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Abstract

The mitochondrial replicative DNA helicase is essential for animal mitochondrial DNA (mtDNA)
maintenance. Deleterious mutations in the gene that encodes it cause mitochondrial
dysfunction manifested in developmental delays, defects and arrest, limited life span, and a
number of human pathogenic phenotypes that are recapitulated in animals across taxa. In fact,
the replicative mtDNA helicase was discovered with the identification of human disease
mutations in its nuclear gene, and based upon its deduced amino acid sequence homology
with bacteriophage T7 gene 4 protein (T7 gp4), a bi-functional primase-helicase. Since that
time, numerous investigations of its structure, mechanism, and physiological relevance have
been reported, and human disease alleles have been modeled in the human, mouse, and
Drosophila systems. Here, we review this literature and draw evolutionary comparisons that
serve to shed light on its divergent features.
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Structure and catalytic activity

DNA helicases are essential components of the DNA

replication, repair and recombination machinery across taxa.

The replicative DNA helicases are members of the AAA+

family of ATPases and contain a conserved alpha–beta core

structure domain that carries the conserved amino acid

sequence motifs required for nucleotide hydrolysis

(Caruthers & McKay, 2002; Walker et al., 1982). Additional

distinct domains confer functional specificity and together

with the core domain, impart a modular architecture. Our

group probed the modular nature of a recombinant form of the

human mitochondrial DNA (mtDNA) helicase (Ziebarth

et al., 2007). We first documented its hexameric quaternary

structure by velocity sedimentation and gel filtration, which

yielded a sedimentation coefficient of 13.6 S and a Stokes

radius of 80 Å, with an estimated native molecular mass of

420 kDa. Limited proteolysis of the hexameric helicase with

trypsin resulted in the rapid disappearance of its 72 kDa

protomer, giving rise to a stable product of 66 kDa (T66) that

we documented to be a C-terminal truncation, and thereafter a

relatively stable 57 kDa polypeptide (T57) that proved to have

an additional N-terminal deletion. Subsequent products of 50,

34, 20 and 28 kDa were less stable but all were produced by

several proteases, reminiscent of the modular architecture of

the T7 gp4 and E. coli DnaB proteins (Bird et al., 1997; Frick

et al., 1998; Washington et al., 1996). In fact, the C-terminal

region of human mtDNA helicase that is removed in T66

represents an extension relative to the T7 gp4 polypeptide,

and the further N-terminal deletion in T57 at position K144 is

consistent with the removal of the N-terminal zinc-binding

domain (ZBD) in T7 gp4 (Ziebarth et al., 2007) (Figure 1A

and supplementary Figure 6).

In subsequent collaborative studies with Carazo and

coworkers, we examined the quaternary structure of the

human mtDNA helicase by negative-staining electron micros-

copy (Ziebarth et al., 2010). In doing so, we observed that its

solubility is affected greatly by ionic strength, and that at low

ionic strength its tendency to aggregate is mitigated by

magnesium, nucleoside triphosphate, and temperature. Under

conditions of high ionic strength mtDNA helicase forms

hexamers and heptamers, the proportion of which is shifted, at

low ionic strength, toward the heptameric state in the presence

of Mg2+ and ATPgS (Figure 1C). Limited proteolysis with

trypsin demonstrated that binding of ATP produces a

conformational change that is distinct from that in the

presence of ADP. Such conformational changes have also

been documented in E. coli DnaB and T7 gp4 (Nakayama

et al., 1984; Yong & Romano, 1995), and are likely to

facilitate ssDNA translocation and dsDNA unwinding. In

support of this, Sola and collaborators have recently reported

both oligomeric and conformational changes in human

mtDNA helicase (Fernandez-Millan et al., 2015). As with

T7 gp4 (Kato et al., 2003; Toth et al., 2003), their combined
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analysis by negative-staining and cryo-electron microscopy

and small angle X-ray scattering supports a structural model

in which a hexameric, two-layered ring contains a symmetric,

relatively stable C-terminal domain (CTD) ring with a more

flexible ring atop that contains the ZBD and the RNA

polymerase-like domain (RPD) (Figure 1).

To date, three catalytic activities have been ascribed to the

recombinant human mtDNA helicase: DNA-dependent

NTPase, 50–30 dsDNA unwinding and nucleotide-independent

ssDNA annealing. Notably, DNA primase activity associated

with the N-terminal half of the T7 gp4 primase-helicase has not

been found, and a role for the evolutionarily conserved

sequence elements in mtDNA helicase has been the subject

of much investigation. The catalytic activity of a mtDNA

helicase was first reported upon DEAE-Sephacel fractionation

of sucrose-gradient purified mitochondria derived from bovine

brain (Hehman & Hauswirth, 1992). dsDNA unwinding

activity was demonstrated on a single-stranded circular DNA

to which a short oligonucleotide of complementary or partially

complementary sequence was annealed, and was dependent

specifically on either ATP or dATP. Nearly a decade later,

human mtDNA helicase activity was detected in crude

mitochondrial extracts of HEK293 cells, where ATP-depend-

ent DNA unwinding was shown to increase �50% with the

overexpression of a construct containing the full-length

product encoded by the Twinkle gene (Spelbrink et al.,

2001). Falkenberg and coworkers purified a recombinant

form to near-homogeneity upon overexpression in the baculo-

virus system and demonstrated its DNA-dependent ATPase

activity, and 50–30 directionality and substantial stimulation by

mitochondrial single-stranded DNA-binding protein (mtSSB)

