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Preface

Since the publication of the first edition of Mitochondrial DNA: Methods and Protocols
in 2002, the number of unique heritable mtDNA mutations recognized as being
associated with bioenergetic dysfunction, cell death, and disease has grown apace. At
the same time, our understanding of the basic biology of somatic mtDNA mutations
has improved. These ongoing advancements are due largely to the continuous devel-
opment and improvement of techniques and approaches for studying the biology of
mitochondria and their DNA. In this second edition of Mitochondrial DNA: Methods
and Protocols, specialists from eight countries share their expertise by providing detailed
protocols for studying many aspects of mtDNA.

This volume is divided into three sections. The first contains protocols that can be
used to study the transduction of information from mtDNA to functionally active
respiratory complexes. Included in this section are protocols for investigating the
nucleoid proteome, mtDNA packaging, replication, transcription, and respiratory
complex synthesis. In this section, methods for studying polymerase gamma mutations
associated with mitochondrial disorders are also provided. The second section focuses
on mitochondrial reactive oxygen species (ROS) production, mtDNA damage, and its
repair. Included are descriptions of unique experimental systems for manipulating
mtDNA repair capacities and evaluating the outcome. The application of such methods
will improve our understanding of the basic biology of mtDNA damage, repair, and
mutation. Finally, in the third section, in recognition of the observation that debilitat-
ing somatic mtDNA mutations underlie some of the bioenergetic deficits observed in
age-associated disease, exciting new approaches for identifying and quantifying hetero-
plasmic mtDNA mutations are presented.

This volume contains detailed descriptions both of established techniques that
continue to be usefully applied, and of some very recently developed approaches that
hold great potential to improve our understanding of mtDNA biology. As such,
graduate students, postdoctoral fellows, and established investigators should all find
herein useful information presented in a straightforward manner with sufficient detail
to be replicated in their own laboratories. I thank all of the authors who contributed
their expertise and detailed protocols to this volume for their hard work, dedication,
and patience.

Jeffrey A. Stuart
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Chapter 1

Biochemical Isolation of mtDNA Nucleoids from Animal Gells

Daniel F. Bogenhagen

Abstract

Mitochondrial DNA (mtDNA) in animal cells is organized into clusters of 5-7 genomes referred to as
nucleoids. Contrary to the notion that mtDNA is largely free of bound proteins, these structures are nearly
as rich in protein as nuclear chromatin. While the purification of intact, membrane-bound mitochondria is
an established method, relatively few studies have attempted biochemical purification of mtDNA
nucleoids. In this chapter, two alternative methods are presented for the purification of nucleoids. The
first method vyields the so-called native nucleoids, using conditions designed to preserve non-covalent
protein-DNA and protein—protein interactions. The second method uses formaldehyde to crosslink
proteins to mtDNA and exposes nucleoids to treatment with harsh detergents and high salt
concentrations.

Key words: mtDNA, mitochondria, nucleoids, chromatin IP.

1. Introduction

The maintenance of mitochondria depends on the mitochondrial
DNA (mtDNA) for synthesis of several protein components of the
oxidative phosphorylation machinery. In mammals, 13 proteins are
encoded in the mtDNA genome along with 12S and 16S rRNAs
and a complete, albeit minimal, complement of 22 tRNAs. The 13
proteins synthesized on mitochondrial ribosomes are incorporated
into respiratory complexes I, III, IV, and V along with approxi-
mately 67 nucleus-encoded subunits (1). Cells typically maintain
thousands of copies of mtDNA distributed among hundreds of
organelles that exchange components through active cycles of
fusion and fission (2, 3). These mtDNA genomes are organized in
nucleoids containing 2—10 genomes, as indicated in Table 1.1 (4).

Jeffrey A. Stuart (ed.), Mitochondrial DNA, Methods and Protocols, vol. 554
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Table 1.1
Number of nucleoids and mtDNA molecules per nucleoid in various
cell types

Cell type Nucleoids/cell mtDNA/cell mtDNA/focus Reference

ECV304 480 3,500 ~7 (5)
143B 553 4,126 7.5 )
Hela 466 2,637 5.7 )

Using gold-labeled anti-DNA antibodies, Iborra et al. (5) have
estimated that mtDNA nucleoids have an average diameter of
70 nm, indicating that several mtDNA genomes are very tightly
packaged. CsCl density gradient analysis of crosslinked mtDNA
nucleoid preparations yields a density of approximately 1.5 g/ml,
consistent with an approximately equal content of protein and
DNA. Thus, a nucleoid with 7 mtDNA genomes may be expected
to have a mass of about 140 MDa, half of which is protein.

Time-lapse imaging has shown that nucleoids in mammalian
cells are relatively stable structures rather evenly spaced within the
mitochondrial reticulum (6, 7). This has encouraged several
laboratories to try to biochemically isolate nucleoids to identify
proteins associated with the mtDNA genome. Such studies have
routinely identified two well-established mtDNA-binding pro-
teins as nucleoid markers. These are the mitochondrial single-
stranded DNA-binding protein, mtSSB (8), a tetramer of
16 kDa subunits homologous to Escherichia coli SSB, and
TEAM, an abundant HMG-box protein that binds duplex DNA
with limited sequence specificity. Kang’s group has estimated that
Hela cells contain as many as 3,000 copies of mtSSB and 1,700
copies of TFAM per mtDNA molecule (9). However, other
groups have suggested that the TFAM content is considerably
lower (10). Both of these proteins occur with a pool of free
proteins in equilibrium with the fraction bound to mtDNA. This
is likely to be true for other proteins involved in mtDNA replica-
tion and transcription as well. For any individual nucleoid-
associated protein, the fraction of protein retained in a biochemical
preparation of nucleoids is expected to vary depending on the
conditions used in the fractionation procedure. Investigators inter-
ested in studying mtDNA nucleoid proteins must be cognizant of
this limitation.

A wide variety of proteins have been found in association with
mtDNA nucleoids isolated from either yeast or animal cell sources.
The list includes several proteins with known roles in mtDNA
replication and transcription, which may be considered “positive
controls,” along with a number of chaperones and metabolic
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proteins. Other reviews have summarized the results of such
studies; it is not the goal of this methods’ chapter to recapitulate
or interpret these results. Instead, this chapter will present two
alternative procedures for biochemical preparation of nucleoids.
Kaufman et al. (11) have previously presented a protocol for for-
maldehyde crosslinking of proteins to mtDNA in this series. A
comparison of the nucleoid protein composition obtained using
gentle handling of native (non-crosslinked) complexes with that
obtained using formaldehyde crosslinking coupled with harsh
solution conditions provides significant insight into the structure
of nucleoids. The results of this comparison suggest that nucleoids
can be considered to contain a core of tightly associated proteins,
including TFAM, mtSSB, mitochondrial DNA and RNA poly-
merases, surrounded by additional metabolic proteins and chaper-
ones. At this juncture, it is not a simple matter to decide if a protein
contained in a biochemical preparation enriched in nucleoids is an
“authentic” nucleoid protein. It is hoped that these methods will
contribute to further efforts to identify and characterize proteins
important for the maintenance and expression of mtDNA.

Both methods described below begin with the preparation of
highly purified mitochondria based on a protocol presented pre-
viously in this series (2). This protocol is one of the many available in
the literature, and it is not possible to review it in detail in the space
provided. Methods for mitochondrial purification typically take
advantage of the membrane-delimited nature of the organelle and
its distinctive size and density. Following cell disruption, mitochon-
dria must be handled in isotonic buffers like the mannitol-sucrose
buffer described below to avoid organelle rupture. Detergents must
be rigorously avoided during mitochondrial purification, although
differential extraction with digitonin is often used to prepare mito-
plasts lacking the outer membrane. In some cases, mitochondria can
be purified by differential sedimentation, particularly if the source is
enriched in mitochondria. However, it is always desirable to use a
purification procedure that employs centrifugation in a gradient
containing sucrose or other separation media in order to remove
contaminating organelles of both higher and lower densities.
Finally, it is critically important to recognize that even density
gradient purified mitochondria are routinely contaminated with
associated nuclear DNA. This contamination is well known to
researchers with experience in biochemical isolation of mtDNA as
cthidium bromide-CsCl gradients routinely show a heavy upper
band of nuclear DNA (2). Nuclear DNA contamination can be
reduced, but not eliminated, by nuclease treatment of mitochondria
at an intermediate stage in purification, as shown in the agarose gel
analysis in (Fig. 1.1). The undigested DNA in a typical Hela
mitochondrial preparation contains a broad zone of high molecular
weight DNA that appears to run as a band since it has been sheared
by pipetting to a relatively uniform size of about 20-30 kb. When
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DNase . . 4+ +
Hind lll

Fig. 1.1. Agarose gel analysis of mtDNA. Lanes 1 and 2 show the total DNA in a
mitochondrial preparation without and with digestion by restriction endonuclease Hindlll.
Lanes 3 and 4 show a similar analysis of DNA from nuclease-treated mitochondria.

the DNA is digested with restriction endonuclease HindIIl, the
expected mtDNA fragments of 10.2 and 5.5 kb are resolved over a
smear of nuclear DNA fragments. Treatment of mitochondria with
DNase I at an intermediate step in purification reduces this back-
ground smear. However, low molecular weight fragments of
nuclear DNA are retained in the mitochondrial fraction (not
shown in Fig. 1.1). If the extent of nuclease digestion is sufficient,
most of these fragments will be removed by a stringent sizing step
that takes advantage of the large size of mtDNA nucleoids. This
DNA contamination can introduce some non-mitochondrial pro-
teins, such as histones, into nucleoid preparations.

2. Materials

2.1. MSH and Nuclease
Treatment Buffer

Both butfters include protease inhibitors at final concentrations of
5 pg/ml leupeptin, 2 pg/ml E64, 1 pM pepstatin, and 0.2 M
PMSE.
1. MSH: 210 mM mannitol, 70 mM sucrose, 20 mM HEPES,
pH 8,2 mM EDTA, 2 mM DTT



2.2, Anti-TFAM and
Anti-mtSSB Antibody
Columns for Affinity
Purification

2.3. Solutions for
Sedimentation of
Formaldehyde
Crosslinked Nucleoids

10.
11.

12.

13.
14.
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. Nuclease treatment buffer: 1X MSH containing 5 mM glu-

tamic acid, 5 mM Na malate, 60 mM KCl, 10 mM MgCl,,
1 mM K,HPOy, and 250 pg/ml BSA.

. Nuclease wash bufter: 0.8 M sucrose, 20 mM HEPES, pH 8,

2 mM EDTA, 2 mM DTT.

. Recombinant human TFAM and mtSSB are cloned in the

pET22b+ vector and expressed as C-terminally His-tagged
proteins in E. colz using standard techniques (see Note 1).

His-Trap columns or other immobilized Ni- or Co-affinity
matrices.

. MonoS columns for cation exchange chromatography.

MonoS elution buffer: 20 mM HEPES, pH 8, 5% glycerol,
1 mM EDTA, and 2 mM DTT plus protease inhibitors.
Proteins are eluted with a gradient of KCl in this buffer.

. Affigel 10 matrix (BioRad) for protein coupling. At least 1 mg

of protein coupled per 1 ml of beads.

. Antibodies directed against human TFAM or mtSSB (immu-

nopurified from crude rabbit polyclonal antisera prepared in
the Bogenhagen laboratory). The crude sera reacted specifi-
cally with the respective proteins in Western blots at 1:5,000—
1:20,000 dilution.

Column wash bufter: PBS (10 ml).

. Affigel 10 elution buffer: 150 mM NaCl, 100 mM glycine,

pH 2.4.
Antibody collection bufter: 200 pl of 1 M Na,HPO,, pH 8.
Magnetic tosyl-activated Dynabeads (Dynal).

Immunoattinity purification buffer: 30 mM HEPES, pH 8,
5% glycerol, 2 mM DTT, 70 mM NaCl, 1 mM EDTA with
protease inhibitors.

Gradient buffer: 30 mM HEPES, pH 8,2 mM EDTA, 2 mM
DTT, 20 mM NaCl, 0.5% Triton X-100, and protease
inhibitors.

Picogreen buffer: 10 mM Tris, pH 8, 1 mM EDTA.

Bead wash buffer: 20 mM HEPES, pH 8, 2 mM EDTA,
2 mM DTT, 70 mM NacCl, 0.5% Triton X-100.

. Polyallomer tubes.

Beckman SW41 rotor.

3. Gradient solutions: 20 mM HEPES, pH 8, 2 mM EDTA,

100 mM NaCl, 0.5% sarkosyl, 2 mM DTT, and protease
inhibitors. Upper gradient solution also contains 15% gly-
cerol. Lower gradient solution also contains 30% glycerol
and 30% Nycodenz.
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10% H,CO.
2 M Glycine, pH 7.3.
Nucleoid bufter: 20 mM HEPES, pH

Y XN oo

DTT, 62.5 mM Tris, pH 6.8, 2% SDS

8,2 mM DTT.

Stock CsCl solution of density 1.71 g/ml.
TE buffer: 10 mM Tris, pH 8, 1 mM EDTA.
Tris—glycine sample loading buffer: 10% glycerol, 20 mM

3. Methods

An overview of the native and crosslinked nucleoid preparations is
shown in Fig. 1.2. The native immunoaffinity purification proce-
dure has the practical disadvantage that it requires anti-TFAM or
anti-mtSSB affinity reagents that are not commercially available in
large quantities. He et al. (12) have used an alternative procedure
using an immobilized prokaryotic DNA-binding protein to affi-
nity-purify nucleoids. This procedure, however, did not recover a
large fraction of known mtDNA interacting proteins reported by
Wang and Bogenhagen (13) using anti-TFAM or anti-mtSSB

columns.

Mitos

“NaV

Lyse TX-100
Clarify spin

1.5 hrl Glycerol/ Nycodenz
Gradient Sedimentation

mtDNA Fractions

Crosslinked
H,CO

Lyse SDS
Clarify spin

4.5 hr

mtDNA Fractions

Band
Fast Slow CsCl
twice
Affinity purify DNA-protein
o-TFAM or complexes
o-mtSSB 80° C
3 hr
mtDNA protein

Fig. 1.2. Overview of schemes for purification of native and crosslinked nucleoids.
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3.1. Nuclease 1. Mitochondria are prepared as described by Bogenhagen (14)
Treatment of and as modified by Wang and Bogenhagen (13). The princi-
Mitochondria pal changes are the use of a Percoll-Nycodenz gradient in

place of a sucrose step gradient and the introduction of a
nuclease treatment. Mitochondria are withdrawn from the
gradient, diluted with three volumes of MSH buffer, and
sedimented in a swinging bucket Sorvall HB-6 rotor at
10,000 rpm (16,000 g) for 10 min.

2. The mitochondrial pellet from 4 | of Hela cells is resus-
pended in 5 ml of nuclease buffer (see Section 2.1, Step 1)
and treated with 400 pg of DNase I (Sigma type 11, 2,000 U/mg)
plus 4 pl (1,000 U) of Benzonase (Novagen) for 15 min at
37°C (see Note 2).

3. EDTA s added to a final concentration of 20 mM to stop the
nuclease.

4. The mitochondrial suspension is layered over 6 ml of nuclease
wash buffer and centrifuged as above to pellet mitochondria.

5. The supernatant is carefully removed by suction to remove as
much of the nuclease as possible.

6. Mitochondria are resuspended in 5 ml of MSH and repelleted

as above.
3.2. Immunoaffinity The goal of purification of native nucleoids is to lyse mitochondria
Purification of Native with non-ionic detergent at moderate ionic strength in an attempt
Nucleoids to preserve the structure of nucleoids. The method consists of

sedimentation to select large complexes followed by immunoafti-
nity purification.
1. The mitochondrial pellet from Section 3.1, Step 1 is resus-
pended in 800 pl of immunoafhinity purification buffer.

2. Two hundred microliters of 6% Triton X-100 is added to
achieve a final concentration of 1.2%.

3. The mitochondrial suspension clarifies quickly after the addition
of detergent. The solution is incubated on ice with intermittent
mixing for 5 min, then centrifuged for 3 min in a refrigerated
microcentrifuge at 3,000 g to remove insoluble material.

4. Aliquots of 500 pl of the supernatant are layered over each
of the two preformed 10 ml 17-45% glycerol gradients in
gradient buffer.

5. The gradients are layered over a pad of 700 pl of 30% glycerol
and 30% Nycodenz.

6. Gradients are spun at 33,000 rpm for 1.5 h at 4°C in a Beckman
SW41 rotor (186,000 g).

7. Afraction of nucleoids sediment very rapidly to reach the pad
(as described in Wang and Bogenhagen (15)), while the
remainder is distributed in the lower half of the gradient.
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3.3. Preparation of
Formaldehyde
Crosslinked Nucleoids

10.

11.

12.

13.

14.

15.

Nucleoids in the rapidly sedimenting fraction were found to
be associated with cytoskeletal proteins such as vimentin and
actin and are not used for immunoaffinity purification.

. Glycerol gradient fractions containing nucleoids are identi-

fied by fluorescent staining with the DNA-specific dye, Pico-
green (Invitrogen).

. Ten-microliter samples of each fraction are added to 100 pl of

Picogreen buffer containing a 1:300 dilution of Picogreen
(Invitrogen) in a 96-well microtiter dish.

Fluorescence is measured using a FluorImager 595 (GE
Healthcare) with excitation at 488 nm and emission at 530 nm.

Glycerol gradient fractions containing mtDNA nucleoids are
incubated with anti-TFAM or anti-mtSSB antibody columns
(see Section 2.2) as described (15).

Six hundred microliters of glycerol gradient is incubated with
5 x 10® antibody-coated beads for 90 min with continuous
mixing on a rotator at 4°C.

Beads are collected on a magnet and washed thoroughly with
three 1 ml changes of bead wash buffer.

Specifically bound proteins are eluted with successive 500 pl
washes in bead wash buffer containing 0.5% SDS in place of
Triton X-100.

Proteins are analyzed by standard SDS-PAGE and either in-gel
digestion for peptide sequencing or immunoblotting.

. Nuclease-treated mitochondria are prepared through

Section 3.1, Step 1 above and are resuspended in 900 pl of
MSH.

