. (A) Overview of the NLS of NDUFS7 and NuoB fusing with LacZ and
their nuclear targeting abilities. Blue letters identify the basic amino acids. (B) The
subcellular localizations of nuclei and expressed fusion proteins were visualized by DAPI
and probed with anti-His, in T-REx-293 (a-c) or HeLa (d) cells. Merged images of two

results (DAPI and EGFP) are shown in the right panel.
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Figure 15. The C-terminal region of NDUFS7 may contain a NES. (A) The nuclear export
signal (NES) prediction was carried out using NetNES 1.1 (http://www.cbs.dtu.dk/
services/NetNES/). Blue, green, red and yellow letters identify the basic, hydrophobic,
negative charge and mutated amino acids, respectively. (B) The C-terminal of NDUFS7
was compared with several known NES sequences. Red frames are the classical NES
sequences and green letters are the hydrophobic amino acids with underlined. (C)
Overview of the various site-directed mutations of NDUFS7 C-terminal peptide fusing
with EGFP and their nuclear targeting abilities. (D) The subcellular localizations of
expressed fusion proteins and nuclei were visualized by EGFP and DAPI, respectively, in
T-REx-293 cells. Merged images of two results (DAPI and EGFP) are shown in right panel.
(d) After cells were transfected for-48 hours;-leptomycin B (LMB) was added at

concentration of 20 ng/ml for 4 hours for inhibition of nuclear export.
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Figure 16. NDUFS7 has a dual distribution both in mitochondria and nuclei. (A) Overview
of NDUFS7 fusing with c-Myc/His and their mitochondrial or nuclear targeting abilities.
(B) The subcellular localizations of NDUFS7 were probed with anti-His and anti-ATPase
alpha subunit antibodies, in T-REx-293 cells. Merged images of two results (anti-His and
anti-ATPase alpha) are shown in the right panel. (c¢) The confocal images were merged
from all Z sections data. (d-1) The results of each Z section data. White arrows identify the

distribution of the mitochondria.
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Figure 17. Overview the signal peptides of NDUFS7.
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Developed by Abgent, copyright 2003-2004

Protein ID: NDUFS7 M wotifs with high probability
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Figure 18. The SUMOylation may be the key regulation for the dual distribution of
NDUFS7. (A) The SUMOylation site prediction was carried out using SUMOplot
analysis program (http://www.abgent.com/tools/sumoplot login). (B) Regions of
three signal peptides and two SUMOylation sites in NDUFS7 are shown in the

relative localizations.
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Appendixe 1. The map of pSUPER:neo+EGFEP. plasmid
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Appendixe 2. The map of pcDNA4/TO/mye-His A plasmid
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Appendixe 3. The map of pEGEP-N3 plasmid
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