in DNA unwinding (Korhonen et al., 2003). With their

reconstruction of a minimal mtDNA replisome containing

the mitochondrial replicative DNA polymerase, DNA poly-

merase g (Pol g), mtDNA helicase and mtSSB, the functional

interactions of mtDNA helicase were demonstrated in unwind-

ing DNA at an active DNA replication fork (Korhonen et al.,

2004). Although mtDNA helicase was unable to unwind a

duplex region of 55 bp in the absence or presence of mtSSB, it

catalyzed extensive NTP-dependent unwinding of a duplex

minicircle template with a 50-ssDNA tail in concert with

nucleotide polymerization by Pol g, which was thus enabled to

produce long products of rolling circle replication in a reaction

that was stimulated markedly by mtSSB.

We examined further the stimulation of dsDNA unwinding

by human mtDNA helicase by wild-type mtSSB and several

variant forms, targeting amino acid residues that are

conserved among mtSSBs but not present in E. coli SSB by

alanine-substitution and deletion mutagenesis (Oliveira &

Kaguni, 2011). Whereas maximal stimulation of human

mtDNA helicase can be achieved both by human mtSSB

and non-cognate SSBs including D. melanogaster mtSSB and

Figure 1. Schematic representation and struc-
tural model of the human mtDNA helicase.
(A) Upper image, schematic representation of
the conserved amino acid sequence motifs in
human mtDNA helicase. MTS, mitochondrial
target sequence; I–VI and R, conserved
sequence motifs I–IV and RNAP basic motif
of prokaryotic primases; 1–4 and 1a, con-
served sequence motifs 1–4 and 1a of ring-
shaped helicases (Ilyina et al., 1992). The
size and position of the conserved sequence
motifs are represented to scale. Lower image,
structural model of a protomer of the human
mtDNA helicase highlighting its modular
architecture organized in a zinc binding-like
domain (ZBD), RNA polymerase-like
domain (RPD), linker region and a C-ter-
minal helicase domain (CTD). *ZBD portion
is represented as the polypeptide backbone of
the bacteriophage T7 gp4 ZBD. (B) Model of
the heptameric human mtDNA helicase, CTD
view. The homology models presented in this
study were developed using the multiple
sequence alignment described in the legend
to supplementary Figure 6 and the PDB files
1Q57 (Toth et al., 2003), 1NUI (Kato et al.,
2003), 1DDE (Keck et al., 2000), 4E2K
(Rymer et al., 2012) and 2AU3 (Corn et al.,
2005) as input parameters for the software I-
TASSER (Bazzoli et al., 2011). (C) Electron
microscopic image of the recombinant human
mtDNA helicase at 100 mM NaCl in the
presence of Mg2+ and ATPgS, showing its
heptameric configuration. This research was
originally published in The Journal of
Biological Chemistry (Ziebarth et al., 2010).
�The American Society for Biochemistry
and Molecular Biology (see color version of
this figure at www.informahealthcare.com/
bmg).
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E. coli SSB, several of the human variants exhibited

substantially reduced stimulation. The variants E33A/G34A/

K35A in loop 1,2 (according to the nomenclature adopted for

E. coli SSB (Raghunathan et al., 1997)) and Y100A/G101A/

E102A in loop 4,5–2 showed an �40% reduced stimulation,

while DS51-L59 in loop 2,3 showed an �15% reduction.

Notably, several other human mtSSB variants failed differen-

tially to stimulate the activity of human Pol g. Together, these

data argue that specific functional and perhaps physical

interactions facilitate dsDNA unwinding by human mtDNA

helicase.

A standard DNA unwinding assay on oligonucleotide

substrates, the DNA-dependent ATPase assay, several DNA

binding assays and the replisome assay have been employed to

explore various features of mtDNA helicase activity, and

nearly all have focused on human recombinant forms. We

examined the DNA-dependent ATPase activity and oligo-

meric form of several of the stable tryptic forms described

earlier, producing recombinant forms of the 66 kDa

C-terminal truncation (P66) and the N- and C-terminally

truncated 57 kDa protein (P57), showing that they both form

hexamers that modulate differentially nucleotide hydrolysis

(Ziebarth et al., 2007). P66 reproducibly increased ATPase

activity as compared to the similar activities of P57,

suggesting that the carboxyl terminus of the intact polypeptide

is inhibitory, whereas the amino-terminal zinc-binding region

may contribute positively to overall catalytic activity. At the

same time, a heterohexamer of the 57 and 50 kDa polypep-

tides in a 3–4:1 ratio showed dramatically reduced activity.

Given that the 50 kDa protein represents a truncated

polypeptide terminating at �amino acid position 590, this

would argue that residues between �590 and �640 are

required for activity. One possibility we considered was the

likely involvement of R609 and F621 that are analogous to the

arginine finger and base stack, respectively, of T7 gp4, and

E. coli DnaB. We tested this hypothesis by producing human

alanine substitution variants of them and included another

aromatic residue that is conserved among mtDNA helicases,

F628 (Matsushima et al., 2008). This demonstrated that each

serves a role in nucleotide hydrolysis: DNA-dependent

ATPase activity was not detectable in the arginine finger

variant R609A, and the F621A and F628A variants showed

10- and 4-fold decreased activity, respectively.