. Hundred microliters of 10% H,CO is added and mitochondria

are incubated at 4°C for 30 min.

Hundred microliters of 2 M glycine, pH 7.3, is added for an
additional 5 min to react with excess H,CO.

Mitochondria are lysed by the addition of 200 pl 0of 20% SDS
to thoroughly denature proteins and disrupt non-covalent
protein—protein interactions.

The lysate is clarified by centrifugation at 3,000 g for 5 min in
a microcentrifuge.

. Six hundred and fifty microliters of lysate is layered onto each

of the two composite gradients containing 0.5% Na sarcosinate
(Sarkosyl) (see Section 2.1, Step 3, and Note 3).

Gradients are centrifuged for 4.5 h at 4°C at 38,000 rpm
(247,000 g) in the SW41 rotor.

. Fractions are collected and DNA is assayed by Picogreen

fluorescence as described in Section 3.2 (see Note 4).
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Gradient fractions containing mtDNA crosslinked to protein
are pooled, diluted with three volumes of nucleoid buffer,
layered over a 700 pl pad of CsCl solution at density 1.71 g/ml,
and recentrifuged for 6-8 h at 4°C and 38,000 rpm (247,000 g)
to concentrate the nucleoids, which sediment to the CsCl
interface. This pelleting spin concentrates the sample and
helps to remove free protein.

The bottom 1 ml of the final sedimentation to the CsCl interface
is adjusted to density 1.5 g/ml and a final volume of 3 ml using a
stock CsCl solution of density 1.71 g/ml and centrifuged to
equilibrium in a Beckman SW60 Ti rotor at 40,000 rpm
(215,000 g) for 40 h at 18°C. The CsCl gradient is overlayed
with mineral oil to prevent evaporation during the run.

Fractions containing DNA are identified by Picogreen stain-
ing as above. It has been found to be desirable to repeat the
equilibrium centrifugation step for higher purity (se¢c Note 5).

At each stage, CsCl concentrations are determined by refrac-
tometry with reference to standard tables relating refractive
index to density. Nucleoids are found in CsCl gradient frac-
tions with a density of approximately 1.55 g/ml.

Fractions from the CsCl gradient are diluted with two
volumes of TE buffer and are precipitated by the addition of
ethanol to 70%.

Samples are stored at —20°C for 2 h and centrifuged at
16,000 g for 10 min in a refrigerated microcentrifuge. The
DNA-protein complexes precipitate under these conditions
in much the same way that free DNA is precipitated in etha-
nol. Gradient fractions at higher density may develop a sub-
stantial CsCl pellet under these conditions. If this is observed,
the pellets are resuspended in 500 pl of TE and the precipita-
tion with two volumes of ethanol is repeated.

The final precipitated fractions are rinsed with 70% ethanol to
remove residual CsCl. Samples are dried briefly in a SpeedVac
centrifugal lyophilizer and resuspended in the desired volume
of 1X Tris—glycine sample loading buffer.

The samples are heated at 80°C for 3 h to reverse crosslinks
(see Note 6).

Aliquots can now be analyzed by SDS-PAGE directly or
extracted with phenol-chloroform to permit DNA analysis
by restriction digestion or PCR. In our experience with a
preparation beginning with 4 1 of Hela suspension cells,
10% of each fraction is sufficient for reliable detection of
mtDNA following restriction digestion or of associated pro-
teins following SDS-PAGE, in-gel digestion, and peptide
analysis by LC-MS/MS.



12 Bogenhagen

Both the purification methods reported here have identified
numerous proteins in Hela cell mtDNA nucleoids. The native
immunoaffinity purification outlined here has been reported to
identify 21 proteins that were recovered when bothanti-TFAM and
anti-mtSSB antibody columns were used (13). These have been
grouped into a series of classes by Wang et al. (13), the largest of
which is a collection of 11 proteins that function in mtDNA
maintenance or have DNA-binding activity. Among these are
two helicases not previously known to reside in nucleoids, the
Suv3-like helicase, which had been characterized as a mitochon-
drial helicase (15), and the DHX30 helicase, which had not pre-
viously been identified as a mitochondrial protein. All of these
DNA metabolic- and DNA-binding proteins were also identified
in formaldehyde crosslinked proteins (16). However, while the
tormaldehyde crosslinking method did lead to identification of a
small number of metabolic proteins and chaperones, the majority
of proteins in these classes identified in native nucleoids were not
recovered in formaldehyde crosslinked nucleoids under harsh
handling conditions. This suggests that the chaperones and meta-
bolic proteins are bound to nucleoids as an outer protein layer not
easily accessible to the DNA by formaldehyde crosslinking.

It maybe anticipated that further modifications to these pro-
tocols, coupled with more sensitive mass spectrometry methods,
may further define the structure of mtDNA nucleoids and con-
tribute to a better understanding of the organization and inheri-
tance of mtDNA.

4. Notes

o

1. Expression plasmids for human TFAM and mtSSB are avail-
able from the author upon request as are small quantities of
antibodies directed against these proteins. Due to limited
stocks, quantities of antibodies sufficient for generation of
immunoaftinity columns are not available.

2. Because DNase I is an endonuclease, very extensive digestion
is required to substantially fragment DNA, rather than simply
introducing nicks. Addition of a second nuclease enhances
fragmentation. Benzonase is preferred to micrococcal nucle-
ase since the latter requires Ca as a co-factor, and Ca is known
to be toxic to mitochondria.

3. Sodium sarcosinate is used here as a detergent with ionic
character and greater chaotropic nature than Triton X-100
and as an alternative to SDS, which is incompatible with CsCl
centrifugation due to the insolubility of Cs-dodecyl sulfate.
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4. Contaminating fragments of nuclear DNA crosslinked to
protein are found at the trailing edge of the DNA distribution
following sedimentation. Fractions from the top of the gra-
dient should be excluded from the continued preparation.
Analysis of gradient fractions for mtDNA using PCR or
restriction digestion is recommended.

5. Contaminating fragments of nuclear DNA crosslinked to
protein are found at lighter density in the CsCl gradient.

6. Crosslink reversal can also be performed for 5 h at 65°C.
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Chapter 2

Analysis of Mitochondrial DNA by Two-Dimensional Agarose
Gel Electrophoresis

Aurelio Reyes, Takehiro Yasukawa, Tricia J. Cluett, and lan J. Holt

Abstract

In higher vertebrates, the DNA of mitochondria takes the form of circular molecules of approximately
16 kbp. These circles are arranged in multigenomic nucleoprotein complexes or nucleoids. It is envisaged
that nucleoid superstructure makes a critical contribution to the twin processes of replication and segrega-
tion of mtDNA. Replication intermediates can be isolated from cells or solid tissues and separated on
agarose gels in two dimensions to reveal a wealth of data on mechanisms of DNA replication. Using this
technique we have demonstrated that many molecules of replicating mtDNA have extensive regions of
RNA: DNA hybrid in higher vertebrates. More recently, we have extracted mitochondrial nucleoprotein
and analyzed it by the same method to derive information on the distribution of DNA-binding proteins on
mitochondrial DNA. Here we describe the procedures used to isolate intact mitochondrial replication
intermediates from liver and cultured cells of higher vertebrates and the process of separating DNA
fragments on neutral two-dimensional agarose gels.

Key words: DNA replication, DNA isolation, humans, mammals, mitochondrial DNA, neutral /
neutral two-dimensional agarose gel electrophoresis (N2D-AGE), replication intermediates,
vertebrates, nucleoprotein complex, nucleoid.

1. Introduction

Mitochondria generate ATP via respiration; and this process of
aerobic ATP production is defunct without the 13 proteins
encoded in the mitochondrial genome. Mammalian mitochondrial
DNA (mtDNA) is arranged as closed, circular molecules of
approximately 16 kbp; mtDNA is not naked and floating free in
the mitochondrial matrix, as often depicted in textbooks, but takes
the form of multigenomic nucleoprotein complexes or nucleoids.

Jeffrey A. Stuart (ed.), Mitochondrial DNA, Methods and Protocols, vol. 554
© Humana Press, a part of Springer Science+Business Media, LLC 2009
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1.1. Neutral Two-
Dimensional Agarose
Gel Electrophoresis

Maintaining a separate chromosome in mitochondria is grossly
inefficient, as it requires dozens of gene products for its replica-
tion, organization, and expression; the mitochondrial ribosome
alone comprises 80 proteins. The cost of maintaining a separate
genome in mitochondria can be debilitating or even fatal, when
mutations arise in nuclear genes whose products make a critical
contribution to mtDNA metabolism (1, 2). There are also numer-
ous pathological mutations of mtDNA itself (3, 4), and the mutant
load of mtDNA depends on nuclear factors, at least in cell culture
models (5-7). The growing recognition of aberrant mtDNA as a
cause of disease has fueled interest in how mtDNA is organized
and replicated. The technique of two-dimensional agarose gel
electrophoresis has advanced our understanding of both these
processes.

The study of DNA replication was transformed by the develop-
ment of a method of separating branched molecules based on a
combination of structure and mass (8—16). Neutral /neutral
two-dimensional agarose gel electrophoresis (N2D-AGE) has
been used to map origins of replication in fragments of DNA
(8,9, 11, 17), identity replication pause sites or termini (18-20),
determine the direction of replication fork movement (12, 19,
21), and potentially distinguish multiple mechanisms of replica-
tion (22). The technique is widely applicable, having been used
successfully to study replication in eukaryotes, prokaryotes, and
viruses.

N2D-AGE is technically straightforward. It entails separat-
ing fragments of DNA, first in a low percentage agarose gel, at
low field strength; followed by separation at low temperature and
high field strength in a higher percentage agarose gel containing
a DNA intercalating dye, such as ethidium bromide (EB) (see
Fig. 2.1 and the step-by-step protocol for details). Separation
in the first dimension is essentially on the basis of mass, whereas
the conditions of second dimension electrophoresis mean that
hydrodynamic volume becomes a key factor; consequently,
replication intermediates RIs are more retarded than linear mole-
cules during second dimension electrophoresis. The mobility of a
particular RI depends on the position of the replication fork(s)
within the fragment, i.e., the fraction of the fragment that has
been replicated. Hence, the passage of a replication fork(s)
through a fragment gives rise to a series of intermediates of
different mobility, which form a characteristic arc.

The simplest example is a fragment where a replisome enters
at one end and proceeds at a uniform rate to the other end of the
fragment, creating a simple fork, or Y, arc (Fig. 2.2, panel 1).
The arc reaches its apex when the fork is halfway through the
fragment; thereafter the fragment becomes increasingly similar to
a linear molecule. Immediately prior to separation of the
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Fig. 2.1. Schematic diagram of N2D-AGE. Panel 1 depicts a gel after first dimension electrophoresis, filled black boxes
represent wells of the gel, narrow horizontal lines represent linear fragments of double-stranded DNA, dotted vertical
lines demarcate the lane to be excised. Panel 2, each 1D gel slice is rotated through 90° and a second gel cast around
it, four 1D gel slices are shown on a single two-dimensional gel. After second dimension electrophoresis the linear
double-stranded fragments (black circles) resolve on a defined arc (narrow unbroken line); the position of each
fragment after the first dimension separation is shown by a broken faint line in the original 1D gel slice. After transfer to
solid support and hybridization to a radiolabeled DNA probe that detects a specific fragment of (mt)DNA one of the 1n
spots features prominently and its accompanying replication intermediates become visible (panel 3). UV illumination of
an ethidium bromide stained two-dimensional gel will reveal only an arc of linear (nuclear) DNA fragments when total
cellular DNA is used. In the case of DNA purified from mitochondria, individual fragments of mtDNA (11 spots) will be
visible.

daughter fragments, the molecule is substantially linear, accord-
ingly it migrates close to the arc of linear molecules, at a point
equivalent to twice the mass of the unit length fragment (27)
(Fig. 2.2, panel 1).

If a fragment contains an origin of replication, a so-called
bubble structure will form (Fig. 2.2, panel 2), whenever a repli-
cation fork exits the fragment, at either end, the restriction
enzyme cleaves the bubble. Bubble arcs are readily distinguish-
able from Y arcs as they are more retarded in the second dimen-
sion and end abruptly. The extent of a bubble arc reveals the
information about the location of the origin. However, it is
essential to examine a series of overlapping fragments, as a single
fragment cannot distinguish differences in the mode of replica-
tion (e.g., unidirectional from bidirectional replication); and
short bubble arcs, due to origins located close to the end of a
fragment, may be indistinguishable from simple Y arcs (23).
Composite or other more complicated patterns can also be
obtained, depending on factors such as the number and distribu-
tion of origins (Fig. 2.2, panel 3) (15, 24-26), the presence of
ribonucleotides in replicating molecules (Fig. 2.3) (27), or
delayed second-strand synthesis (28).
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1.2. Considerations
Particular to Vertebrate
Mitochondrial DNA
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Fig. 2.2. Different modes of replication produce distinct patterns of replication
intermediates on N2D-AGE. Panels 1-3: schematic patterns of Rls on N2D-AGE. Panel
4, line drawings of structures of RIs. Panel 1, a simple fork or Y-arc, replication initiates
outside the fragment, interpreted in 4-1. Panel 2, initiation of bidirectional replication
from a discrete origin located at the centre of a fragment giving rise to a complete bubble
arc and no fork arc (the position of the fork arc is shown as a faint broken line for
reference purposes), as the two forks exit the fragment simultaneously, interpreted in
4-1I; note how the bubble arc increases in intensity as it reaches its apex, giving it a
“clubheaded” appearance, due to compression. Panel 3, bidirectional initiation from
multiple sites across a zone defined by the fragment; in this case initiation at the centre
of the fragment is only one of many possibilities, at other initiation sites such as those
depicted in 4-Ill and 4-1V one fork exits the fragment well before the other converting the
bubble to a Y structure, thereafter the Rls contribute to the Y arc.

N2D-AGE is routinely combined with restriction endonu-
clease digestion, prior to electrophoresis, but a range of pre-
treatments with nucleic acid modifying reagents are also possible,
which yield additional information on the nature of the inter-
mediates and thus the mechanism of replication (13). Such treat-
ments have proved invaluable in deciphering the process of
replication in mitochondria (22, 27, 29). Graphic examples are
the application of RNase H and single-strand nuclease to mtDNA
preparations (Fig. 2.4). In some contexts, it may also be useful to
alkali-denature Rls after N2D-AGE and apply a third electro-
phoresis step (13).

An analysis of mtDNA from mammalian cultured cells, con-
ducted over 30 years ago, revealed that it contains sporadic
ribonucleotides (up to 10 per molecule) (30). A more recent
study (31) suggested that the ribonucleotide content of
mtDNA of solid tissues was ~fivefold greater than that of cul-
tured cells (>30 per mtDNA molecule). Moreover, during verte-
brate mtDNA replication RNA is initially incorporated
throughout the lagging strand (27).
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Fig. 2.3. Novel arcs of mammalian mtDNA. Mitochondrial DNA was isolated from
sucrose gradient purified mitochondria of mouse liver and digested with Mscl and
Pvul. Restriction fragments were separated by N2D-AGE and after blot-transfer
hybridized to a probe corresponding to nt 13,874-14,525 of the mouse mitochon-
drial genome. Vertebrate mtDNA prepared in this way yields slow-moving Y-like
(SMY) arcs (arcs B, C and D in panel 1); SMY arcs arise due to the presence of
ribonucleotides at one (or more) restriction site(s), thereby linking adjacent restric-
tion fragments; interpreted in panels 2 and 3. SMY arcs are sensitive to RNase H,
see Fig. 4 and (27).

The presence of RNA in replicating and non-replicating
mtDNA is problematic. Careful handling can minimize RNA
degradation during isolation of mtDNA, but neutral /alkaline
2D-AGE (32) is inapplicable to mammalian mtDNA, because
it results in RNA loss. We also find that atomic force micro-
scopy is considerably harsher than N2D-AGE, often leading to
fragmentation of mitochondrial replication intermediates
(Yang and Holt, manuscript in preparation). Thus, while
N2D-AGE is not the only means of dissecting DNA replica-
tion, it is undoubtedly one of the few methods appropriate to
the study of replicating DNA with a high ribonucleotide
content.
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Fig. 2.4. Slow-moving arcs are sensitive to RNase H and single-strand nuclease. N2D-AGE of Bcll digested mouse liver
mtDNA reveals twin bubble arcs (b1 and b2) and SMY arcs, after hybridization to a probe detecting the 4-kb fragment nt
12,034-16,180 (panel 1). The more prominent of the two bubble arcs (b2) is sensitive to RNase H (panel 2) and single-strand
(S1) nuclease (panel 3). The SMY arcs are modified by RNase H treatment, yet still resolve well above the arc of linear double-
stranded DNA molecules (panel 2). S1 nuclease obliterates the SMY arcs (panel 3); see (27) for further details.

1.3. Analysis of
Nucleoprotein
Complexes by
N2D-AGE

Our interest in mitochondrial DNA replication grew out of a desire
to understand biased segregation of pathological mtDNA variants
(6, 7, 33), and so we are also intent on identifying and characterizing
the apparatus of mtDNA segregation. To this end detergent-solu-
bilized mitochondria were subjected to phenol-chloroform extrac-
tion without the usual protease treatment. When the mtDNA was
digested with restriction enzymes and separated by N2D-AGE, the
pattern produced was far from normal (Fig. 2.5, panel 1). The
unusual fragment pattern was attributable to protein as the unex-
pected high molecular species were absent from equivalent samples
treated with protease (Fig. 2.5, panel 2). Although mass spectro-
metry failed to identify the proteins associated with mtDNA (He &
Holt unpublished experiments), we were able to infer that one of
them is ATAD3p (34). Efforts are underway to identify other
components of these mitochondrial nucleoprotein complexes.

Here, we provide detailed protocols of our isolation and
separation procedures as a guide to analyzing replicating mtDNA
and mitochondrial nucleoprotein from solid tissues and cultured
cells by neutral two-dimensional agarose gel electrophoresis.
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Fig. 2.5. Multigenomic mitochondrial DNA held together protein can be resolved by N2D-AGE. DNA extracted from
human cells without the use of proteinase K (panel 1) or after proteinase K treatment (panel 2) was digested with Accl, and
the fragments separated by N2D-AGE and hybridized with a radiolabeled probe detecting a fragment (nt 15,255-1,504),
which includes the major non-coding region of human mtDNA or NCR (panels 1 and 2). Key molecular species of panel 1
are interpreted in panel 3; 1(n) is the 2.8 kb linear fragment (nt 15,255-1,504); 2 is an X-like structure, which comprises
two 2.8-kb fragments; species 3 and 4 (panel 1) are X-like structures with more copies of the 2.8-kb fragment of mtDNA
than species 2. All the X-like species (2, 3, and 4) are considerably reduced in intensity after protease treatment (panel 2).
The similarity in structure of two fragments joined at their centre by protein or through a four-way (Holliday) junction is
illustrated in panel 4; protease treatment of such forms will have no effect on a Holliday junction, but will convert protein-

dependent X-like structures to linear fragments (panel 4).

2. Materials

2.1. mtDNA Isolation 1. Phosphate-buffered saline: 10 mM phosphate bufter, pH 7.4,

from Solid Tissues 2.7 mM KCI, 137 mM NacCl.

2. Homogenization buffer (HB): 225 mM mannitol, 75 mM
sucrose, 10 mM HEPES-NaOH, pH 7.8, 10 mM EDTA,
0.1% (w/v) fatty acid-free bovine serum albumin (BSA), and

357.5 uM B-mercaptoethanol.
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2.2. mtDNA Treatment
with Restriction and
Modifying Enzymes

2.3. Neutral Two-
Dimensional Agarose
Gel Electrophoresis
(N2D-AGE)

2.4. Southern Blot

Gradient buffer (GB): 10 mM HEPES-NaOH, pH 7.8,
10 mM EDTA.

4. 1 Mand 1.5 M Sucrose in GB.

ul

Y ® N

10.
11.
12.
13.

p—

Y XN D

Lysis buffer (LB): 20 mM HEPES-NaOH, pH 7.8, 75 mM
NaCl, 50 mM EDTA.

Teflon homogenizer.

Proteinase K (PK): 20 mg/ml in water.

20% (w/v) Sodium lauroyl sarcosinate (sarkosyl).

PCIA: equilibrated phenol:chloroform:isoamyl alcohol
(25:24:1).

CIA: chloroform:isoamyl alcohol (24:1).

TE: 10 mM Tris—-HCL, pH 8.0, 1 mM EDTA.

Isopropanol.

70% (v/v) Ethanol.

Restriction endonucleases.

Modifying enzymes: nuclease S1, RNase One, RNase H.
3 M Sodium acetate, pH 5.2.

10 mM Tris—HCI, pH 8.0.

TE: 10 mM Tris—-HCL, pH 8.0, 1 mM EDTA.

100% Ethanol.

70% (v/v) Ethanol.

0.5 M EDTA, pH 8.0.

Dry ice.

TBE: 89 mM Tris base, 87 mM boric acid, 2 mM EDTA, pH
8.0.

Low electroendosmotic (LEEO) agarose.

Ethidium bromide (EB): 10 mg,/ml.

Gel electrophoresis tank with ports for buffer circulation.
Power supply.

Ultraviolet (UV) light box.

Peristaltic pump.

DNA molecular weight marker.

Loading buffer: 0.04% bromophenol blue (BPB), 0.04%
xylene cyanol.

Depurination buffer (DPB): 0.25 N HCI.
Denaturing buffer (DNB): 0.5 M NaOH, 1.5 M NaCl.
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. Neutralizing bufter (NB): 0.5 M Tris-HCIL, pH 7.4, 1.5 M

NacCl.

4. Genome-quality nylon membrane.

3MM Whatman filter paper.

. Paper towels.

. Hybridization buffer: 0.25 M sodium phosphate, pH 7.2, 7%

(w/v) sodium dodecyl sulfate.

2. 20X SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0.

Washing buffer 1 (WB1): 1X SSC.

4. Washing bufter 2 (WB2): 1X SSC/0.1% (w/v) sodium dode-

10.

Y XN »

cyl sulfate.

. X-ray film.

. Phosphate-buffered saline (PBS): 10 mM phosphate butfter,

pH 7.4,2.7 mM KCI, 137 mM NaCl.

Lysis buffer: 20 mM HEPES-NaOH, pH 7.8, 75 mM NaCl,
50 mM EDTA, 0.5% (w/v) sodium dodecyl sulfate (SDS).

Proteinase K (PK): 20 mg/ml in water.
Phenol: equilibrated phenol.

CIA: chloroform:isoamyl alcohol (24:1).
5 M NaCl.

Glycogen: 10 mg/ml.

Isopropanol.

70% (v/v) Ethanol.

10 mM Tris—HCI, pH 8.0.

3. Methods

3.1. mtDNA Isolation
from Liver Tissue

. Excise fresh liver and place it in cold phosphate-buftered

saline on ice (see Notes 1 and 2).

. Remove any blood and contaminating tissue and weigh (see

Note 3).

Transfer to an ice-cold beaker containing 5 volumes of 1:10
diluted HB /g.

. Mince the tissues finely with sharp scissors, changing the

solution four or five times (se¢ Note 4).

Wash diced tissue with 5 volumes of HB /g wet weight and
discard as much solution as possible.
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Add 9 volumes of HB /g and homogenize using a motorized
tight-fitting Dounce homogenizer until the suspension is
smooth (see Notes 5 and 6).

Centrifuge the homogenate at 600gmax for 10 min at 4°C to
pellet nuclei and intact cells.

. Transfer the supernatant to a clean tube and centrifuge at

5,000gmax tor 10 min at 4°C.

. Discard the supernatant and suspend the mitochondrial pellet

in 5 volumes of HB /g (se¢ Note 7).

Repeat Steps 7 and 8 once and after the last centrifugation
suspend the mitochondrial pellet in 0.5 volumes of HB/g
(see Note 7).

Prepare single-step sucrose gradients (see Note 8).

Load 2 ml of mitochondrial suspension per sucrose gradient
and centrifuge in a swing-out rotor at 40,000gmax for 1 h at
4°C.

After centrifugation, mitochondria resolve at the interface of
the 1 M and 1.5 M sucrose solutions.

Transfer the mitochondria to a 30-ml tube and add 5
volumes of GB slowly with gentle shaking of the mitochon-
drial solution (see Note 9). Centrifuge 9,900gmax for
10 min at 4°C.

Discard the supernatant and suspend the mitochondrial pellet
in 1.6 ml LB /g (see Note 7). Transfer to a clean 15- or 50-ml
disposable tube. Add 0.8 ul PK/g and incubate at 4°C for
45 min (see Note 10).

Add 80 pl of 20% sarkosyl /g, mix gently, and incubate at 4°C
for 5 min (see Notes 10 and 11).

After incubation, mix thoroughly but gently with 1 volume of
PCIA and spin at 6,000 x gmax for 10 min at room tem-
perature (see Note 12).

Transfer the aqueous (upper) phase to a clean tube, mix care-
fully with 1 volume of CIA, and spin at 6,000gmax for 10 min
at 4°C.

Recover the aqueous (upper) phase and aliquot in 500 pl in
1.5-ml Eppendorf tubes. Add 1 volume of isopropanol to
each tube (see Note 13), mix gently, and keep at —20°C for
at least 30 min (see Note 14).

Centrifuge the sample at 20,000gmax tor 20 min at 4°C.

Discard the supernatant and wash the pellet with 70%
ethanol.

Air-dry the pellet, suspend in TE, and determine the concen-
tration by UV spectrometry (sec Note 15).
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Digest 0.5-7.0 pg mtDNA with the appropriate restriction
endonuclease following the conditions recommended by the
manufacturer (se¢ Notes 16 and 17).

. Add 1/10 volume of 3 M sodium acetate and 2 volumes of

100% ethanol. Mix gently and keep at 20°C for at least
30 min.

Centrifuge the sample at 20,000gmax tor 20 min at 4°C.

. Discard the supernatant and wash the pellet with 70% ethanol.
. Air-dry the pellet, suspend in TE or in 10 mM Tris—HCI, pH

8.0 ifitis to be treated with modifying reagents (se¢c Note 18).
If no additional treatment is required then the sample is ready
for loading on the first dimension agarose gel.

. Treatments with modifying enzymes require the addition of

1/10 volume of the appropriate 10X buffer (see Note 19).
Standard conditions for the difterent modifying enzymes are
1 unit of RNase H for 1 h at 37°C; 5 units of RNase One for
10 min at 37°C; and 1 unit of S1 nuclease for 1.5 min at
37°C.

Stop the reaction by flash-freezing the sample on dry ice/
ethanol, after adding 1,/10 volume of 0.5 M EDTA where
appropriate (see Note 20).

. Prepare a 0.4% agarose gel in TBE bufter for first dimension

gel electrophoresis (see Notes 21 and 22).

. Submerge gel in a tank containing TBE.

Load sample(s) and a suitable size marker according to the
length of the fragment of interest (se¢ Note 23).

Run the first dimension at 0.7 V/cm for 20 h at room
temperature (sec Note 24).

. After 20 h, cut out the lane(s) containing the sample with the

aid of a razor blade and a ruler.

. Prepare 1% molten agarose in TBE with 500 ng/ml EB (see

Note 25).

Place gel slice(s) from the first dimension electrophoresis
step in a gel-casting tray (see Note 26). Each slice is rotated
90° counter-clockwise, with respect to the first dimension
run.

Remove excess TBE bufter around the gel slice with 3MM
filter paper and adhere the gel slice to the tray with 1% molten
agarose (see Note 27).

. Carefully remove the excess of buffer from the well and fill

with 0.4% molten agarose (see Note 28).

Pour the remaining 1% molten agarose from the opposite side
of the gel slice and wait until it has solidified (see Note 29).



26 Reyes et al.

11.

12.

13.

3.4. Southern Blot 1.

10.

11.

12.

3.5. Hybridization 1.

Place the gel in a tank containing cold TBE with 500 ng/ml
EB (see Note 30).

Circulate the buffer from the positive to the negative elec-
trode by means of a peristaltic pump (see Note 31).

Run the second dimension at 6 V/cm for 4 h at 4°C (see
Note 32).

After electrophoresis in the second dimension, remove the gel
from the tank and invert into a glass dish (see Note 33).

. Add 500 ml DPB for a dish measuring 300 x 400 mm, rock

gently for 15-30 min, and discard solution (see Note 34).

. Add 500 ml DNB and rock gently for 5 min. Pour off the

solution and repeat the treatment for 15 min (see Note 35).

. Add 500 ml NB and rock gently for 10 min. Discard the

solution and repeat the treatment for 10 min (see Note 36).

Remove excess solution (see Note 37).

. Cut a piece of membrane of the same dimensions as the gel

and wet in water (see Notes 38 and 39).

Place the wetted membrane face down on the gel avoiding
bubbles (see Note 40).

. Soak two sheets of 3MM Whatman filter paper in water and

place them on top of the membrane, again avoiding bubbles
(see Note 40).

. Stack 10-12 cm of paper towel on top of 3MM Whatman

filter paper.

Place a glass plate or a tray on top and a weight to create some
pressure to the stack (sec Note 41). Blot overnight.

Remove and discard paper towels and 3MM Whatman filter
paper. Place the membrane face up on 3MM Whatman filter
paper and let stand for a few minutes.

Covalently link the DNA to the membrane in a UV cross-
linker: total energy 1,200 x 100 pJ/cm? (see Note 42).

Place the membrane face up in a hybridization tube and
add 15 ml pre-warmed hybridization buffer at 65°C (see
Note 43).

2. Incubate in a hybridization oven for at least 30 min at 65°C.

Pour oft the solution and repeat the incubation with fresh
15 ml pre-warmed hybridization bufter at 65°C.

. Label an appropriate gel-purified mtDNA specific probe (see

Note 44).

. Denature the probe at 95°C for 5 min and chill on ice for

2 min (sec Note 45).



3.6. Total Cellular DNA
Isolation from
Mammalian Gultured
Cells

10.

p—

10.

11.

12.

13.

14.

15.

Analysis of Mitochondrial DNA 27

. Add the radiolabeled probe to the hybridization solution and

incubate overnight at 65°C (see Note 46).

Discard the hybridization solution containing the probe and
wash the membrane four times with 50 ml WB1 at 65°C for
20 min (see Note 47).

. Wash the membrane twice with 50 ml WB2 at 65°C for

20 min (see Note 48).

. Remove the membrane from the tube and place on top of

paper towel, to blot excess liquid. Air-dry briefly (see
Note 49).

Wrap the membrane in cling film (Saran Wrap). Expose to X-
ray film for 0.5-7 days at —80°C.

. Grow cells in a 90-mm plate (se¢ Notes 50 and 51).
. Aspirate the medium and wash the cells with PBS (see

Note 52).

Remove PBS and disrupt cells by the addition of 4 ml lysis
buffer (see Notes 53 and 54).

. Transfer the solution to a 15-ml tube containing 4 ml phenol,

immediately.

. Mix gently but thoroughly by rotation for 15 min at room

temperature (see Note 55).

Centrifuge the sample at 6,000gmax for 15 min at room
temperature.

. Transfer the aqueous (upper) phase to a clean 15-ml tube (see

Note 56). Add 1 volume of CIA and repeat Step 5.
Centrifuge the mixture at 6,000gmax for 15 min at 4°C.

. Recover the aqueous (upper) phase and aliquot in 500 pl lots

in 1.5-ml tubes (se¢ Note 57).

Add 5 M NaCl to a final concentration of 175 mM (see Notes
58 and 59) and 1 volume of isopropanol. Mix gently and
place on ice for 15 min (sec Note 60).

Centrifuge the sample at 20,000gmax for 20 min at 4°C.
Discard the supernatant and wash the pellet with 70% ethanol.

Air-dry the pellet briefly (see Note 61), suspend in 10 mM
Tris—-HCI at pH 8.0 (see Note 62) on ice and determine the
concentration by UV spectrometry.

Take 10 pg total DNA and add 10 mM Tris—HCI, pH 8.0, to
415 pl final volume (see Note 63).

Add 7.5 pl 5 M NaCl, 50 pl 0.5 M EDTA, 12.5 pl 20%
sarkosyl, 10 ul 1 M HEPES-NaOH (pH 7.8), and 5 pl PK
and incubate at 4°C for 30 min.
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Mix thoroughly but gently with 1 volume of PCIA and spin at
20,000gmax for 5 min at room temperature.

Transfer the aqueous (upper) phase to a clean 1.5-ml tube,
mix carefully with 1 volume of CIA for 2—-3 min, and spin at
20,000gmax for 5 min at 4°C.

Follow Steps 10-13.

4. Notes

. mtDNA isolation has to be done from fresh tissue, since the

yield of replication intermediates is much lower from frozen
material, and the replication intermediates tend to be more

degraded.

. All steps are carried out on ice, with ice-cold solutions, in a

cold room.

. It is recommended to start from 10 to 15 g of liver. More

starting material yields more mtDNA; however, the increased
time required for mtDNA isolation tends to result in poorer
quality DNA.

. The solution should be changed repeatedly until there is no

significant trace of blood or fat, since both interfere with the
isolation procedure.

. Homogenization should be thorough (4-5 complete

strokes) but not excessive since it will damage mitochondria,
exposing the mtDNA to contaminating nucleases. We use an
IKA Labortechnik RW 20 motorized homogenizer set at
speed 5.

. Depending on the amount of starting material, 30-ml tubes

or 100-250-ml bottles can be used.

. Suspension is achieved by gently swirling the buffer in the

tube /bottle on ice or with the aid ofa glass homogenizer. Itis
important to suspend the pellet completely before each cen-
trifugation step.

. For the sucrose step gradient, take a 25 x 89 mm tube and

add 17.5 ml of 1.5 M sucrose. Then overlay, very slowly at
first, an equal volume of 1 M sucrose taking care not to
disturb the interface. To save time, sucrose gradients can be
prepared during the earlier centrifugation steps.

Carefully remove most of the gradient above the mitochon-
drial layer. Then, transfer the mitochondria in the minimum
volume to a clean tube, using a P1000 tip with the end
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removed to avoid damaging the mitochondria. This step
should be carried out quickly, yet carefully. The final sucrose
concentration of the solution is 250 mM (isotonic).

Proteinase Kis highly active across the range of 37-50°C; it
is nevertheless able to digest protein at 4°C, albeit more
slowly.

We prefer to incubate at 4°C rather than at 37-50°C after
mitochondrial lysis, in order to limit the action of contam-
inating nucleases, before they are digested by proteinase K.
This two-step proteinase K treatment is preferred to the one
in which both proteinase K and sarkosyl are added together,
as it better preserves replication intermediates.

After PCIA extraction, a white or cloudy interface indicates an
excess of protein. Whenever this is the case, PCIA extraction
of the aqueous (upper) phase should be repeated until the
interface is clear.

Since lysis buffer contains 75 mM NaCl, there is no need to
add extra salt to precipitate DNA.

Samples can be stored at this stage in the freezer for a long
period of time. Indeed, unless they are to be used immedi-
ately, it is better to preserve DNA samples in this way.

Many DNA isolation procedures include an RNase treatment,
it is imperative to avoid this when extracting mitochondrial
replication intermediates, as they are highly sensitive to
RNase. As RNA is preserved, UV spectrometry will measure
total nucleic acid (DNA and RNA) present in the sample. Any
protein remaining associated with mtDNA will also contri-
bute to the absorbance measurement.

Wherever possible, avoid restriction endonucleases whose
optimal temperature is greater than 37°C (50-65°C), as
this may lead to strand separation of replication inter-
mediates. If it is particularly advantageous to use such
an enzyme then try incubating at 37°C. For example,
50°C is recommended for Bcll; however, it has at least
50% activity at 37°C and is quite capable of giving com-
plete digestion at the lower temperature, although it may
be necessary to increase slightly the units of enzyme or
the incubation time. Alternatively, try the intermediate
temperature of 45°C.

Digestion with restriction endonucleases in small volumes can
result in partial digestion. To avoid this problem perform
digestions in a 200—400 pl reaction volume.