To probe the functional role of the N-terminal domain

(NTD) of human mtDNA helicase, Falkenberg and coworkers

studied truncation variants and also produced the NTD in the

absence of the entire CTD (Farge et al., 2008). The NTD

variants were constructed to contain the linker region that

separates the NTD from the CTD (Figure 1A). The variants

were examined for their ability to bind single- and double-

stranded oligonucleotide by electrophoretic mobility shift

assay (EMSA). The wild-type helicase was able to bind both

substrates, the full NTD construct bound neither, and a NTD-

deletion variant (D1–314) showed reduced binding to both

ssDNA and dsDNA as compared to wild-type, whereas the

ZBD-deletion variant showed full dsDNA binding with

diminished ssDNA binding. This and the demonstration of

diminished DNA-dependent ATPase activity in both

N-terminal deletion constructs suggest that the NTD contrib-

utes to the DNA-dependent ATPase activity carried in the

CTD. At the same time, the NTD only construct (D372–684)

showed no ATPase activity. In keeping with the requirement

for NTP hydrolysis in ssDNA translocation, the DNA

unwinding activity of the various forms was shown to be

consistent with their DNA-dependent ATPase activities.

Finally, in the replisome reconstitution assay, both N-terminal

variants were active, but products reflecting lower processiv-

ity in DNA strand synthesis by Pol g were observed.

In the only comparative biochemical analysis so far

reported, our group has evaluated NTD-only variants of the

D. melanogaster homolog of human mtDNA helicase (Stiban

et al., 2014). Modular architecture was documented by limited

trypsin proteolysis to produce its N-terminal ZBD and

C-terminal RPD, and showed that the full-length NTD and

its truncation variants in recombinant form are ssDNA-

binding monomers. Remarkably, we found that the ZBD binds

an FeS cluster coordinated by the analogous cysteine residues

that bind zinc in T7 gp4 and bacterial DnaG primases. These

are absent in the mammalian mtDNA helicase, which is thus

unlikely to bind a metal in the NTD. As with the human NTD,

we were unable to document DNA binding in the Drosophila

NTD by EMSA, but using a more sensitive, fluorescence-

quenching based assay, both ssDNA and dsDNA binding to a

40-mer oligonucleotide were identified, with an estimated Kd

of �120 nM. This supports the earlier study suggesting a role

for the NTD in helicase function and our parallel studies in a

Drosophila cell culture model (see the following section).

The most comprehensive analysis reported to date of the

biochemical activity of recombinant human mtDNA helicase

by Copeland and coworkers (Longley et al., 2010) evaluated

the wild-type enzyme and 20 human disease variants,

including those in the NTD, linker and CTD. This study

demonstrated variable but largely minimal defects in DNA

binding affinity, ATP binding and hydrolysis, and DNA

helicase activity. Instead, altered protein stability was docu-

mented, as measured by thermal inactivation of a number of

disease variants, providing a plausible explanation of the late

onset of their physiological effects in humans. A more recent

study by Patel and coworkers revealed the third catalytic

activity of human mtDNA helicase, NTP-independent ssDNA

annealing (Sen et al., 2012). The ssDNA annealing activity

was found to oppose the dsDNA unwinding activity of human

mtDNA helicase in the absence of an SSB or a ssDNA trap,

and only ssDNA but not dsDNA serves as a competitive

inhibitor of annealing activity even though the helicase was

shown to bind dsDNA as reported in the earlier studies. This

lead to the proposal that the ssDNA annealing activity might

be involved in recombination-mediated replication, a mtDNA

replication mechanism supported by physiological studies of

mtDNA replication intermediates from human heart

(Pohjoismaki et al., 2009), or possibly in replication fork

regression during DNA repair as has been described in

prokaryotic and nuclear genomes.

Animal models of helicase function

Animal models of mtDNA helicase have focused primarily on

two key issues, its physiological roles and importance, and the

effects of human pathogenic mutations. Initial studies

employed both a mouse model and cultured human
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osteosarcoma 143B cells (Tyynismaa et al., 2004). Here,

Suomalainen and collaborators documented that overexpres-

sion of the mtDNA helicase in mouse muscle and heart

increased mtDNA copy number several fold with no apparent

physiological effects. This suggested that mtDNA helicase is

limiting for mtDNA replication in vivo, thus potentially

exacerbating the mild to moderate biochemical effects

reported for disease variants. RNA interference of helicase

expression in human 143B cells resulted in a two-fold

depletion of mtDNA without apparent effects on mitochon-

drial number or structure. A subsequent mouse study

evaluated the effects of a specific duplication (dup353–365)

and point mutation (A360T) that are analogous to those found

in patients (dup352–364, A359T) with autosomal dominant

progressive external ophthalmoplegia (adPEO), with the

finding that the mice recapitulated the histological and

molecular results reported in patients, with muscle atrophy

accompanied by accumulation of mtDNA deletions and

mildly decreased respiratory activity, and yet normal physical

function (Tyynismaa et al., 2005). The negative effects

developed with age as expected for the late onset of PEO in

humans. In later studies, Larsson and collaborators showed

embryonic lethality in a conditional mouse knockout that was

accompanied by severe and rapid mtDNA depletion in heart

and skeletal muscle arguing that the enzyme is essential for

mtDNA replication and that its function cannot be compen-

sated by another cellular helicase (Milenkovic et al., 2013).