When analyzing mitochondrial nucleoids (see Section 3.6),
restriction enzymes should be chosen such that the region of
interest is close to the middle of the fragment. In the case of
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human mtDNA, restriction enzyme Accl proved ideal as it
yields a 2.8-kb fragment containing the D-loop region in a
central position (34).

Most commercial modifying enzymes are supplied with 10X
bufter. However, this is not always the case: RNase H buffer
must be prepared by the user; 10X RH buffer: 200 mM
HEPES-KOH (pH 7.8), 500 mM KCl, 100 mM MgCl,,
10 mM DTT.

A rapid decrease in temperature effectively stops the reac-
tion; hence, reaction times are readily reproduced from
experiment to experiment. The addition of EDTA to
RNase H and S1 reactions will sequester essential divalent
cations, but this will have no effect on RNase One. Notwith-
standing, results with RNase One are just as reproducible as
those with RNase H and S1 nuclease, indicating the efficacy
of rapid cooling.

The conditions listed here are designed to give optimal reso-
lution of 3—4-kb fragments. In the case of fragments of >5 kb,
first dimension electrophoresis is in a 0.35% agarose gel at
1.5 V/cm tor 20 h, and second dimension electrophoresis at
3V/cm for 18 hin a 0.875% agarose gel. Fragments shorter
than 3 kb are separated in the first dimension at 0.9 V/cm for
20 h on slab gels containing between 0.55 and 1.0% (w/v)
agarose, at room temperature. Second dimension electro-
phoresis is for 9 h at 260 mA in gels between 1.5 and 2.0%
agarose, at 4°C. When analyzing nucleoprotein complexes
(Section 3.6), the contribution of both DNA/DNA and
protein/DNA complexes needs to be considered. For frag-
ments of >3 kb with the non-coding region located in the
middle, first dimension electrophoresis is in a 0.4% agarose gel
at 0.7 V/cm for 20 h, and second dimension electrophoresis
at 2.8 V/cm for 24 hin a 0.875% agarose gel.

For the first dimension, we routinely prepare 100 ml of
agarose to fill a 110 x 140 mm tray, fitted with a 14-well
comb with 4-mm wide teeth. It is recommended to keep a
whole set (tray, comb, and tank) ethidium bromide-free for
first dimension.

Leave two empty wells between samples, in order to avoid

possible cross contamination and to facilitate gel slice excision
after 1D-AGE.

Since the first-dimension gel lacks ethidium bromide, the rate
of electrophoresis is estimated from the positions of bromo-
phenol blue and xylene cyanol dyes contained in the loading
bufter. The ability to accurately predict the position of frag-
ments comes with experience. More than one lane containing
size markers can be loaded, and one of them is excised and
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stained in TBE containing 500 ng/ml ethidium bromide and
visualized under UV light at intervals to confirm the position
of fragments of interest.

Molten agarose should be prepared toward the end of the first
dimension electrophoresis step, and cooled in a 50°C water
bath, before adding ethidium bromide and casting.

For the second dimension gel, a small tray (110 X
140 mm) able to fit just one of the gel slices can be
used. However, larger trays (200 x 240 mm) can accom-
modate up to four gel slices. In the case of analysis of
nucleoprotein complexes, a large tray (200 x 240 mm) is
needed since a longer run is required to resolve complex
structures.

Pour some agarose at the back of the gel slice with the aid of a
P1000 tip and allow it to solidify. Avoid agarose in front of the
gel slice, as it may distort the migration of replication inter-
mediates or even prevent them from entering in the second
dimension gel if it is too dry.

Whenever the well has been kept for the second dimension,
sealing it with molten agarose will prevent the loss of material
that has not entered the gel in the first dimension, such as
certain nucleoprotein complexes.

Agarose should completely cover the gel slices from the first
dimension. Usually, 150 ml of agarose is enough fora 110 x
140 mm tray and 400 ml for a 200 x 240 mm tray.

The tank with TBE to be used for the second dimension
should be pre-cooled to 4°C and ethidium bromide added
immediately prior to electrophoresis.

Because ethidium bromide migrates to the negative elec-
trode, under the electric field, recirculation of buffer
ensures that it will be homogeneously distributed in the
gel. Lack of recirculation may result in poor resolution in
the second dimension since intercalation of EB into DNA
is critical for separating DNA molecules on the basis of
structure.

The second dimension gel contains ethidium bromide and
hence DNA migration can be visualized under UV light.

1% Agarose gels measuring 200 x 240 mm are inverted by
hand routinely. Novices can employ a piece of X-ray film
(typically an old unwanted autorad) to support the gel.

The low pH of DPB turns xylene cyanol greenish and BPB
yellow.

After this treatment, both bromophenol blue and xylene
cyanol should recover their original color.
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It is important not to leave the gel longer than recommended
in DPB or DNB. In contrast, the gel can be left in NB solution
for up to an hour without any discernible effect. Notwith-
standing, slightly longer treatments are appropriate for higher
percentage agarose gels, as the solution requires longer time
to permeate the gel.

Dry blotting is effective; transfer bufter is not required.

Do not touch the membrane without gloves. It is always
useful to write down in pencil relevant information on a
corner of the membrane, and it also aids orientation.

Use a hydrophilic positively charged nylon membrane with
high DNA-binding capacity.

Air bubbles between the gel and the membrane are removed
by rolling a wet Pasteur pipette or glass rod across the surface.

The same applies to bubbles between the membrane and the
3MM paper.

The glass plate or tray should be as large as the gel, in order to
transmit pressure evenly across the gel. As weights, empty
bottles filled up with 0.5 1 and 1 1 of water can be used for
110 x 140 mm and 200 x 240 mm gels, respectively.

The crosslinked membrane can be kept at room temperature
indefinitely.

Pre-warm hybridization tubes and solution in the hybridiza-
tion oven at 65°C.

There are a variety of labeling kits available and no significant
difference has been found between them.

Removal of unincorporated label is not essential; probes can
be used directly after labeling and denaturation.

Add the probe to the hybridization solution, never directly
onto the membrane. This avoids strong background in the
area where the concentrated probe touched the membrane.

Probes can be stored at room temperature and re-applied to a
different membrane.

Check the washing solution after each wash with a Geiger
counter. If it remains hot after the second wash in WB2,
continue washing until there are no appreciable counts in
the wash solution. Also check the membrane with the Geiger
counter after the full wash cycle: the unit length fragment, of
say 4 kb, should be readily apparent as the hottest area of the
membrane, recording 200-1,000 cps, whereas areas without
DNA should record few (<5 cps) if any counts.

Do not over-dry the membrane. Frequently it is necessary to
strip and re-probe membranes; over-drying impedes stripping
of probes.
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Cells can also be grown in 6-well plates, if required (e.g., in
the case of RNA interference experiments); in which case, the
volumes of the solutions in Steps 3 and 4 should be halved.
Cells should be grown to 80-90% confluency.

A 90-mm plate yields 100-150 pg of total nucleic acids,
whereas a single well from a 6-well plate yields 20-30 pg
nucleic acid.

Trypsin—EDTA treatment is not required for adherent or
semi-adherent cells. If working with cells in suspension, sedi-
ment cells at 180gmax for 2 min at room temperature, sus-
pend in 1 /10 volume of PBS, and re-pellet the cells again at
180gmax tor 2 min at room temperature. Proceed from Step

3.

Lysis buffer should ideally be prepared fresh from stock solu-
tions. However, it prepared in advance, add SDS immediately
before use. No proteinase Kis included in the buffer in order
to preserve those proteins remaining bound to DNA.

Add 3 ml lysis bufter, mix thoroughly with a P1000 tip, to
detach cells and ensure rapid lysis. The solution becomes very
viscous. Transfer lysate to a 15-ml tube containing phenol as
described in Step 4. Add another 1 ml lysis bufter to wash the
plate and recover the remaining lysate. Lysis should be carried
out as quickly as possible in order to minimize nuclease
action.

Mixing should be thorough so that all the free protein parti-
tions into the phenol phase, yet gently to limit DNA damage.
We use a Roto-Shake Genie rotor (Scientific Instruments) set
at speed 5. This treatment is not able to remove all proteins
bound to DNA.

Itis generally preferable to leave some of the aqueous phase in
order to avoid transferring the protein-rich inter-phase.

We use 4 mlin 500 pl aliquots for a 90-mm plate and a single
4 ml aliquot for a well of a 6-well plate.

When adding additional NaCl bear in mind that the buffer
already contains 75 mM NaCl. The increase in NaCl concen-
tration from 75 mM to 175 mM facilitates DNA
precipitation.

Glycogen (1,/100 volume) can be added to the solution to
make the pellet visible, and often increases the yield, when
extracting DNA from small numbers of cells (e.g., a single
well from a 6-well plate, 40-50% confluent).

Samples can be stored at this stage in the freezer for a
long period of time. Indeed, unless they are to be used
immediately, it is better to preserve DNA samples in this
way.



34

Reyes et al.

61. Over-drying the samples makes it very difficult to get it back
into solution due to the significant amount of protein.

62. The DNA must be completely in solution. It takes about
20 min to 1 h depending on the amount of DNA. Excessive
pipetting trying to dissolve pellet should be avoided since it
causes shearing of the DNA.

63. Treatment with PK (Steps 14-18) is optional and should be
used when replication intermediates without attached protein
are to be analyzed. It is obvious that this treatment should be
avoided when analyzing nucleoprotein complexes.
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Chapter 3

Comparative Purification Strategies for Drosophila
and Human Mitochondrial DNA Replication Proteins:
DNA Polymerase y and Mitochondrial Single-Stranded
DNA-Binding Protein

Marcos T. Oliveira and Laurie S. Kaguni

Abstract

The mitochondrion is the eukaryotic organelle that carries out oxidative phosphorylation, fulfilling cellular
requirements for ATP production. Disruption of mitochondrial energy metabolism can occur by genetic
and biochemical mechanisms involving nuclear-encoded proteins that are required at the mitochondrial
DNA replication fork, which often leads to human disorders and to animal lethality during development.
DNA polymerase vy (pol y), the mitochondrial replicase, and the mitochondrial single-stranded DNA-
binding protein (mtSSB) have been the focus of study in our lab for a number of years. Here we describe
the purification strategies that we developed for obtaining the recombinant forms of pol y and mtSSB from
both Drosophila melanogaster and humans. Despite the fact that similar approaches can be used for
purifying the homologous proteins, we have observed that there are differences in the behavior of the
proteins in some specific steps that may reflect differences in their structural and biochemical properties.
Their purification in homogeneous, active form represents the first step toward our long-term goal to
understand their biochemistry, biology, and functions at the mitochondrial DNA replication fork.

Key words: mitochondrial DNA replication, pol y, mtSSB, Drosophila, human.

1. Introduction

Animal mitochondrial DNA (mtDNA) is a circular, compact, double-
stranded molecule of about 16 kb, whose gene content is a remnant
of the genome of the a-proteobacterium that was incorporated by
a nucleated cell early in the evolution of the eukaryotes, according
to the endosymbiont theory of mitochondrial origin (1). Because
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mitochondria retain a genome with genes essential for energy
production in eukaryotic cells, they require enzyme systems for
mtDNA replication and expression. So far, only three nuclear-
encoded proteins have been identified at the mtDNA replication
tork in animal cells: DNA polymerase v, the mitochondrial single-
stranded DNA-binding protein and the Twinkle DNA helicase.
Together these proteins function to synthesize and proofread new
DNA strands, destabilize the DNA helix and protect single-
stranded DNA regions, and unwind the duplex DNA, respectively
2, 3).

After the first identification in animal cells and through the
development of purification strategies for the enzyme, the bio-
chemical and structural properties of pol y have been studied in a
number of organisms, with an emphasis on Drosophila melano-
gaster and humans (2, 4-6). The Drosophila pol y holoenzyme
consists of a heterodimer of a catalytic subunit, pol y—«, and an
accessory subunit, pol v— (2). On the other hand, the human
homolog comprises a catalytic core in a heterotrimeric complex
with a dimer of the accessory subunit (6). In both cases, pol y—«
retains 5'-3' DNA polymerase and 3'-5’ exonuclease activities,
whereas pol y—P is responsible for stimulating pol y—« activity
and enhancing holoenzyme processivity and DNA-binding
properties (4). Recently, some studies have stressed the impor-
tance of pol y in human diseases and animal development: func-
tional defects due to mutations in human pol y—a lead to
mitochondrial disorders (7, 8); a mutation in Drosophila pol y—«
causes mitochondrial and nervous system dysfunction and devel-
opmental lethality in the larval third instar (9); site-directed
mutagenesis of Drosophiln pol y—« and human pol y— alter
enzyme activity, processivity, and DNA-binding affinity (4, 10);
and null mutations of Drosophila pol y—f cause lethality during
early pupation, concomitant with loss of mtDNA and mitochon-
drial mass, and reduced cell proliferation in the central nervous
system (11).

mtSSBs share similar physical and biochemical properties
with Escherichia coli SSB (12, 13), with which they exhibit a
high degree of amino acid sequence conservation. Like E. coli
SSB, mtSSBs are homotetramers of 13-16 kDa polypeptides. It
has been demonstrated that Drosophila mtSSB can stimulate
15-20-fold in vitro DNA synthesis and the 3'-5’ exonuclease
activity of pol vy, in an assay that mimics lagging DNA strand
synthesis in mitochondrial replication (13, 14). Furthermore,
human mtSSB is able to stimulate specifically the unwinding
activity of Twinkle helicase (15) and, along with pol y and Twin-
kle helicase, reconstitute a minimal mtDNA replisome in vitro
(3). The biochemical data are consistent with an important role
for mtSSB in initiation and elongation of DNA strands in
mtDNA replication, which has been documented genetically by
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the fact that an insertion in the third intron of the Drosophila gene
(lopo) results in developmental lethality, concomitant with the
loss of mtDNA and respiratory capacity (16). It is important to
note the striking conservation of some biological processes from
flies to humans. When a Drosophila homolog of an essential but
poorly understood mammalian gene is identified, as happens
with a large number of mitochondrial genes, powerful genetic
and molecular techniques available in Drosophila can be applied
to its characterization (17).

In this chapter, we review the strategies our lab has developed
over the years for purifying the recombinant forms of Drosophila
polyand mtSSB (14, 18-21), and we include comparative schemes
for purification of the human homologs (4, 8). In Chapter 8, we
also address the approaches we have taken to study the human
Twinkle helicase (22), the other major component of the mtDNA
replication fork. With regard to the purification protocols pre-
sented, we have found that the chromatographic methods we
employ are generally efficacious for proteins involved in nucleic
acid metabolism. In addition, hydroxylapatite, double- and single-
stranded DNA cellulose, ATP agarose, and protein affinity chro-
matography resins, as used for the purification of the native forms
of Drosophila pol v and mtSSB (20, 21), are also generally useful.
However, the production of a C-terminally histidine-tagged pol y—
a and consequently, the use of nickel-nitrilotriacetic acid (Ni-
NTA) agarose chromatography have facilitated the purification
of the recombinant protein by reducing the number of chromato-
graphic steps required to achieve homogeneity. The order of use
can be varied to good purpose but as a rule of thumb, phospho-
cellulose as a first step is effective to eliminate ~90% of bulk
mitochondrial protein while retaining nucleic acid binding pro-
teins, and velocity sedimentation is useful as a final step to remove
adventitious nuclease activities that are invariably of low molecular
mass and to remove any small ligands introduced in affinity chro-
matography steps. Furthermore, different from its Drosophila
homolog because the human pol - dimer does not require co-
overexpression with pol y—« to obtain a soluble form, we have
benefited by use of E. coli as the overexpression system, as we have
done for overexpression of both fly and human mtSSBs. In princi-
ple, after preparation of'a soluble fraction, a single chromatographic
step combined with a final step of velocity sedimentation is sufficient
to obtain highly pure proteins. Velocity sedimentation is of course
also useful to link activity and polypeptide profiles and to obtain an §
value of the protein of interest to help in the determination of
subunit structure. Again, these approaches can be used as general
guidelines for proteins involved in mitochondrial nucleic acid meta-
bolism. The authors are pleased to address any queries by electronic
mail and wish all success in the development of new purification
strategies.
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2. Materials

2.1. Recombinant D. The ionic strength of all buffers is determined using a Radiometer
melanogaster DNA conductivity meter.
Polymerasey 1. Construction of recombinant transfer vectors and baculo-

Purification

viruses encoding the two subunits of D. melanggaster pol y
is described in Ref: (19). Briefly, the complete coding
sequences were cloned into the baculovirus transfer vector
pVL1392 /1393 (PharMingen) and viruses were constructed
using linearized wild-type baculovirus AcMNPV DNA (Bacu-
loGold) (PharMingen). The recombinant baculoviruses used
here, ac pis (o with a C-terminal hexahistidine tag inserted
between Ser1145 and the stop codon) and f may be obtained
from the authors.

2. SF9 (Spodoptera frugiperdan) cells (PharMingen).

. TC-100 insect cell culture medium and fetal bovine serum

(GIBCO-BRL).

Insect cell transfection buffer and Grace’s medium
(PharMingen).

. Phosphate-buftfered saline (PBS): 135 mM NaCl, 10 mM

Na,HPO,, 2 mM KCI, 2 mM KH,PO,.

Phosphocellulose P-11 (Whatman), prepared according to
the manufacturer’s directions.

7. Ni-NTA agarose (QIAGEN).

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

3 M Ammonium sulfate [(NH4),SO4], ultrapure.

1 M Sucrose, ultrapure.

1 M HEPES-OH, pH 8.0, stored at 4°C.

1 M Tris-HCI, pH 7.5.

0.5 M Ethylenediaminetetraacetic acid (EDTA), pH 8.0.
1 M Dithiothreitol (DTT). Store aliquots at —20°C.
2-Mercaptoethanol.

1 M Imidazole.

10% Triton X-100.

2 M Potassium chloride (KCl).

1 M Potassium phosphate (K;HPO4/KH,POy), pH 7.6.
5 M Sodium chloride (NaCl).

Phenylmethylsulfonyl fluoride (PMSF) (Sigma) prepared as a
0.2 M stock solution in isopropyl alcohol and stored at —20°C.