Our group has pursued a Drosophila model of mtDNA

helicase function in cultured Schneider S2 cells and in

animals. We have explored the various functions of the NTD,

linker, and CTD in S2 cells by a combination of forward

mutagenesis and expression of human disease alleles

(Matsushima & Kaguni, 2007; Matsushima et al., 2008;

Matsushima & Kaguni, 2009). The system was established by

evaluating the effects of helicase overexpression and knock-

down, with the findings that overexpression increased mtDNA

copy number �1.4 fold while knockdown by RNA interfer-

ence resulted in �5-fold decrease in mtDNA, recapitulating in

insect cells the results found in the mouse and human systems,

and establishing a conserved role for mtDNA helicase in

mtDNA replication across taxa (Matsushima & Kaguni,

2007). We also examined catalytic mutants analogous to

A318 and D424 in the Walker A and B motifs in the helicase

domain of T7 gp4, respectively, and found them to generate a

dominant-negative, lethal phenotype resulting from a dra-

matic mtDNA depletion of 14–20-fold. Interestingly, mito-

chondrial transcript levels were reduced as a consequence of

mtDNA depletion, but only after a two-fold decrease in

mtDNA copy number was incurred. Overexpression of

variants carrying analogous human-disease alleles in either

the linker or CTD showed differential effects. All were able to

form hexamers in vivo, the I334P and A442P mutants (I367T,

A475P in humans) showed the lethal phenotype and mtDNA

depletion found for the catalytic mutants, while A326T,

R341Q and W441C (A359T, R734Q, W474C in humans) did

not. Notably, I334P maps to the A helix of the linker and

A442P to the D3 helix in the helicase domain of T7 gp4; in T7

gp4, the A helix of one protomer interacts with the D2 and D3

helices of the adjacent protomer (Singleton et al., 2000),

implicating their involvement in the ssDNA translocation

required for dsDNA unwinding (Lee & Richardson, 2004).

Garesse and collaborators established a fly model to study

further the K388A, A442P and W441C mutations, using

ubiquitous overexpression throughout development in the

GAL4-UAS system (Sanchez-Martinez et al., 2012). The

K338A and A442P mutations cause severe mtDNA depletion

and developmental lethality, as might be predicted from the

effects in S2 cells. Interestingly, in the animal model, the

W441C mutation yielded a modest decrease in mtDNA copy

number during the third larval instar stage and a moderate

decrease in adult lifespan. Defects in oxidative phosphoryl-

ation in the K388A and A442P overexpressing animals were

found, which resulted in reduced cell proliferation and the

promotion of apoptosis, providing an important link between

mitochondrial dysfunction associated with defects in mtDNA

metabolism and programed cell death.

Further studies in S2 cells examined the roles of the NTD

and CTD by evaluating conserved amino acid residues among

mtDNA helicases and both T7 gp4 and bacterial DnaG

primases and DnaB helicases, and additional human disease

alleles. Surprisingly, overexpression of conserved amino acids

in motifs I, IV, V, and VI and the RNA polymerase basic

domain (Figure 1A) did not cause mtDNA depletion, while

overexpression of the N-terminal variants W282L, R301Q,

and P302L that are analogous to human adPEO mutations

(W315L, R334Q and P335L) and map within the TOPRIM

subdomain comprising motifs IV–VI of the RPD showed

deleterious effects (Matsushima & Kaguni, 2009). (These are

discussed in the following section on evolutionary compari-

sons.) In contrast, overexpression of four alanine-substitution

variants of conserved amino acids in the CTD, including the

putative arginine finger and base stack found in T7 gp4 and

DnaB, caused dramatic mtDNA depletion and a dominant-

negative lethal phenotype. Interestingly, all of these lie

C-terminal to the last conserved motif 4 in superfamily 4

DNA helicases. To evaluate the functional importance of the

C-terminal region of the CTD, progressive deletion variants

were constructed carrying deletions D572–613, D586–613,

D597–613, and D607–613; overexpression of D527–613 and

D586–613 led to lethality while cells overexpressing the

D597–613 and D607–613 variants maintained normal mtDNA

copy number and growth. These data argue that an �25 amino

acid region beyond motif 4 is required for mtDNA helicase

function.

In parallel with studies in mice and insect cells, Spelbrink

and collaborators investigated the molecular mechanism of

mtDNA depletion and deletion in cultured human HEK293

cells overexpressing both catalytic mutants and human

disease alleles of mtDNA helicase (Goffart et al., 2009;

Pohjoismaki et al., 2011; Wanrooij et al., 2007). These studies

in composite led to the important finding that dose-dependent

mtDNA depletion results from replication stalling. Analysis

of replicating intermediates (RIs) by two-dimensional neutral/

neutral agarose gel electrophoresis (2DNAGE) and Southern

blotting demonstrated that concomitant with the observed

mtDNA depletion, both the abundance and nature of the RIs

were altered in helicase variants; an accumulation of RIs was

observed and these were RNase H resistant indicating full

maturation of lagging DNA strands as compared to control

cells. Although Pol g mutants were also shown to cause
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replication stalling, the features of the RIs they engendered

differed with regard to their effects on lagging DNA strand

synthesis, likely as a result of the requirement for Pol g in the

replication of both parental DNA strands. Evaluation of

the RIs generated in the mouse model where expression of the

linker region duplication (dup 353–365) was shown to

generate mtDNA deletions with age (9–12 months)

(Tyynismaa et al., 2005), produced similar results to those

obtained in the human cells, and the impairment of replication

appeared as early as six weeks of age (Goffart et al., 2009).