Sodium metabisulfite is prepared as a 1.0 M stock solution at
pH 7.5 and stored at —20°C.
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23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
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Leupeptin is prepared as a 1 mg/ml stock solution in 50 mM
Tris—HCI, pH 7.5, and 2 mM EDTA, and stored at —20°C.

7 ml Dounce homogenizer.

Collodion membranes (Schleicher and Schuell).
Polyallomer centrifuge tubes (14 x 89 mm, Beckman).
All potassium phosphate buffers are at pH 7.6.

All buffers used throughout the purification contain 5 mM 2-
mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSE), 10 mM sodium metabisulfite, and leupeptin at
2 pg/ml. Where indicated, buffers also contain 0.015%
Triton X-100.

Homogenization buffer (50 mM Tris—-HCIL, pH 7.5, 100 mM
KCI, 280 mM ultrapure sucrose, 5 mM EDTA).

10 mM Potassium phosphate bufter (10 mM potassium phos-
phate, pH 7.6, 20% glycerol).

80 mM Potassium phosphate bufter — phosphocellulose equi-
libration buffer (80 mM potassium phosphate, pH 7.6, 20%
glycerol).

100 mM Potassium phosphate buffer — phosphocellulose
wash buffer (100 mM potassium phosphate, pH 7.6, 20%
glycerol).

150 mM Potassium phosphate buffer — phosphocellulose
elution buffer (150 mM potassium phosphate, pH 7.6, 20%
glycerol).

350 mM Potassium phosphate buffer — phosphocellulose
elution buffer (350 mM potassium phosphate, pH 7.6, 20%
glycerol).

600 mM Potassium phosphate bufter — phosphocellulose
elution buffer (600 mM potassium phosphate, pH 7.6, 20%
glycerol).

Ni-NTA agarose equilibration buffer (20 mM Tris—-HCI, pH
7.5, 500 mM KCI, 8% glycerol, and 5 mM imidazole).
Ni-NTA agarose elution buffer 1 (20 mM Tris—HCI, pH 7.5,
500 mM KCI, 8% glycerol, and 25 mM imidazole).

Ni-NTA agarose elution buffer 2 (20 mM Tris—HCI, pH 7.5,
500 mM KClI, 8% glycerol, and 250 mM imidazole).

Ni-NTA agarose clution bufter 3 (20 mM Tris—HCI, pH 7.5,
500 mM KClI, 8% glycerol, and 500 mM imidazole).

Glycerol gradient buffer (50 mM potassium phosphate, pH
7.6,200 mM (NH4),SOy, 0.015% Triton X-100).

Stabilization bufter (25 mM HEPES, pH 8.0, 2 mM EDTA,
80% glycerol, 0.015% Triton X-100).
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2.2. Recombinant
Human DNA
Polymerase y-o
Purification

. Human ac 15 recombinant baculovirus encoding the cata-

lytic subunit of human pol .y was obtained from Dr. William
C. Copeland, Laboratory of Molecular Genetics, National
Institutes of Environmental Health Sciences, Research Trian-
gle Park, NC.

2. All potassium phosphate buffers are at pH 7.6.

10.

11.

12.

13.

14.

15.

16.

17.

. All buffers used throughout the purification contain 5 mM

2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSE), 10 mM sodium metabisulfite, and leupeptin at
2 pg/ml. Where indicated, buffers also contain 0.015%
Triton X-100.

. Homogenization bufter (50 mM Tris—HCI, pH 7.5, 100 mM

KCl, 5 mM EDTA).

. 10 mM Potassium phosphate bufter (10 mM potassium phos-

phate, pH 7.6, 20% glycerol).

80 mM Potassium phosphate bufter — phosphocellulose equi-
libration bufter (80 mM potassium phosphate, pH 7.6, 20%
glycerol).

100 mM Potassium phosphate buffer — phosphocellulose
wash buffer (100 mM potassium phosphate, pH 7.6, 20%
glycerol).

. 150 mM Potassium phosphate buffer — phosphocellulose

elution buffer (150 mM potassium phosphate, pH 7.6, 20%
glycerol).

350 mM Potassium phosphate buffer — phosphocellulose
clution buffer (350 mM potassium phosphate, pH 7.6, 20%
glycerol).

600 mM Potassium phosphate bufter — phosphocellulose elution
bufter (600 mM potassium phosphate, pH 7.6, 20% glycerol).
Ni-NTA agarose equilibration buffer (20 mM Tris—-HCI, pH
7.5, 500 mM KCI, 8% glycerol, 0.1% Tx-100, and 5 mM
imidazole).

Ni-NTA agarose elution buffer 1 (20 mM Tris—HCI, pH 7.5,
500 mM KCI, 8% glycerol, and 25 mM imidazole).

Ni-NTA agarose elution buffer 2 (20 mM Tris—HCI, pH 7.5,
500 mM KCI, 8% glycerol, and 250 mM imidazole).
Ni-NTA agarose elution buffer 3 (20 mM Tris—-HCI, pH 7.5,
500 mM KClI, 8% glycerol, and 500 mM imidazole).
Glycerol gradient buffer (30 mM Tris-HCI, pH 7.5, 100 mM
KCL, 2 mM EDTA).

Stabilization buffer (25 mM HEPES, pH 8.0, 2 mM EDTA,
80% glycerol, 0.015% Triton X-100).

Other materials are as in Section 2.1.



2.3. DNA Polymerase
Assay

2.4. Recombinant
Human DNA
Polymerase y-3
Purification

p—
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Pol v, approx. 0.1 unit/pl.

DNase-I activated calf thymus DNA, 2 mg,/ml stock, prepared
as described (23).

5X Polymerase buffer (250 mM Tris-HCI, pH 8.5, 20 mM
MgCl,, 2 mg/ml BSA).

4. 1 M DTT (Sigma).

. 2 M KCL

. Stock mix of deoxynucleoside triphosphates containing

1 mM ecach of dGTP, dATP, dCTP, and dTTP (Amersham
Pharmacia Biotech).

7. [*H]-dTTP (ICN Biochemicals).

10.
11.
12.
13.

100% Trichloroacetic acid (TCA).

0.1 M Sodium pyrophosphate (NaPPi).

Acidic wash solution (1 M HCI, 0.1 M NaPPi).
95% Ethanol.

Glass-fiber filter paper (Schleicher and Schuell).
10 x 75 mm Disposable culture tubes (Fisher).

. pQESL encoding the human pol y—p without the mitochon-

drial presequence was obtained from Dr. William C. Cope-
land, Laboratory of Molecular Genetics, National Institutes
of Environmental Health Sciences, Research Triangle Park,
NC.

2. E. coli XL-1 Blue.

10.
11.
12.
13.
14.

Bacterial media (L broth): 1% tryptone (Difco), 0.5% yeast
extract (Difco), 0.5% NaCl, pH 7.5.

100 mg/ml Ampicillin. Filter-sterilize with a 0.2-pum syringe
filter, aliquot, and store at —20°C.

10 mg/ml Tetracycline in 70% ethanol. Filter-sterilize with a
0.2-pm syringe filter, aliquot, and store at —20°C.

100 mM Isopropyl-B-p-thiogalactopyranoside (IPTG). Aliquot
and store at —20°C.

Ultrasonic Processor Model W-225 (Heat Systems, Ultraso-
nics, Inc.).

1 M Tris-HCI, pH 7.5.

0.5 M EDTA, pH 8.0.

5 M NacCl.

3 M KCI.

1 M Potassium phosphate (K;HPO,/KH,POy), pH 7.6.
100% Glycerol, anhydrous (J. T. Baker).

80% Sucrose, ultrapure.
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2.5. Recombinant
Drosophila miSSB
Purification

15

16.

17.

18.

19.

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

0.2 M Phenylmethylsulfonyl fluoride (PMSF) in isopropanol.
Store aliquots at —20°C.

1 M Sodium metabisulfite, prepared as a 1.0 M stock solution
at pH 7.5 and stored at —20°C.

Leupeptin is prepared as a 1 mg,/ml stock solution in 50 mM
Tris—-HCI, pH 7.5, 2 mM EDTA, and stored at —20°C.

1 M Imidazole.
10% Sodium dodecyl sulfate (SDS).

5 X SDS loading butfter (50% glycerol, 2 M Tris base, 0.25 M
DTT, 5% SDS, 0.1% bromophenol blue). Aliquots are stored
at -20°C.

10% SDS-polyacrylamide resolving gels (8 cm x 10 ecm x
1 mm) with 4% stacking gels.

Polyallomer centrifuge tubes (14 x 89 mm, Beckman).
Ni-NTA agarose (QIAGEN).

All buffers used throughout the purification contain 5 mM 2-
mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF),
10 mM sodium metabisulfite, and leupeptin at 2 pg/ml.

Tris—sucrose buffer (50 mM Tris—-HCI, pH 7.5, 10% sucrose).

Resuspension buffer (35 mM Tris—-HCI, pH 7.5, 150 mM
NaCl, 25 mM imidazole, 0.1% (v/v) Triton X-100).

Ni-NTA agarose equilibration buffer (35 mM Tris—-HCI, pH
7.5, 500 mM KCl, 25 mM imidazole).

Ni-NTA agarose elution bufter 1 (35 mM Tris—HCI, pH 7.5,
500 mM KCI, 25 mM imidazole).

Ni-NTA agarose elution buffer 2 (35 mM Tris—HCI, pH 7.5,
500 mM KCI, 250 mM imidazole).

Ni-NTA agarose elution buffer 3 (35 mM Tris—HCI, pH 7.5,
500 mM KCI, 500 mM imidazole).

Glycerol gradient buffer (35 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 1 mM EDTA).

. pET-11a encoding Drosophila mtSSB without the mitochon-

drial presequence, available from this lab.

2. E.coli BL21 (ADE3) pLysS (Stratagene).

Bacterial media (L broth): 1% tryptone (Difco), 0.5% yeast
extract (Difco), 0.5% NaCl, pH 7.5.

100 mg/ml Ampicillin. Filter-sterilize with a 0.2-pum syringe
filter, aliquot, and store at —20°C.

100 mM IPTG. Aliquot and store at —20°C.

6. 1 M TrissHCL, pH 7.5.

0.5 M EDTA, pH 8.0.



Purification of Animal Pol y and mtSSBs 45

5 M NaCl.

9. 3 M Sodium thiocyanate (NaSCN).

10.
11.
12.
13.

14.

15.

16.
17.
18.
19.
20.
21.

22.

23.
24.

25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

1 M Potassium phosphate (K;HPO4/KH,POy), pH 7.6.
80% Sucrose, ultrapure.
100% Glycerol, anhydrous (J.T. Baker).

0.2 M Phenylmethylsulfonyl fluoride (PMSF) in isopropanol.
Store aliquots at —20°C.

1 M sodium metabisulfite, prepared as a 1.0 M stock solution
at pH 7.5 and stored at —20°C.

Leupeptin is prepared as a 1 mg/ml stock solution in 50 mM
Tris—-HCI, pH 7.5, 2 mM EDTA, and stored at —20°C.

1 M DTT. Store aliquots at —20°C.

1 M Spermidine trihydrochloride (SpClz, Sigma). Store at—20°C.
3 M Ammonium sulfate [(NH4),SO4], ultrapure.

100% TCA. Store at 0—4°C.

10% SDS.

5 X SDS loading bufter (50% glycerol, 2 M Tris base, 0.25 M
DTT, 5% SDS, 0.1% bromophenol blue). Aliquots are stored
at -20°C.

17% SDS-polyacrylamide resolving gels (8 cm x 10 cm %
1 mm) with 4% stacking gels.

5% Tween 20.
Centricon-30 spin concentrators (Amicon/Millipore).

Polyallomer centrifuge tubes (14 x 89 mm, Beckman).
Blue Sepharose CL-6B (Amersham Pharmacia Biotech).

All buffers used throughout the purification contain 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 mM sodium
metabisulfite, leupeptin at 2 pg/ml, and 2 mM DTT.

Tris—sucrose bufter (50 mM Tris—-HCI, pH 7.5, 10% sucrose).

5 X Lysis buffer (1.25 M NaCl, 25 mM DTT, 100 mM SpCls,
10 mM EDTA, 1.5 mg/ml lysozyme).

Dilution buffer (30 mM Tris—-HCI, pH 7.5, 10% glycerol,
2 mM EDTA).

Blue Sepharose equilibration buffer (30 mM Tris—-HCI, pH
7.5, 10% glycerol, 100 mM NaCl, 2 mM EDTA).

Blue Sepharose wash buffer (30 mM Tris—HCI, pH 7.5, 10%
glycerol, 800 mM NaCl, 2 mM EDTA).

Blue Sepharose elution bufter 1 (30 mM Tris—-HCI, pH 7.5,
10% glycerol, 0.5 M NaSCN, 2 mM EDTA).

Blue Sepharose elution buffer 2 (30 mM Tris-HCI, pH 7.5,
10% glycerol, 1 M NaSCN, 2 mM EDTA).
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35.

36.

Blue Sepharose elution buffer 3 (30 mM Tris-HCI, pH 7.5,
10% glycerol, 1.5 M NaSCN, 2 mM EDTA).

Glycerol gradient buffer (50 mM Tris-HCI, pH 7.5,200 mM
(NH4),SOy4, 2 mM EDTA).

pET-11a encoding the human mtSSB without the mitochon-
drial presequence (beginning with the amino acid sequence:
ESETTTSLV), available from this lab.

. All buffers used throughout the purification contain 1 mM

phenylmethylsulfonyl fluoride (PMSF), 10 mM sodium
metabisulfite, leupeptin at 2 pg/ml, and 2 mM DTT.

. Tris—sucrose bufter (50 mM Tris—HCI, pH 7.5, 10% sucrose).

5 X Lysis buffer (1.25 M NaCl, 25 mM DTT, 100 mM SpCls,
10 mM EDTA, 1.5 mg/ml lysozyme).

. Dilution bufter (30 mM Tris—=HCI, pH 7.5, 10% glycerol,

2 mM EDTA).

Blue Sepharose equilibration buffer (30 mM Tris—HCI, pH
7.5, 10% glycerol, 100 mM NaCl, 2 mM EDTA).

Blue Sepharose wash buffer (30 mM Tris—HCI, pH 7.5, 10%
glycerol, 400 mM NaCl, 2 mM EDTA).

. Blue Sepharose elution bufter 1 (30 mM Tris—HCI, pH 7.5,

10% glycerol, 700 mM NaCl, 2 mM EDTA).

. Blue Sepharose elution bufter 2 (30 mM Tris—HCI, pH 7.5,

10% glycerol, 1.5 M NaCl, 2 mM EDTA).

Blue Sepharose elution buffer 3 (30 mM Tris-HCI, pH 7.5,
10% glycerol, 3.0 M NaCl, 2 mM EDTA).

Glycerol gradient buffer (35 mM Tris—-HCL, pH 7.5, 150 mM
NaCl, 2 mM EDTA).

Other materials are as in Section 2.5.

2.6. Recombinant 1.
Human miSSB
Purification
2
3
4.
5
6.
7.
8
9
10.
11.
12.
3. Methods
3.1. Purification of 1.
Recombinant
Drosophila DNA
polymerase vy

3.1.1. 519 Cell Growth and
Soluble Cytoplasmic
Fraction Preparation b)

Grow §f9 cells (500 ml) in TC-100 insect cell culture med-
ium containing 10% fetal bovine serum at 27°C to a cell
density of 2 x 10°, dilute to a cell density of 1 x 10® with
TC-100 containing 10% fetal bovine serum, and then infect
with recombinant Drosophila pol y-ac s and -p baculo-
viruses at a multiplicity of infection of 5. Harvest 48 h
postinfection.

. DPellet the cells at 400 x g for 5 min, wash with an equal

volume of cold PBS, repeat the centrifugation, and discard
the supernatant.



3.1.2. Phosphocellulose
Chromatography and
Ammonium Sulfate
Fractionation

3.1.3. Ni-NTA Agarose
Affinity Purification
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. Resuspend the cell pellet (approx. 1 x 107 cells) using 0.01

culture volume of homogenization buffer.

4. Lyse cells by 20 strokes in a Dounce homogenizer.
. Centrifuge the homogenate at 1,000 x g for 7 min.

6. Resuspend the resulting pellet using 0.005 culture volume of

homogenization buffer and rehomogenize and centrifuge as
in Steps 4 and 5 (see Note 1).

. Centrifuge the combined supernatant fractions at 8,000 x g

for 15 min to pellet the mitochondria.

. Remove the supernatant and centrifuge at 100,000 x g for

30 min to obtain the cytoplasmic soluble fraction (fraction I).

. Adjust fraction I (70-90 mg protein) to an ionic equivalent of

80 mM potassium phosphate and load onto a phosphocellu-
lose column equilibrated with 80 mM potassium phosphate
buffer at a packing ratio of 6 mg protein per packed ml
of resin, at a flow rate of 0.8 column volume (CV)/h (see
Note 2).

. Wash the column with 3 CV of 100 mM potassium phosphate

butfter at a flow rate of 2 CV /h.

. Elute proteins with a 3-CV linear gradient from 150 to

350 mM potassium phosphate buffer at a flow rate of 2
CV/h.

. Follow the gradient with a 2-CV high-salt wash of 600 mM

potassium phosphate buffer at the same flow rate.

. Assay as described in Section 3.3., and pool active fractions

(fraction II, see Note 3). Adjust to a final concentration of
10% sucrose.

. Add solid ammonium sulfate (0.351 g/ml of fraction II) and

incubate overnight on ice (se¢ Note 4).

. Collect the precipitate by centrifugation at 100,000 x g for

30 min at 3°C.

. Resuspend the pellet in 0.05-0.1 volume of fraction II with

10 mM potassium phosphate buffer containing 45% glycerol,
and store at —20°C (fraction IIb).

. Dialyze fraction IIb (3-5 mg protein) against 10 mM potas-

sium phosphate buffer in a collodion bag (M, cutoft 25 kDa)
until an ionic equivalent of 100 mM KCl is reached.

. Mix dialyzed fraction IIb with 500 pl of pre-charged Ni-NTA

agarose (QIAGEN) equilibrated in Ni-NTA agarose equili-
bration buffer.