This finding suggests that replication stalling predisposes the

cells to subsequent mtDNA deletions. This hypothesis is

supported by the later finding that replication stalling by

catalytically-impaired mtDNA helicase results in multiple

mtDNA rearrangements in human cells, which are the

possible products of DNA repair of double-stranded breaks

(Pohjoismaki et al., 2011).

Evolutionary comparisons and clustering of human
pathogenic mutations

The evolutionary origins of the protein components of the

animal mtDNA replisome are both intriguing per se and

informative relevant to present day function. As predicted by

the endosymbiotic theory, mtSSB is a homolog of the

homotetrameric SSBs from eubacteria (Mahoungou et al.,

1988), but is possibly the only replisome protein that

originated from the a-proteobacterium-like mitochondrial

ancestor. The mtDNA helicase and Pol g-a, the catalytic

core of Pol g, share ancestry with the T7 gp4 primase-helicase

and gp5 DNA polymerase, respectively (Shutt & Gray,

2006a). On the other hand, in considering the fact that the

animal mitochondrial replicase is the only mtDNA polymer-

ase known to function in concert with an accessory factor, Pol

g-b, the accessory subunit of Pol g, most likely originated

from an independent event of lateral class II aminoacyl-tRNA

synthetase gene transfer involving eubacterial species and

early metazoans (Wolf & Koonin, 2001). How the evolution

of proteins with distinct functions and organismal origins has

occurred to allow them to function coordinately to promote

mtDNA replication remains unclear, but some of the evolu-

tionary routes taken are starting to be unraveled, at least for

Metazoa. Here, we evaluate some of the evolutionary changes

to provide models of the structural and functional features of

the mtDNA helicase.

In the absence of a crystal structure for the human mtDNA

helicase, we developed homology models based on the 3D

structures of T7 gp4 and bacterial DNA helicase (DnaBs) and

DNA primases (DnaGs) (Figures 1–5), and on a multiple

amino acid sequence alignment we derived from 58 plant and

animal sequences available in public databases, using the T7

gp4 sequence as the outgroup (Figure 6 of Supplementary

material). As with other models reported for the human

mtDNA helicase (Fernandez-Millan et al., 2015; Holmlund

et al., 2009; Korhonen et al., 2008), we observed that the

C-terminal helicase domain (CTD) maintains a structure that

is highly similar to those of prokaryotic replicative DNA

helicases (Figure 1) (Bailey et al., 2007; Toth et al., 2003). In

fact, electron microscopic imaging of the human mtDNA

helicase (Fernandez-Millan et al., 2015; Ziebarth et al., 2010)

supports this and suggests that the hexameric/heptameric

conformation of mtDNA helicase is organized by the CTD

and the linker region (Figures 1 and 2), as it is for T7 gp4 and

E. coli DnaB (Bailey et al., 2007; Toth et al., 2003). Modeling

of the CTD of D. melanogaster mtDNA helicase also

provided a structure that resembles the homologous domain

of all the DNA helicases mentioned above (data not shown),

highlighting the conservation of the mtDNA helicase CTD

structure and function across taxa.

That the number of mutated residues in the human mtDNA

helicase found in association with human diseases (see

Appendix Table 1) has increased significantly since its first

report 15 years ago (Spelbrink et al., 2001) demonstrates the

importance of the enzyme for mitochondrial function and

human health, and provides us additional data to map

functional regions of the polypeptide, as our group has done

for human Pol g (Euro et al., 2011; Farnum et al., 2014).

Figure 2 shows the functional organization of residues for

which pathogenic mutations have been identified in the linker

region and CTD in our human mtDNA helicase model. We

also map the location of catalytic residues that have been

identified in biochemical studies and putative DNA-binding

regions based upon the T7 gp4 structure (Toth et al., 2003).

The disease-related residues were assigned likely functional

properties based on their proximity to known sites in the

mtDNA helicase and in the homologous T7 gp4 polypeptide

including subunit interaction, DNA binding, and ATP bind-

ing/hydrolysis (Figure 2A). Using this criterion, we were

unable to make a functional assignment for residue R391, and

no biochemical and/or physiological studies using a variant

helicase with a mutation at this position that might aid in

understanding its role in disease have been reported to date.

Moreover, the mutation R391H has been found in compound

heterozygosity with N585S and therefore, may not be related

to the reported cause of Perrault syndrome (Morino et al.,

2014); N585, on the other hand, lies within the conserved

amino acid motif 4 of ring-shaped helicases and in close

proximity to the arginine finger (R609) and the ATP-binding

site (Figure 2B).