. Incubate the suspension for 10 h on ice with gentle shaking.
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3.1.4. Glycerol Gradient
Sedimentation

3.2. Purification of
Recombinant Human
DNA Polymerase y—o

3.2.1. Sf9 Cell Growth and
Soluble Cytoplasmic
Fraction Preparation

3.2.2. Phosphocellulose
Chromatography and
Ammonium Sulfate
Fractionation

. Allow the beads to settle and then wash twice with 1 ml of

equilibration buffer for 30 min with gentle shaking.

. Pack washed beads into a column (0.5 ml), and elute protein

retained on the beads successively at 5 CV/h with elution
bufter containing 25 mM imidazole (2 CV), 250 mM imida-
zole (2 CV), and 500 mM imidazole (2 CV). Collect 1 /4-CV
fractions.

. Assay and pool active fractions (fraction III, approx. 0.9 ml).

. Layer fraction III onto two pre-formed 12-30% glycerol

gradients prepared in polyallomer tubes for use in a Beckman
SW 41 rotor.

. Centrifuge at 140,000 x g for 60 h at 3°C and then frac-

tionate by collecting five-drop (200-300 pl) fractions.

. Assay and pool active fractions, then add an equal volume of

stabilization buffer and store the enzyme (fraction IV) at —
20°C, =80°C, or under liquid nitrogen.

. Grow and dilute §f9 cells (500 ml) as described in Step 1 of

Section 3.1.1. and then infect with recombinant human pol
y—ac-p1s at a multiplicity of infection of 5. Harvest 48 h
postinfection.

. Pellet the cells at 400 x g for 5 min and wash with an equal

volume of cold PBS, repeat the centrifugation and discard the
supernatant.

. Resuspend the cell pellet (approx. 1 x 107 cells) using 0.03

culture volume of homogenization buffer.

4. Lyse cells by 20 strokes in a Dounce homogenizer.
. Centrifuge the homogenate at 1,000 x g for 7 min.

6. Resuspend the resulting pellet using 0.01 culture volume of

homogenization buffer, rehomogenize and centrifuge as in
Steps 4 and 5 (see Note 1).

. Follow Steps 7 and 8 of Section 3.1.1. to obtain the cyto-

plasmic soluble fraction (fraction I).

. Adjust fraction I (140-240 mg protein) to an ionic equivalent

of 80 mM potassium phosphate and load onto a phosphocel-
lulose column equilibrated with 80 mM potassium phosphate
buffer at a packing ratio of 6 mg protein per packed ml of
resin, at a flow rate of 0.8 CV /h (see Note 2).

. Wash the column and elute proteins as described in Steps 2—4

of Section 3.1.2.

. Assay and pool active fractions (fraction II, see Note 3) and

adjust to a final concentration of 10% sucrose.



3.2.3. Ni-NTA Affinity
Chromatography

3.2.4. Glycerol Gradient
Sedimentation

3.3. DNA Polymerase
Assay
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. Precipitate and pellet proteins as described in Steps 6 and 7 of

Section 3.1.2.

. Resuspend the pellet in 0.05-0.1 volume of fraction II in

10 mM potassium phosphate bufter containing 45% glycerol,
and store at —20°C (fraction IIb).

. Dialyze fraction IIb (10-20 mg protein) against 10 mM

potassium phosphate bufter in a collodion bag (M, cutoff
10 kDa) until an ionic equivalent of approx. 300-400 mM
KCl is reached.

. Load dialyzed fraction IIb onto an equilibrated Ni-NTA resin

ataratio of approx. 7.5 mg protein per ml of packed resin, at a
flow rate of 1-2 CV /h.

. Wash the column with 2 CV of equilibration buffer and elute

successively with elution buffers containing 25 mM imidazole
(2 CV), 250 mM imidazole (2 CV), and 500 mM imidazole
(2 CV), at a flow rate of 5 CV /h. Collect 1,/4-CV fractions.

. Assay and pool active fractions (fraction III, approx. 1.6—

2.3 ml).

Layer fraction III onto two pre-formed 12-30% glycerol
gradients prepared in polyallomer tubes for use in a Beckman
SW 41 rotor.

. Centrifuge at 140,000 x g for 60 h at 3°C, then fractionate

by collecting five-drop (200-300 pl) fractions.

. Assay and pool active fractions, then add an equal volume of

glycerol gradient buffer containing 80% glycerol or stabiliza-
tion buffer, and store the enzyme (fraction IV) at -20°C,
-80°C, or under liquid nitrogen.

This section describes an assay of DNA synthesis that utilizes a
multiply primed double-stranded DNA substrate and pol v frac-
tions. DNA polymerase activity can be measured at different salt
concentrations to discriminate nuclear (low-salt stimulated) and
mitochondrial (high-salt stimulated) DNA polymerase activities.
The assay measures the incorporation of [*H]-labeled dTMP into
the DNA substrate, such that 1 unit of activity is the amount that
catalyzes the incorporation of 1 nmol of deoxyribonucleoside
triphosphate into acid insoluble material in 60 min at 30°C.

1.
2.

Adjust the water bath to 30°C.

Dry down the radioactive substrate by lyophilizing to less
than half the original volume.

. Prepare a master reaction mix using the stock solutions in

Section 2.3 in a microcentrifuge tube on ice such that each
reaction (0.05 ml) contains 1 X polymerase buffer, 10 mM
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3.4. Purification of
Recombinant Human
DNA Polymerase y-3

3.4.1. Bacterial Cell Growth
and Protein Overproduction

10.

DTT, 200 mM KCI (see Note 5), 30 uM each of dGTP,
dATP, dCTP, and [*H]dTTP (1,000 cpm/pmol), and
250 pg/ml DNase I-activated calf thymus DNA. Vortex and
spin briefly in the microcentrifuge.

Dispense the mix, 49 pl, to pre-chilled and numbered
10 x 75-mm tubes on ice.

. Add the enzyme, approx. 0.1 unit, to each tube avoiding

bubbles and mix gently by flicking the tube three times.
Incubate the tubes for 30 min at 30°C, then transfer to ice.

Stop the reactions with 1 ml of 10% TCA, 0.1 M NaPPi, mix,
and leave on ice > 5 min.

. Filter samples through glass-fiber filters. Wash the tube twice

with acidic wash solution, then wash the filtration funnel
three times with acidic wash solution and once with 95%
ethanol.

. Dry the filters under a heat lamp for approx. 5 min, then

count in scintillation fluid in a liquid scintillation counter.

Spot 1-2 pl of mix directly onto filters, dry, and count in
scintillation fluid without filtration, to calculate the specific
radioactivity of the mix.

. Inoculate 2 I of L broth containing 15 pg,/ml tetracycline and

100 pg/ml ampicillin with E. coli XL-1 Blue containing
pQESL (complete human pol y—f ¢cDNA without the mito-
chondrial presequence) at Asgs = 0.06 and grow with aeration
at 37°C (see Note 6).

. At Aso5 = 0.6:

(a) Remove a 1.0-ml aliquot of uninduced cells to a micro-
centrifuge tube, pellet cells, aspirate supernatant, and
resuspend cells in 200 pl of 1X SDS loading bufter. Use
a 10-pl aliquot as control for SDS-PAGE.

(b) Induce target protein expression by adding IPTG to
0.3 mM final concentration and continue incubation at
37°C with aeration for 2 h.

. Harvest cells:

(a) Save a 1.0-ml aliquot of induced cells as in Step 2a. Use a
5-ul aliquot in SDS-PAGE.

(b) Harvest remaining cells in Sorvall GSA bottles by centrifu-
gation at 3,600 x g for 5 min at 4°C. Decant supernatant.

Resuspend cells in 1,/10 volume of original culture in Tris—
sucrose buffer. First resuspend pellets in one-half of the total
resuspension volume, transferring to a chilled plastic beaker.
Wash GSA bottles with remaining one-halt of volume and
combine.
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Centrifuge washed cells in a Sorvall §S-34 at 3,000 x g for
5 min at 4°C. Aspirate supernatant and freeze cell pellet in
liquid nitrogen. Store at —80°C.

3.4.2. Cell Lysis and Soluble  The following protocol uses a 2-1 induced cell pellet (As9s=1-1.2)

Fraction Preparation as the starting material with an overall expression of approx. 200
ng pol y—B,/ml of induced cells. The ionic strength of buffers is
determined using a Radiometer conductivity meter (see Note 1).

1.
2.

Thaw cell pellet (2 1) on ice for at least 30 min.

Resuspend cell pellet completely in 1,/30 volume of original
cell culture in resuspension buffer. Use one-half of the total
volume to resuspend the cells and the remaining one-half
divided to wash the tubes, combining all samples.

. Lyse cells by sonication with an Ultrasonic Processor Model

W-225 for 20 pulses using microtip at maximum output and
50% usage. Cool the samples for at least 1 min on ice. Repeat
sonication and cooling (se¢ Note 7).

Centrifuge in a Sorvall §S-34 rotor at 20,000 x g for 15 min
at 4°C.

Collect supernatant by pipetting into a fresh tube. Resuspend
resulting pellet in 1,/80 volume of original cell culture in
resuspension buffer, sonicate, and centrifuge as described in
Steps 3 and 4.

Collect supernatant and combine with the previous one (frac-
tion I).

3.4.3. Ni-NTA The following protocol uses a soluble bacterial fraction from 2 | of
Chromatography and induced cells loaded onto an equilibrated Ni-NTA column.

Glycerol Gradient 1.

Sedimentation

Load fraction I onto an equilibrated Ni-NTA resin at a ratio of
approx. 7.5 mg protein per ml of packed resin, at a flow rate of

2 CV/h.

Elute protein by successive washes with elution buffers con-
taining 25 mM imidazole (3 CV), 250 mM imidazole (2 CV),
and 500 mM imidazole (2 CV), at a flow rate of 2 CV /h.
Collect 1,/2-CV fractions for the first elution, 1,/6-CV frac-
tions for the second elution, and then 1/3-CV fractions for
the last elution.

Analyze column fractions, 5 pl, by SDS-PAGE in 10% gels
tollowed by silver nitrate staining.

Pool fractions containing pol y—f (fraction II, approx. 1.6—
2.3 ml).

. Prepare two (10 ml) 12-30% glycerol gradients and chill on

ice for at least 1 h.

Layer 1-1.2 ml of Ni-NTA pool of pol y—f onto each gradient
and spin in a SW41 rotor at 170,000 x g for 60 h at 4°C.
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3.5. Purification of
Recombinant
Drosophila mtSSB

3.5.1. Bacterial Cell Growth
and Protein Overproduction

3.5.2. Cell Lysis and Soluble
Fraction Preparation

7. Fractionate gradients by collecting 200-300-pl aliquots. Ana-
lyze 5 pl per fraction by SDS-PAGE in 10% gels followed by
staining with silver nitrate.

8. Pool peak fractions of pol y—f (fraction III). Pol y—P typically
sediments in fractions 10-16.

9. Aliquot pol y—B, freeze in liquid nitrogen, and store at —-80°C
(see Note 8).

1. Inoculate 11of L broth containing 100 pg,/ml ampicillin with
E. coli BL21 (ADE3) pLysS containing pET11la—Drosophiln
mtSSB (complete cDNA without the mitochondrial prese-
quence) at Asgs = 0.06 and grow with aeration at 37°C (see
Note 6).

2. At As95 = 0.6:

(a) Remove a 1.0-ml aliquot of uninduced cells to a micro-
centrifuge tube, pellet cells, aspirate supernatant, and
resuspend cells in 200 pl of 1X SDS loading buffer. Use
a 10-pl aliquot as control for SDS-PAGE.

(b) Induce target protein expression by adding IPTG to
0.3 mM final concentration and continue incubation at
37°C with aeration for 2 h.

3. Harvest cells:
(a) Save a 1.0-ml aliquot of induced cells as in Step 2a. Use a
5-pl aliquot in SDS-PAGE.

(b) Harvest remaining cells in Sorvall GSA bottles by centrifu-
gation at 3,600 x g for 5 min at 4°C. Decant supernatant.

4. Resuspend cells in 1,/10 volume of original culture in Tris—
sucrose buffer. First resuspend pellets in one-half of the total
resuspension volume, transferring to a chilled plastic beaker.
Wash GSA bottles with remaining one-half of volume and
combine.

5. Aliquot washed cells into Sorvall SS-34 tubes, 200 ml cell
equivalent per tube, and centrifuge cells at 3,000 x g for
5 min at 4°C. Aspirate supernatant and freeze cell pellets in
liquid nitrogen. Store at —80°C.

The following protocol uses 400-ml induced cell pellets (Asos=1—
1.2) as the starting material with an overall expression of 15 pg
mtSSB/ml of induced cells. The ionic strength of bufters is deter-
mined using a Radiometer conductivity meter (see Note 2).

1. Thaw cell pellets (2 x 200 ml) on ice for at least 30 min.

2. Resuspend cell pellets completely in 1,/25 volume of Tris—
sucrose bufter. Use one-half of the total volume to resuspend
the cells and the remaining one-half divided to wash the
tubes, combining all samples.
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3. Add 5X lysis buffer to 1X final concentration. Incubate for
30 min on ice, mixing every 5 min by inversion.

4. Freeze cell lysis suspension in liquid nitrogen. Thaw partially
in ice water, then transfer to ice until thawed completely.
Centrifuge in Sorvall SS-34 rotor at 17,500 x g for 30 min
at 4°C.

5. Collect soluble fraction (supernatant) by pipetting into a fresh
tube. Adjust the sample to 100 mM NaCl by the addition of
dilution butfter.

3.5.3. Blue Sepharose The following protocol uses a soluble bacterial fraction from
Chromatography and 400 ml of induced cells loaded onto 10 ml of equilibrated Blue
Glycerol Gradient Sepharose resin.

Sedimentation 1. Load salt-adjusted soluble fraction (approx. 15-20 mg

protein) at a flow rate of 1 CV/h onto a 10-ml column
of Blue Sepharose equilibrated with 10-CV equilibration
bufter.

2. Wash column with 4 CV of wash buffer at a flow rate of 2 CV /h,
collecting 1-CV fractions.

3. Elute column with three steps of increasing NaSCN strin-
gency at 2 CV /h:
(a) 4 CV of'elution buffer containing 0.5 M NaSCN, collect-
ing 1/2-CV fractions.

(b) 4 CV ofelution buffer containing 1 M NaSCN, collecting
1/3-CV fractions.

(c) 4 CV of elution buffer containing 1.5 M NaSCN, collect-
ing 1,/4-CV fractions.

Drosophila mtSSB elutes in the 1.5 M NaSCN step.
4. Analyze column fractions, 5 pl, by SDS-PAGE in 17% gels.

5. Pool fractions containing mtSSB and spin-concentrate sample
in a Centricon-30 concentrator (pre-treated with 5% Tween
20, see Note 9) to desalt. Exchange elution bufter for 50 mM
potassium phosphate, pH 7.6, 8% glycerol, 200 mM
(NH4),SOy4, 2 mM EDTA.

6. Prepare three (10-ml) 12-30% glycerol gradients and chill on
ice for at least 1 h.

7. Layer 1-1.2 ml of concentrated mtSSB pool onto each gra-
dient and spin in SW41 rotor at 170,000 x g for 60 h at
4°C.

8. Fractionate gradients by collecting 200-300-ul aliquots.
Analyze 30 pl per fraction by TCA precipitation followed
by SDS-PAGE in 17% gels followed by staining with silver
nitrate.
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3.6. Purification of
Recombinant Human
mitSSB

3.6.1. Bacterial Cell Growth
and Protein Overproduction

3.6.2. Cell Lysis and Soluble
Fraction Preparation

10.

2.

. Pool peak fractions of tetrameric mtSSB, which typically sedi-

ments in fractions 25-31 (see Note 10). Concentrate gradient
pool using a Centricon-30 spin concentrator (pre-treated
with 5% Tween 20, see Note 9).

Aliquot concentrated mtSSB, freeze in liquid nitrogen, and
store at —80°C (see Note 8).

Inoculate 2 1 of L broth containing 100 pg,/ml ampicillin with
E. coli BL21 (ADE3) pLysS containing pET1la-human
mtSSB (complete cDNA without the mitochondrial prese-
quence) at Asgs = 0.06 and grow with aeration at 37°C (see
Note 6).

At A595 =0.6:

(a) Remove a 1.0-ml aliquot of uninduced cells to a
microcentrifuge tube, pellet cells, aspirate superna-
tant, and resuspend cells in 200 pl of 1X SDS load-
ing buffer. Use a 10-pl aliquot as control for SDS-
PAGE.

(b) Induce target protein expression by adding IPTG to
0.2 mM final concentration and continue incubation at
37°C with aeration for 3 h.

. Harvest cells:

(a) Save a 1.0-ml aliquot of induced cells as in Step 2a. Use a
5-pl aliquot in SDS-PAGE. Stain the gel with Coomassie
Blue (see Note 11).

(b) Harvest remaining cells in Sorvall GSA bottles by centri-
fugation at 3,600 x g for 5 min at 4°C. Decant
supernatant.

Resuspend cells in Tris—sucrose bufter as described in Step 4
of Section 3.5.1.

Centrifuge washed cells into a Sorvall SS-34 tube at
3,000 x g for 5 min at 4°C. Aspirate supernatant and freeze
cell pellet in liquid nitrogen. Store at —80°C.

The following protocol uses 2-1 induced cell pellet (Aggs=1—
1.3) as the starting material with an overall expression of
approx. 250 pg mtSSB/ml of induced cells. The ionic strength
of buffers is determined using a Radiometer conductivity meter
(see Note 2).

1.
2.

Thaw cell pellet (2 1) on ice for at least 30 min.

Resuspend cell pellet in Tris—sucrose buffer as described in
Step 2 of Section 3.6.2.

. Follow Steps 3-5 of Section 3.6.2. to obtain soluble fraction

(see Note 12). Adjust the sample to 100 mM NaCl by the
addition of dilution buffer.



3.6.3. Blue Sepharose
Chromatography and
Glycerol Gradient

Sedimentation
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The following protocol uses a soluble bacterial fraction from 2 | of
induced cells loaded onto 10 ml of equilibrated Blue Sepharose
resin.

. Load salt-adjusted soluble fraction (approx. 75 mg protein) at

aflow rate of 1 CV/h onto a 10-ml column of Blue Sepharose
equilibrated with 10-CV equilibration buffer.

. Wash column with 4 CV of wash buffer at a flow rate of 2 CV /h,

collecting 1-CV fractions.

. Elute column with three steps of increasing NaCl stringency

at 2 CV /h:

(a) 4 CV of elution buffer containing 700 mM NaCl, collect-
ing 1,/2-CV fractions.

(b) 4 CV of'elution buffer containing 1.5 M NaCl, collecting
1/4-CV fractions.

(c) 4 CV of elution buffer containing 3.0 M NaCl, collecting
1/4 CV-fractions.

Human mtSSB elutes between the 1.5 M and 3 M NaCl
steps.

. Analyze column fractions, 10 pl, by SDS-PAGE in 17% gels

tfollowed by Coomassie Blue staining.

. Pool fractions containing mtSSB and spin-concentrate sample

in a Centricon-30 concentrator (pre-treated with 5% Tween
20, see Note 9) to desalt. Use the dilution buffer to adjust the
salt concentration of the sample to 100 mM NaCl.

. Prepare two (10 ml) 12-30% glycerol gradients and chill on

ice for at least 1 h.

. Layer concentrated mtSSB pool onto each gradient, spin, and

collect fractions as described in Steps 7 and 8 of Section
3.6.3. Analyze 10 pl per fraction by SDS-PAGE in 17% gels
followed by staining with Coomassie Blue.

. Pool peak fractions of tetrameric mtSSB, which typically sedi-

ments in fractions 20-31 (see Note 10).

. Aliquot pooled mtSSB, freeze in liquid nitrogen, and store at

—-80°C (see Notes 8 and 13).

4. Notes

o

. An aliquot of the homogenized cells can be analyzed under

the microscope to check for cell lysis. If more than 10% of the
cells are not lysed, the pellet may be resuspended, rehomo-
genized, and centrifuged again as in Steps 4-6.
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10.

11.

12.

All chromatographic and velocity sedimentation operations
are performed at 0—4°C.

. Inaddition to the DNA polymerase assay, the fractions can be

analyzed by immunoblotting and by Bradford determination
of protein concentration. These procedures may help to
determine the fractions to be pooled.

. Add 1/10 of the final amount of (NH4),SO,4 and wait until

the salt goes into the solution. Repeat until the total amount
has been added. The sample must be stirred during
incubation.

. For the purification of the human pol y—c, prepare the master

mix such that each reaction contains 60 mM KCI.

The volume of E. coli cell culture may vary from 1 to 2 1. The
materials used for cell harvest and lysis may be adjusted
proportionally.

. Each time it is noticed that the samples are getting warm

during sonication, stop pulses and cool them for 1 min on ice.

Alternatively, samples may be stabilized by the addition of an
equal volume of stabilization bufter (20 mM KPO,, pH 7.6,
80% glycerol, 2 mM EDTA) and stored at —20°C.

Pre-treatment consists of filling up the Centricon-30 tubes
with 5% Tween 20 and allowing them to sit overnight at room
temperature.

Avoid fractions that sediment slowly, trailing toward the top
of the gradient. These fractions are likely to contain dimers
and monomers of mtSSB.

It is important to stain the SDS-polyacrylamide gels used for
human mtSSB analysis throughout the purification with Coo-
massie Blue. We have observed that, especially for the gel
analysis of the bacterial cell extract after induction with
IPTG, a silver stained gel is not suitable for the detection of
human mtSSB.

To obtain the soluble fraction of mtSSB-expressing E. coli
cells, we use 1.5 mg/ml lysozyme in the 5X lysis solution
(final concentration in cell suspension: 0.3 mg/ml). In the
Blue Sepharose chromatography step of the human mtSSB
purification, we have observed that the lysozyme has the same
elution profile of human mtSSB, constituting the major con-
taminant of the Blue Sepharose pool. Despite the fact that
human mtSSB and lysozyme have similar sizes (approx. 15
and 14 kDa, respectively), we are able to separate them in the
glycerol gradient sedimentation step, because human mtSSB
is a tetramer in solution and sediments as a 60-kDa protein. As
an alternative cell lysis procedure, we have verified that a 5X
bufter containing 1.25 M NaCl, 10 mM EDTA, and 10%
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Chapter 4

Functional Analysis of Mutant Mitochondrial DNA
Polymerase Proteins Involved in Human Disease

Sherine S. L. Chan and William C. Copeland

Abstract

DNA polymerase v (pol y) is the only DNA polymerase within the mitochondrion and is thus essential for
replication and repair of mtDNA. POLG, the gene encoding the catalytic subunit of pol v, is a major locus
for a wide spectrum of mitochondrial diseases with more than 100 known disease mutations. Thus, we
need to understand how and why pol y defects lead to disease. By using an extensive array of methods, we
are developing a clearer understanding of how defects in pol y contribute to disease. Furthermore, crucial
knowledge concerning the role of pol y in mtDNA replication and repair can be acquired. Here we present
the protocols to characterize mutant DNA pol v proteins, namely, assays for processive DNA synthesis,
exonuclease activity, DNA binding, subunit interaction, and protein stability.

Key words: DNA polymerase v, mitochondrial DNA polymerase, DNA replication, DNA repair,
mitochondrial disease, enzyme assays, POLG, POLG2.

1. Introduction

Mitochondrial diseases affect 1,/2,000 to 1,/5,000 people in the
general population (1). A wide spectrum of mitochondrial disease
affects both children and adults. Mutations in nuclear genes
encoding mitochondrial DNA (mtDNA) replication components,
such as POLG and POLG2, have been associated with disease (2).
DNA polymerase y (pol y) is a heterotrimeric enzyme consisting of
a 140-kDa catalytic subunit (encoded by POLG) with high fidelity
DNA polymerase and proofreading activities and a homodimeric
55-kDa accessory subunit (encoded by POLG2) for tight DNA
binding and processive DNA synthesis (3, 4). Pol vy is the only
DNA polymerase within the mitochondrion, thus it is essential for
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Fig. 4.1. Known disease mutations in POLG..

replication and repair of mtDNA. In particular, POLG is a major
locus for mitochondrial disease (see Fig. 4.1), with more than
100 mutations associated with the fatal early childhood Alpers
syndrome, midlife-onset ataxia neuropathy syndromes, late-onset
progressive external ophthalmoplegia (PEO), male infertility, and
susceptibility to nucleoside reverse transcriptase inhibitor drugs com-
monly used to treat HIV (see http://tools. niehs.nih.gov/polg/
for references). Furthermore, mutations within the accessory sub-
unit gene (POLG2) are known to cause PEO (5).

We and others have characterized a number of disease muta-
tions, in order to determine the nature of the biochemical defects
arising in these mutant proteins (6-13). For example, the most
common amino acid substitution in POLG, A467T, was shown to
have a severe catalytic defect, as both polymerase and exonuclease
activities were greatly reduced compared to wild-type (WT)
enzyme (11). Interestingly, this mutation also disrupts physical
association between the catalytic and accessory subunits (11). As
more mutant pol y variants are analyzed the structural basis for the
biochemical defects in each enzyme is becoming clear (12). Like-
wise, the involvement of single nucleotide polymorphisms in
disease has been found to be important. In the case of pol y
with both W748S and E1143G in the same allele, the E1143G
single-nucleotide polymorphism contributes both beneficial and
detrimental effects to the protein (12). Since more patients with
mitochondrial disease are found with POLG mutations every year,
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it is imperative that we understand the mechanisms by which
these mutations cause mtDNA instability and ultimately mito-
chondrial disease, and the contributions of each mutation
toward pathology.

By utilizing an extensive array of methods, we are developing a
clearer understanding of how defects in pol y contribute to disease.
Furthermore, crucial knowledge concerning the role of pol y in
mtDNA replication and repair can be acquired. Here we present the
protocols we use in the laboratory to characterize mutant DNA pol
vy proteins, namely, assays to quantify polymerase activity, processiv-
ity, exonuclease activity, DNA binding, interaction between sub-
units, and protein stability.

2. Materials

2.1. Site-Directed
Mutagenesis

to Introduce DNA
Polymerase y
Mutations

2.2. Processivity and

Primer Extension
Assays

2.3. Exonuclease Assay

QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).

1. Enzyme dilution buffer: 50 mM Tris-HCI (pH 7.5), 10% gly-
cerol, 1 mM EDTA, 1 mM 2-mercaptoethanol, 50 pg,/ml acety-
lated bovine serum albumin (BSA), 0.1% NP-40, 0.1 M NaClL.

2. T4 polynucleotide kinase.
3. Phosphor storage screen.

4. Typhoon 9400 phosphorimager (GE Healthcare, Piscat-
away, NJ).

5. NIH Image or Image]J software (http: //rsb.info.nih.gov/nih-
image/).

1. Gel-purified 40mer oligonucleotide (5'-TCA CTG ATATAC
GTC CGA CTC TGA TGT ACA TGG TCA TGG T-3').

2. Formamide stop solution: 95% deionized formamide, 0.01 M
EDTA, 0.1% bromophenol blue, and 0.1% xylene cyanol.

3. 12% Polyacrylamide gel: 19:1 acrylamide, 6.7 M urea, 0.084%
ammonium sulfate, 0.02% TEMED in 1X Tris—Borate-EDTA
buffer.

4. Phosphor storage screen.

5. Typhoon 9400 phosphorimager (GE Healthcare, Piscataway,
NJ).

6. NIH Image or Image] software (http://rsb.info.nih.gov/
nih-image/).
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2.4. Determination
of DNA Binding

by Electrophoretic
Mobility Shift Assay

2.5. Immunoprecipita-
tion Assay to
Determine Physical
Association of both
Subunits

ul

©° ® N

10.

11.
12.
13.

14.

15.

. 38mer Oligonucleotide (5'-TTA TCG CAC CTA CGT TCA

ATA TTA CAG GCG AAC ATA CT-3').

Complementary 34mer oligonucleotide (5'-GTA TGT TCG
CCT GTA ATA TTG AAC GTA GGT GCG A-3).

. Binding buffer: 10 mM HEPES-OH (pH 8.0), 0.2 mg/ml

acetylated BSA, 2 mM dithiothreitol.

Gels: 6% native polyacrylamide (60:1 w/w acrylamide /bis-
acrylamide), 20 mM HEPES-OH (pH 8.0), 0.1 mM EDTA,
0.06% ammonium persulfate, 0.1% TEMED.

Phosphor storage screen.

. Typhoon 9400 phosphorimager (GE Healthcare, Piscataway,

NJ).
NIH Image or Image] software (http://rsb.info.nih.gov/nih-
image/).

Rabbit polyclonal antibodies (DPg) against recombinant
pol vy (6).

. Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Piscat-

away, NJ).
NuPAGE 4X LDS Sample Buffer (Invitrogen, Carlsbad, CA).

NuPAGE Novex 4-12% Bis-Tris polyacrylamide gels (Invitro-
gen, Carlsbad, CA).

NuPAGE MOPS SDS Running Buffer (Invitrogen, Carls-
bad, CA).

NuPAGE Antioxidant solution (Invitrogen, Carlsbad, CA).
Immobilon-P PVDF membrane (Millipore, Billerica, MA).
NuPAGE 20X transfer buffer (Invitrogen, Carlsbad, CA).

PBSN-BSA buffer: 0.05 M potassium phosphate buffer,
pH 7.5, 0.15 M NaCl, 0.1% NP-40, and 0.1 mg,/ml bovine
serum albumin (BSA).

Bufter TNT: 0.1% Triton X-100, 50 mM Tris—-HCI, pH 7.5,
0.5 M NaCl.

Bufter TN: 50 mM Tris—-HCIL, pH 7.5, 0.5 M NaCl.
Anti-penta-His monoclonal antibody (Qiagen, Valencia, CA).

PBSN bufter: 0.05 M KPOy, pH 7.5, 0.15 M NaCl, 0.1%
NP-40.

Goat anti-mouse IgG alkaline phosphatase conjugated second-
ary antibody (Bio-Rad, Hercules, CA).

Western Blue stabilized substrate for alkaline phosphatase
reagent (Promega, Madison, WI).
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3% (w/v) Trichloroacetic acid (TCA): Make a 100% (w/v)
stock solution by dissolving 500 g crystalline TCA in 227 ml
water to make 500 ml total volume. From this stock solution,
dilute to make a 3% solution.

. Jasco 810 Spectropolarimeter equipped with a Peltier thermal

controller and 1-cm cell.

. Dilution buffer: 10 mM potassium phosphate buffer (pH 7.5),

5% glycerol, 0.1 mM EDTA, 0.1 mM 2-mercaptoethanol, and
200 mM NacCl.

. Graphing software with sigmoidal curve fitting (for example,

KaleidaGraph from Synergy, Reading, PA).

3. Methods

3.1. Site-Directed
Mutagenesis to
Introduce DNA
Polymerase y
Mutations

3.2. Expression and
Purification of the
Catalytic Subunit of
DNA Polymerase y

We use Stratagene’s QuikChange site-directed mutagenesis kit to
introduce the desired mutations into the pol y construct.

1.

The pQVSLI11.4 baculoviral transfer vector encodes POLG
c¢DNA without its mitochondrial targeting sequence (14).
This baculovirus transfer vector is the template used to intro-
duce the mutation of interest, using site-directed mutagen-
esis. For example, codon 1143 was converted to the E1143G
derivative with the QuikChange site-directed mutagenesis kit
and the mutagenic primers 5'-CCT GGT GCG GGG GGA
GGA CCG CTA CC-3' and 5-GGT AGC GGT CCT CCC
CCC GCA CCA GG-3'.

. After QuikChange, DNA is treated with the enzyme Dpnl to

digest and remove methylated template, and then XL1 Blue
supercompetent cells are transformed according to the Quik-
Change protocol.

Introduced mutations are confirmed by sequencing the resul-
tant baculovirus transfer vector.

. Select recombinant baculovirus expressing the mutant pol y

catalytic subunit and amplify.

. Transfect Sf9 insect cells in 30 confluent T3 tissue culture

flasks.

. Process and purify protein as described previously (6, 8, 15).

. MonoQ fractions containing each p140 derivative are flash-

frozen in small aliquots in liquid nitrogen and stored at —80°C
(see Notes 1 and 2; Fig. 4.2).
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3.3. Expression and
Purification of the
Accessory Subunit of
DNA Polymerase y

3.4. DNA Processivity
Assay

3.4.1. Primer Extension
Assay

3.4.1.1. Phosphorylation

3.4.1.2. Hybridization

200—
— -—p140
97—

68—

B p55
45— P

30—

21—

14—
6.5—

Fig. 4.2. DNA polymerase y subunit composition. Lane 1: purified recombinant pol y
catalytic subunit (p140); lane 2: purified recombinant pol v accessory subunit (p55).

Express the His6 aftinity-tagged p55 accessory subunit in Escheri-
chin coli and purify to homogeneity as described previously (16) (see
Fig. 4.2).

The processivity of WT and mutant forms of pol v is estimated by
primer extension assay on an end-labeled, singly-primed M13 DNA
substrate as described (6), without the pre-incubation step.

Ll

. In a chilled 1.5-ml polypropylene microfuge tube, add 10X T4

polynucleotide kinase bufter (to produce a final concentration of
1X), 20 pmol of the gel-purified 38mer, 25 pmol [y-**P]ATP,
12 U T4 polynucleotide kinase, and dH,0 to 25 pl.

Incubate reactions at 37°C for 60 min.
Heat at 80°C for 5 min to heat-kill the kinase.
Cool tube on ice.

Hybridize 5 pmol **P-labeled 35mer with 5.25 pmol M13mp18
DNA. Add TE bufter to 100 pl.

. Vortex gently. Heat tube in a 400-ml beaker containing 95°C

H,O for 5 min.

Cool slowly to room temperature by leaving the beaker at
room temperature.

Store at —20°C until needed.
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. Dilute polymerase in enzyme dilution bufter (see Section 2.2)

to the desired concentration. Assemble reaction mixtures (10 pl)
on ice with 0 or 100 mM NaCl, 25 uM of each dNTP, and
12 ng purified WT or mutant p140, with or without 9.6 ng of
the p55 accessory subunit (gently mix p140 and p55 in a 1:2
molar ratio).

2. Reactions are incubated at 37°C for 30 min.
. Quench reactions with 10 pl formamide stop solution.

4. Heatsamples at >85°C for 3 min and analyze the products by

denaturing polyacrylamide gel electrophoresis.

. Dry the gel and expose to a phosphor storage screen.
. Image the radioactivity on a Typhoon 9400 phosphor-

imager.

. Quantify bands using NIH Image software (see Fig. 4.3).

NacCl - -+ -+
pl40 - + + + 4+
p55 - - + +

e

Fig. 4.3. Primer extension assay. Reactions were assembled with the indicated
components.
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3.4.2. Processivity Assay The method is the same as above for the primer extension assay,
except that heat-denatured calf thymus DNA harboring approxi-
mately 18 pmol of random 3’-ends is added to each of the reaction
mixtures in Section 3.4.1.3. This acts as a polymerase trap, such
that processivity can be determined for a single binding event.

3.5. Exonuclease Assay  The exonuclease assay we use in our laboratory has been described
previously (6, 11). Briefly, we assess exonuclease activity by mon-
itoring degradation of a 5’-*?P-labeled 40mer in the absence of
dNTDs.

1. Setup 1.5-ml polypropylene microfuge tubes on ice. Assemble
reaction mixtures (10 pl) to contain 25 mM HEPES-KOH, pH
7.6, 1 mM 2-mercaptoethanol, 5 mM MgCl,, 0.05 mg,/ml
heat-treated BSA, 10 mM NacCl, 5 pmol of the labeled oligo-
nucleotide, and 0.4-3.5 nM purified WT or mutant p140.

2. Incubate reactions at 37°C for 15 min.

3. Terminate reactions by placing tubes on ice and adding 10 pl
formamide stop solution.

4. Heat samples at >85°C for 3 min and analyze 2.5 pl of the

products by denaturing 12% polyacrylamide gel electrophor-
esis as described in Section 3.4.1.3 (see Fig. 4.4).