Of the 25 disease-related residues found in the linker

region and the CTD, 21 were assigned as important for

subunit interaction (Figure 2C). Whereas their putative roles

in maintaining the stability and/or conformation of the

oligomeric enzyme is not apparent when evaluating the

model of a single subunit (Figure 2A), it becomes clear that

the linker region of one protomer can interact with a region

of the CTD approximately 10.5 Å from the ATP-binding site

of the adjacent protomer when two protomers are modeled

together (Figure 2B). This is consistent with that suggested

previously by Korhonen et al. based on an analysis using a

more limited number of pathogenic residues (Korhonen et al.,

2008), and by Fernandéz-Millán et al. based on their cryo-

electron microscopic study (Fernandez-Millan et al., 2015). A

role in subunit interaction does not imply explicit involvement

in either hexamer/heptamer formation or stability. On one

hand, it has been reported that recombinant forms of the

human mtDNA helicase bearing the I367T, R374Q, W474C

or A475P substitutions show altered oligomer formation and/

or stability (Korhonen et al., 2008), while other variants,

including other linker region and CTD mutants of the human
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and/or D. melanogaster mtDNA helicase such as A359T,

S369P, L381P and F485L (numbering as in the human

sequence) do not appear to differ in oligomeric state from that

of the wild-type enzyme either in vitro or in vivo (Korhonen

et al., 2008; Matsushima & Kaguni, 2007). However, if we

assume that the active mtDNA helicase adopts an asymmetric

arrangement of protomers that aids in the coupling of ssDNA

binding, nucleotide hydrolysis and dsDNA unwinding as has

been shown for T7 gp4 (Singleton et al., 2000; Toth et al.,

2003), one can argue that most mutations assigned as

important for subunit interactions (Figure 2) may disturb

this asymmetry and hence influence negatively NTP binding

and/or hydrolysis, without affecting the formation of the

hexamer/heptamer. This hypothesis is consistent with the

biochemical data showing that most mutations in the linker

region and CTD, which are located distantly from the ATP-

binding site, lead to at least partially defective ATPase and

unwinding activities (Korhonen et al., 2008; Longley et al.,

2010), even though they most likely form oligomers.

Alternatively, these mutations may disrupt the balance

between the oligomeric forms; we have shown previously

that the recombinant human mtDNA helicase can switch from

a hexameric conformation to a heptameric one under low

ionic strength and upon binding to Mg2+ and ATPgS

(Ziebarth et al., 2010) (Figure 1C). It is also possible that

some of the mutations may affect loading of the mtDNA

helicase onto DNA rather than ssDNA translocation and

dsDNA unwinding, as it has been reported for T7 gp4

carrying the A257T mutation homologous to the human

pathogenic mutation A359T, that is located in the linker

Figure 2. Mapping of active site residues and human pathogenic mutations in the model of the human CTD and linker region. (A) Residues directly
important for NTP hydrolysis, including the arginine finger (R609), the putative base stack (F621) and others (K607, F610 and F628) (Matsushima
et al., 2008) are shown in red, sphere representation; the loops important for DNA-binding in the CTD of T7 gp4 (Notarnicola et al., 1995; Singleton
et al., 2000; Washington et al., 1996) are shown in blue, cartoon representation; and the human disease-related residues (Appendix Table 1) are shown
in sphere representation and colored according to their proposed functional properties including subunit interactions (cyan), NTP hydrolysis (yellow)
and DNA-binding (dark blue). R391 (dark gray) has not been given a functional assignment (see text for details). (B) Representation of the
juxtaposition of two protomers (light and dark green, cartoon representation), highlighting the NTP-binding site (circled) and the subunit interaction
region (boxed). (C) Closer view of the subunit interaction region, showing the human disease-related residues in stick representation (see color version
of this figure at www.informahealthcare.com/bmg).
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region (Patel et al., 2011). Notably however, recombinant

forms of the human mtDNA helicase bearing A359T, even if

hexamers/heptamers, are defective in DNA binding and NTP

hydrolysis (Korhonen et al., 2008; Longley et al., 2010).

Though, neither the oligomeric forms nor their relative

contributions to the mitochondrial replisome in vivo are

known, it is tempting to speculate that hexamers and heptamers

coexist inside mitochondria, but only heptamers may be active

in DNA loading, while hexamers may be involved in nucleo-

tide hydrolysis and dsDNA unwinding. Such a hypothesis

would be consistent with models for T7 gp4 in which opening

of the heptameric helicase ring occurs after initial DNA contact

with the NTD, with the concomitant loss of a protomer (Ahnert

et al., 2000; Crampton et al., 2006).

Our analysis of the N-terminal region of the human

mtDNA helicase reveals a story different from that of the

CTD and linker region. We found that modeling of ZBD was

unreliable using in silico methods based on sequence

homology, because the amino acid sequence similarities

between the mtDNA helicase, T7 gp4 and bacterial DnaGs

are too low. Although several homology models have been

reported for the ZBD (Fernandez-Millan et al., 2015;

Holmlund et al., 2009), in our opinion, this domain likely

adopts a novel structural fold, different from its counterpart in

the prokaryotic enzymes. Evidence supporting this derives

from our recent report demonstrating that the D. melanoga-

ster ZBD binds an FeS cluster, instead of zinc (Stiban et al.,

2014) and it appears that the human ZBD binds neither (Shutt

& Gray, 2006b).

In contrast, in the C-terminal half of the NTD of human

mtDNA helicase, we show the RPD adopts a conformation

comprising two subdomains: an N-terminal region and a

TOPRIM fold (Figure 3). These are highly similar to that of

prokaryotic primases (Kato et al., 2003; Keck et al., 2000),

although in this case the human RPD resembles more closely

that of bacteriophage T7. Though the human ZBD has

apparently diverged from a structural conformation that binds

zinc, the RPD appears to have the backbone of a primase, and

presents some of the conserved amino acid residues that are

important for primase function in T7 gp4 (Figure 4).

Interestingly, however, the electrostatic potential surface

(EPS) of the human RPD model, as compared to those of

the RPD structures of T7 gp4 and E. coli DnaG, shows that

the negatively-charged Mg2+-binding pocket that is so evident

in the prokaryotic structures is absent in the human RPD

(Figure 5), arguing that human mtDNA helicase is unable to

coordinate the bivalent cations to catalyze primer synthesis.

Rather, the homologous aspartate and glutamate residues that

form the Mg2+-binding pocket in the T7 gp4 and DnaG RPDs

are buried inside the human RPD model (Figure 4), perhaps

involved in electrostatic interactions with positively charged

residues in the TOPRIM subdomain (data not shown). In

agreement, no primase activity has been detected in vitro for

the human mtDNA helicase ((Farge et al., 2008) and our

unpublished data) and in vivo, alanine substitutions of the

homologous negatively-charged residues caused no effect on

mtDNA copy number in Drosophila S2 cells (Matsushima &

Kaguni, 2009). On the other hand, a comparative RPD model

of the Arabidopsis thaliana mtDNA helicase, for which

primase activity has been demonstrated biochemically (Diray-

Arce et al., 2013), clearly presents a Mg2+-binding pocket

similar to those in the crystal structures of T7 gp4 and E. coli

DnaG (Figure 5).

In addition to the lack of a Mg2+-binding pocket, the EPS

of the human RPD model shows a relatively large, positively-

charged area within the TOPRIM subdomain (Figure 5).

Truncated forms of the human mtDNA helicase that lack the

RPD, either partially or completely, exhibit diminished

ssDNA-binding properties, which is accompanied by

decreased ATPase and unwinding activities in vitro and

decreased mtDNA copy number in cultured cells (Farge et al.,

2008; Wanrooij et al., 2007). Because the positively-charged

area in the human RPD is distinct from the ssDNA-binding

groove of prokaryotic RPDs that allows proper positioning of

the template DNA for the clamping by the ZBD (Corn et al.,

2008; Kato et al., 2003), we propose that the human RPD

binds ssDNA in a new configuration to impart alternate

functionalities. One such feature might be to bind ssDNA

complementary to the DNA template during dsDNA unwind-

ing on a surface-exposed site of the protein to promote NTP-

independent ssDNA annealing that is not found in the

prokaryotic counterparts. Another possibility may be that

this region of the human RPD facilitates ssDNA loading by

the mtDNA helicase.

Figure 3. Structural model for the RNA polymerase-like domain (RPD) of human mtDNA helicase. The polypeptide backbone of the human RPD
(residues 153–362) is highly similar to those of T7 gp4 (residues 64–255, PDB: 1NUI; (Kato et al., 2003)) and E. coli DnaG (residues 115–366, PDB:
1DDE; (Keck et al., 2000)), even though no primase activity is apparently present in the human enzyme (see color version of this figure at
www.informahealthcare.com/bmg).
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Interestingly, when we mapped amino acid residues

associated with human disease mutations on the RPD model,

we found that they cluster in a region of the TOPRIM

subdomain that forms part of the positively-charged surface

area (Figure 4). We suggest then that these changes interfere

with ssDNA-binding to this region, arguing for its functional

importance in the mtDNA replisome, consequently leading to

mitochondrial dysfunction. Support for an important role for

the proposed ssDNA-binding region derives from our studies

modeling mutations found in human patients in the

Figure 4. Mapping of conserved amino acid residues and human pathogenic mutations in the human RPD model. (A) Amino acid sequence alignment
among T7 gp4, E. coli DnaG and selected mtDNA helicases, showing important residues for ssDNA (highlighted in blue), NTP- (yellow) and Mg2+-
binding (red), and human disease mutations (cyan). The residues in T7 gp4 and bacterial DnaG that were shown experimentally to bind ssDNA, NTP or
Mg2+ (Corn et al., 2008; Kato et al., 2003; Keck et al., 2000; Lee & Richardson, 2001; Rymer et al., 2012) are underlined, and the residues in the D.
melanogaster mtDNA helicase that have been mutated in S2 cells (Matsushima & Kaguni, 2009) are circled. These residues have been positioned on
the human RPD model (B) and in the E. coli RPD structure (PDB: 1DDE, (Keck et al., 2000)) (C) to illustrate (1) that the homologous residues in the
human RPD, important for primase activity in DnaG, are displaced from an active configuration and (2) that the human disease mutations (Appendix
Table 1) are clustered in a region of the TOPRIM fold of the human RPD (see color version of this figure at www.informahealthcare.com/bmg).
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D. melanogaster mtDNA helicase, which results in severe

mtDNA depletion in S2 cells, whereas alanine-substitutions of

the amino acids that are conserved in prokaryotic RPDs have

no effect on mtDNA copy number (Matsushima & Kaguni,

2009). Because a similar positively-charged area is also present

in RPD models of other distantly related animals, such as

D. melanogaster (Arthropoda) and Strongylocentrotus purpur-

atus (Echinodermata) (Figure 7 of Supplementary material),

and Amphimedon queenslandica (Porifera) and

Caenorhabditis elegans (Nematoda) (data not shown), this

suggests conservation of function in animal mtDNA helicases.

Perspectives

Nearly 15 years of research on the mitochondrial replicative

DNA helicase has elucidated its basic physical properties,

subunit composition and catalytic activities, and documented

its central role in mtDNA replication. The specific role(s) of

the N-terminal domain remain to be elucidated, including

those in ssDNA and dsDNA binding relevant to DNA loading,

translocation, unwinding, and annealing, the formation and

stability of hexamers and heptamers, and in replisome

interactions. The mechanism of dsDNA unwinding by

mtDNA helicase and the involvement of the hexameric and

heptameric forms remains to be determined, as do its three-

dimensional structure, and specific contacts with nucleotide

and DNA substrates and replisome partners. The possibility

that the enzyme may unwind RNA–DNA duplexes should be

explored to help understand the mechanism(s) by which RNA

associated with mtDNA is removed. In addition, the possible

roles of mtDNA helicase in mtDNA repair and recombination

are important areas for future studies. Furthermore, the

possible roles of the replicative helicase in the regulation of

mtDNA replication, and in inter-organellar communication

with the nucleus and possibly the endoplasmic reticulum,

perhaps mediated by membrane association, are emerging

areas of research.

The importance of the mitochondrial replicative DNA

helicase in human health and disease remains a key area of

interest. A critical area for future research will be to establish

genotype–phenotype relationships for human pathogenic

alleles such that despite the widely variable clinical presen-

tations observed, age of onset and severity of symptoms can

be predicted in both homozygous and heterozygous forms,

and the tissue specificity, and molecular basis and outcomes

relevant to mtDNA metabolism can be understood.

Intriguing and broader questions still remain concerning

the N-terminal region in mtDNA helicase. Why does the

mtDNA helicase retain the NTD and RPD domains whereas

bacterial DnaBs function without their equivalents? What

might have driven this evolutionary and functional rewiring,

and why is the enzyme of some animal species now able to

bind an iron-sulfur cluster (and perhaps other cofactors)? A

road as long as that taken by research on the bacteriophage T7

Figure 5. Electrostatic potential surface (EPS) map suggests a new DNA-binding region for the RPD of human mtDNA helicase. EPS maps for the
RPD structures of T7 gp4 (residues 64–255, 1NUI), E. coli DnaG (residues 115–366, 1DDE) and the mtDNA helicase models of humans (residues
153–362) and Arabidopsis thaliana (residues 191–408) were calculated using the APBS Tools built into Pymol, with default settings. The solvent
accessible surfaces shown are colored according to electrostatic potential (blue�+10 kT, red��10 kT). The ZBD is depicted in cartoon representation
to provide a reference for the N-terminal region of these enzymes. The human and A. thaliana ZBD representations are copies of the same domain from
T7 gp4 and are positioned as if they provide the same structural arrangements and function as in the bacteriophage enzyme; they are not meant,
however, to depict any structural similarities between the ZBDs of mtDNA helicases and the T7 primase–helicase. The bacterial ZBD was retrieved
from the crystal structure of the Aquifex aeolicus DnaG (PDB: 2AU3) (see color version of this figure at www.informahealthcare.com/bmg).
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and E. coli DNA replisomes appears to lie ahead to

understand the roles of the mtDNA helicase in mtDNA

replication, repair and recombination.
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Appendix Table 1. Disease-associated amino acid residues of the human mtDNA helicase. These residues were mapped onto the helicase models
presented in Figures 2 and 4.

Residue Mutation Associated disease References

R303 R303Q and R303W Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
W315 W315L and W315S Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
A318 A318T Hepatocerebral mtDNA depletion syndrome,

infantile-onset spinocerebellar ataxia
(Dundar et al., 2012), (Ji et al., 2014)

K319 K319E and K319T Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
R334 R334P and R334Q Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
P335 P335L Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
R354 R354P Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
R357 R357P Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
A359 A359T Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
L360 L360G Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
A362 A362P Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
W363 W363L Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
I367 I367T Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
S369 S369P and S369Y Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
F370 F370C and F370L Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
R374 R374Q and R374W Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
L378 L378P Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
L381 L381P Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
R391 R391H/N585S Perrault syndrome (Morino et al., 2014)
F395 F395L Renal tubulopathy (Prasad et al., 2013)
S426 S426N Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
W441 W441G/V507I Perrault syndrome (Morino et al., 2014)
N448 N448D Autosomal dominant progressive external ophthalmoplegia (Morino et al., 2014)
M455 M455T Autosomal dominant progressive external ophthalmoplegia (Morino et al., 2014)
L456 L456V Infantile-onset spinocerebellar ataxia (Dundar et al., 2012), (Ji et al., 2014)
T457 T457I Hepatocerebral mtDNA depletion syndrome (Dundar et al., 2012), (Ji et al., 2014)
Q458 Q458H Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
A460 A460G and A460P Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
R463 P083S/R463W Infantile-onset spinocerebellar ataxia (Hartley et al., 2012)
W474 W474C and W474S Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
A475 A475D, A475P and A475T Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
F478 F478I Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
E479 E479K Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
F485 F485L Autosomal dominant progressive external ophthalmoplegia (Dundar et al., 2012), (Ji et al., 2014)
V507 W441G/V507I Perrault syndrome (Morino et al., 2014)
Y508 Y508C Infantile-onset spinocerebellar ataxia (Dundar et al., 2012), (Ji et al., 2014)
Y537 Y537H Autosomal dominant progressive external ophthalmoplegia (Ji et al., 2014)
N585 R391H/N585S Perrault syndrome (Morino et al., 2014)
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