3.6. Determination The Kypna) value for each form of p140 was determined by electro-
of DNA Binding phoretic mobility shift assay (17).

by Electrophoretic

Mobility Shift Assay

e
e o

Fig. 4.4. Exonucleolytic degradation of DNA by WT and A467T pol y. Lane 1: no enzyme
control; lane 2: WT pol v; lane 3: A467T pol vy.
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As described in Section 3.4.1.1.

. To the chilled 1.5-ml polypropylene tube containing labeled

38mer, add 26 pmol unlabeled 34mer and water to a total
volume of 40 pl. The labeled 38mer oligonucleotide primer is
hybridized with a 1.3-fold molar excess of complementary
34mer to generate a primer—template substrate possessing a
three base recessed 3’-end.

. Mix gently, and hybridize by placing tube in a 400-ml beaker

containing 95°C water. Let the water slowly cool to room
temperature (about 1 h). Once the water is approximately
30°C the substrate is ready for use.

. Assemble binding reactions (20 pl) on ice: binding buffer (see

Section 2.4), 1 pmol of **P-primer—template, and 0, 0.5, 1,
1.5, 2, or 4 pmol of WT or mutant pol v protein.

. Bind at room temperature for 10 min.
. Add 5 pl 50 mM HEPES-OH, pH 8.0, 50% glycerol to each

reaction.

. Resolve bound and unbound primer—template molecules by

polyacrylamide gel electrophoresis through pre-chilled 6%
native polyacrylamide gels at 4°C.

. After 3hat 120 V, dry the gel and expose to a phosphor storage

screen.

. Image the radioactivity on a Typhoon 9400 phosphorimager.
9. Quantify bands using NIH Image software (see Fig. 4.5).

WT

Fig. 4.5. DNA binding of WT pol v catalytic subunit as assessed by electrophoretic
mobility shift assay.
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3.7. Immunoprecipita-
tion Assay to Deter-
mine Physical
Association of the
Subunits

3.7.1. Construction
of DPg-Sepharose

3.7.2. Immunoprecipitation
Experiment

To determine subunit—subunit interaction, an immunoprecipitation
experiment using anti-pol y antibodies bound to Sepharose can
be performed (5, 11).

AN

10.

11.

12.

. Resuspend 1.5 ml slurry of Protein G Sepharose 4 Fast Flow

beads in 10 ml Bufter PBSN (see Section 2.5).

Gently spin down beads at 27 x g for 5 min, remove ethanol /
supernatant.

Resuspend pellet in 15 ml Buffer PBSN.
Add 1.5 ml DPg anti-serum, mix end-over-end at 4°C for 6 h.
Recover beads by spinning down at 27 x g for 5 min.

Wash beads with 3 x 10 ml Buffer PBSN;, store at 4°C, do not
freeze.

. Equilibrate the beads in PBSN-BSA (1 volume beads to

1 volume PBSN-BSA).

. Aliquot 30 pl DPg-Sepharose beads per 1.5-ml polypropy-

lene microfuge tube, place tube on ice.
Spin 2,700 x g at 4°C for 2 min.

Remove supernatant, add 400 pl PBSN-BSA to each tube
and mix.

. To separate tubes containing prepared DPg-Sepharose beads

and PBSN-BSA add: 3 pg WT pol y only; 3 pg WT p55
accessory subunit only; 3 pg mutant pol v or p55 accessory
subunit only; 3 pg WT pol v and 3 pg WT p55; 3 pg mutant
pol y protein and 3 ug WT p55 (or 3 pg mutant p55 accessory
subunit with 3 ng WT pol y protein).

Rotate tubes end-over-end for 45 min at 4°C.

Collect beads by microcentrifugation at 2,700 x g for 2 min
at 4°C.

Remove supernatant carefully by pipetting.

. Wash beads twice with 1 ml cold PBSN-BSA, then once with

PBSN.

Resuspend beads in 25 pl 2X LDS loading buffer (4X LDS
loading bufter made 2X with PBSN).

Heat samples for 10 min at 70°C prior to analysis on a 4-12%
polyacrylamide gel using NuPAGE MOPS running buffer
and antioxidant solution (sec Note 3).

After electrophoresis, electroblot the proteins onto an Immo-
bilon-P PVDF membrane overnight at 80 mA using NuPAGE
transfer buffer with 15% methanol and antioxidant solution.
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17.

18.
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Wash the membrane in Buffer TNT (see Section 2.5) for
15 min.

Block membrane with 5% dried milk in Buffer TN (see Section
2.5) at room temperature.

Incubate the blot with 0.2 pg/ml anti-penta-His monoclonal
antibody in Buffer TN containing 0.1 mg/ml BSA for 2 h.

Wash the blot three times with Buffer TN for 10 min (see
Note 4).

Incubate the blot in a 1,/3,000 dilution of goat anti-mouse
IgG alkaline phosphatase-conjugated secondary antibody
for 1 h.

Wash blot thoroughly using three 10 min washes in Buffer
TNT followed by three 10 min washes in Buffer TN.

Develop the blot with Western Blue alkaline phosphatase
reagent.

Rinse in H,O, then place the blot in 3% TCA for 15 min.
Wash in water for 2 min, air dry, and scan blot (se¢ Fig. 4.6).

+ + p140
+ + WT p55
+ + G451E p55
—y — — —
—— +

Fig. 4.6. Immunoprecipitation assay. The G451E mutant p55 subunit fails to co-
immunoprecipitate with p140. Reproduced from Ref.(5), University of Chicago Press.

CD studies were performed according to the method of DeRose et al.
(18) with the following modifications (12). With circular dichroism
spectroscopy, the relative amounts of a-helix, f-sheet, and random
coil in a particular protein, as well as the intrinsic stability of the
protein of interest can be determined.
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Fig. 4.7. Circular dichroism spectroscopy. (A) Circular dichroism spectrum of WT pol v catalytic subunit; (B) thermal
denaturation curve of WT pol y at 220 nm.

1.

Turn on spectropolarimeter and computer. Allow N to equi-
librate for 15 min. Allow water bath to cool down to 4°C.

2. Thaw pol y protein aliquots on ice.

. Ina cooled 1-cm cell, add 1 ml pol y protein at a concentra-

tion of 10 pg/ml (diluted with cold dilution buffer; see Notes 5
and 6) and a stir bar.

Measure in quadruplicate the CD spectra from 260 nm down
to 190 nm at 4°C (Fig. 4.7A).

Determine the thermal stabilities of a-helices within the p140
proteins by measuring the ellipticity at 220 nm as the tempera-
ture is increased from 28°C to 60°C by 1°C /min, with stirring.
Ellipticity should be sampled every 1°C.

Using a graphing program with sigmoidal curve fitting, deter-
mine the equation of each thermal denaturation curve. The
melting point ( 7;,,) will be the point of inflection of the thermal
denaturation curve, while the value for the enthalpy change
upon unfolding (A H,,) is the slope of the curve for each p140
protein (see Fig. 4.7B).

4. Notes

o).

. Make up all reactions in an ice bucket. Pol y has a functional

half-life at 42°C of less than 1 min without the accessory sub-
unit or DNA (11).
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. Refreeze as soon as possible in liquid nitrogen and store at

—80°C. Enzyme preparations begin to lose DNA polymerase
activity after approximately three freeze—thaw cycles. The
enzyme buffer contains glycerol, salt, and B-mercaptoethanol,
which are important for stability.

. This combination of loading buffer and polyacrylamide gel

helped to minimize background due to crossreactivity with
rabbit immunoglobin heavy chains.

. In the Western blot protocol, it is important to thoroughly

wash the blot in order to further reduce crossreactivity and
background.

. Pol y prefers to be stored in a high concentration of both

glycerol and NaCl. However, these ingredients are in conflict
with producing optimal CD spectra, as a higher background
may result at shorter wavelengths (around 190 nm). Thus, a
compromise is needed, as the conditions are not ideal for deter-
mining the amount of B-sheet. As pol v appears to be highly
a-helical, we have determined the thermal stability of the
a-helices of pol y at 220 nm.

. Renaturation of pol v is not possible, thus denatured protein

samples must be discarded after melting curves are obtained.
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Chapter 5

Preparation of Human Mitochondrial Single-Stranded
DNA-Binding Protein

Matthew J. Longley, Leslie A. Smith, and William C. Copeland

Abstract

Defects in mtDNA replication are the principle cause of severe, heritable metabolic disorders classified as
mitochondrial diseases. In vitro analysis of the biochemical mechanisms of mtDNA replication has proven
to be a powerful tool for understanding the origins of mitochondrial disease. Mitochondrial single-
stranded DNA-binding protein (mtSSB) is an essential component of the mtDNA replication machinery.
To facilitate ongoing biochemical studies, a recombinant source of mtSSB is needed to avoid the time and
expense of human tissue culture. This chapter focuses on the subcloning, purification, and initial functional
validation of the recombinant human mitochondrial single-stranded DNA-binding protein. The cDNA
encoding the mature form of the human mtSSB protein was amplified from a HeLa ¢cDNA library, and
recombinant human mtSSB was overproduced in Escherichia coli. A procedure was developed to rapidly
purify milligram quantities of homogenous, nuclease-free mtSSB that avoids DNA—cellulose chromato-
graphy. We show that, similar to E. co/s SSB, human mtSSB assembles into a tetramer and binds single-
stranded oligonucleotides in a 4-to-1 protein:oligonucleotide molar ratio.

Key words: Mitochondria, single-stranded DNA-binding protein, DNA replication, EMSA,
tetramer, mtDNA, protein purification.

1. Introduction

Human mitochondria possess a circular, double-stranded DNA chro-
mosome (16,569 bp) that is indispensible for the healthy growth of
cells. Mitochondrial DNA (mtDNA) encodes 2 rRNAs, 22 tRNAs,
and 13 mRNAs essential for electron transport and oxidative phos-
phorylation. Mutation of mtDNA causes a wide spectrum of neuro-
muscular degenerative diseases affecting many different tissues, and
defects in mtDNA replication are the principle cause of metabolic
disorders classified as “mitochondrial diseases.” All of the factors
required for replication and repair of the mitochondrial genome are
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known to be encoded by the nucleus, imported into mitochondria as
pre-proteins, and proteolytically processed into their mature forms.
Efforts to define the genetics and the biochemical mechanisms by
which cells maintain the integrity of their mtDNA are essential to
understanding the origins of mitochondrial diseases.

Mitochondrial ~ single-stranded ~ DNA-binding  protein
(mtSSB) was discovered in an analysis of protein—-mtDNA com-
plexes derived from rat liver mitochondria that had been lysed with
SDS, which revealed nucleoprotein fibrils within the single-
stranded portions of both stable and expanding D-loops in repli-
cative intermediates of rat liver mtDNA (1). Current models of
mtDNA replication predict replication intermediates that contain
large regions of single-stranded DNA, and the abundant presence
of 16-kDa mtSSB in these nucleoprotein fibrils strongly suggests
that the mtSSB protein is an essential component of the mtDNA
replication machinery. Also, native mtSSBs isolated from Droso-
phila, Xenopus, and humans (HeLa cells) have been reported to
stimulate DNA polymerase y from these organisms, dependent on
the substrate utilized in vitro (2-4). In addition, mtSSB has been
shown in vitro to relieve replication stalling by Xenopus laevispol y
within dT-rich template DNA sequences (5). More recently,
human mtSSB has been shown to stimulate the activity of the
mtDNA helicase, and in vitro mtSSB is part of a minimal replisome
complex along with the helicase, DNA polymerase vy, and its
accessory protein (6, 7). Mutations in the nuclear genes encoding
mtDNA replication components, specifically the DNA polymerase
v (POLG and POLG?2) and the helicase (PEOI), have been clearly
linked with mitochondrial disease (8, 9). The gene for human
mtSSB has been cloned, and the protein has been shown to be
homologous to E. coli SSB (10). Although mtSSB has not yet
been identified as a disease locus in humans, it is essential in yeast
(11), and participation in mtDNA replication makes mtSSB an
obvious candidate locus for mitochondrial disease in humans.

Existing procedures for the purification of native mitochon-
drial or E. coli SSBs consistently utilize single-stranded DNA—
cellulose chromatography as a primary purification step (2, 12,
13). In our hands, recombinant mtSSB prepared from E. coli
BL21(DE3) lysates by such protocols contained unacceptably
high levels of nuclease activity that could not be resolved by addi-
tional chromatography on Affi-Gel Blue (14) or hydroxylapatite.
Previous reports describing the purification of recombinant
human mtSSB rely on animal cell culture as the source of protein
and/or affinity tags to aid purification (6, 15, 16). Here, we
describe over-expression in E. coli of the mature form of human
mtSSB without an affinity tag and without the mitochondrial
targeting sequence, and a procedure for rapid purification of milli-
gram quantities of homogenous, nuclease-free mtSSB that does
not use DNA—cellulose chromatography is presented.
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2. Materials

2.1. Growth and
Induction

2.2, Cell Lysis

Utilizing oligonucleotide primers designed from the published
nucleotide sequence of the human gene (10), the cDNA for the
human mtSSB was amplified from a HelLa c¢DNA library.
Expression of the full-length human ¢cDNA (aa 1-148, MW
17,249) in E. coli (JM105) from a pQE9 expression vector
(Qiagen) generated recombinant protein that was almost
entirely insoluble (data not shown). Similarly, Li and Williams
demonstrated that alteration of the N-terminal amino acid
sequence of murine mtSSB, such as by insertion of an affinity-
tag to aid protein purification or even by the simple retention
of the mitochondrial targeting presequence, adversely affected
DNA binding and/or tetramerization of recombinant murine
mtSSB (15). Accordingly, we deleted the mitochondrial target-
ing sequence identified by Tiranti (10) and transferred the
cDNA encoding the mature form (aa 17-148, MW 15,316)
into the pET21la expression vector (Novagen). The resulting
plasmid, pET21aHmtSSB, was used to transform E. cols
JM105(DE3) to ampicillin resistance (se¢ Notes 1 and 2).
Ammonium sulfate was from Invitrogen, Carlsbad, CA. Ampi-
cillin, IPTG, myo-inositol, and CHES were obtained from
Sigma. E. coli single-stranded DNA-binding protein was pur-
chased from United States Biochemical. Synthetic oligonucleo-
tides were from Oligos Etc (Wilsonville, OR).

1. 2X YT bacterial growth media: 10 g yeast extract, 16 g
Bacto-tryptone, 5 g NaCl, sterilized at 121°C in a steam
autoclave.

2. 40% (w/v) Glucose: dissolved in water, sterilized by 0.45 pm
filtration.

3. 100 mg/ml Ampicillin: dissolved in water, sterilized by
0.45 pm filtration.

4. 1 M IPTG: Dissolve isopropyl-B-D-thiogalactopyranoside in
water at 0.238 g/ml, sterilized by 0.45 pm filtration.

5. Refrigerated centrifuge with a rotor capable of holding 1 1.

1. Buffer H: 30 mM HEPES-KOH (pH 7.6), 1 mM dithio-
threitol, 0.25 mM ethylenediaminetetraacetic acid (EDTA),
0.25% (w/v) myo-inositol, 0.01% (v/v) NP-40, 0.1 mM
phenylmethanesulfonyl fluoride (PMSF).

2. Branson Sonifier (model 450), equipped with a flat 0.5 inch
disrupter tip.

3. Sorvall RC-5B refrigerated centrifuge with an SS§34 rotor or
the equivalent.
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2.3. Affi-Gel Blue
Chromatography

2.4. Ammonium Sulfate
Precipitation

2.5. MonoS
Chromatography

2.6. MonoQ
Chromatography

2.7. Dialysis and

. Affi-Gel Blue resin, 100-200 mesh (wet) was purchased from

Bio-Rad.

. Buffer H also containing 50 mM KCI.
. Bufter H also containing 800 mM KCl.
4. Buffer H also containing 0.5 M KSCN.

. Ammonium sulfate.
. Ice bath, beaker with stir bar.
. Sorvall RC-5B refrigerated centrifuge with an S§34 rotor or

the equivalent.

4. Dialysis tubing with a 12,000 — 14,000 MW cutoft.
. Dialysis bufter: 25 mM HEPES-KOH (pH 7.6), 2 mM 2-

mercaptoethanol, 0.1 mM EDTA, 10% glycerol, 50 mM KCI.

. MonoS (HR 5/5) cation exchange column.
. Akta FPLC chromatography system.

. MonoQ (HR 5/5) anion exchange column.
. N-Cyclohexyl-2-aminoethanesulfonic acid (CHES).
. Buffer Q: 50 mM CHES-KOH (pH 9.5), 2 mM 2-mercap-

toethanol, 0.1 mM EDTA, 10% glycerol.

. Akta FPLC chromatography system.

. Storage buffer: Buffer H also containing 0.25 M KCl and 25%

Storage glycerol.
. Spectrophotometer and quartz cuvette, capable of measuring
absorbance at 280 nm.
3. Methods

E. cols JM105(DE3) bearing a pET2la vector encoding the
mature form of human mitochondrial SSB was treated with
IPTG to induce gene expression and lysed by sonication. Cleared
lysates prepared from 1-1 cultures were applied to Affi-Gel Blue
resin, extensively washed, and mtSSB was eluted with 0.5 M
KSCN before fractional precipitation with 10-35% (saturation)
ammonium sulfate. Following dialysis, the protein fraction that
did not bind MonoS was adjusted to pH 9.3 and applied to a
MonoQ FPLC column. Homogenous mtSSB was eluted from
MonoQ with a linear salt gradient. Typical yield from a 1-1 culture
was 4-6 mg homogenous mtSSB (see Table 5.1). Detailed proce-
dures are listed below.



Table 5.1

Human Mitochondrial SSB 77

Purification of Recombinant Human Mitochondrial SSB

Fraction Volume (ml)  Protein (mg/ml)  Total protein (mg)
I. Lysate 19 13 250

II. Affi-Gel Blue 5% 0.40 21

III. Ammonium sulfate 2.1 6.7 14

IV. MonoS 3.0 1.5 4.4

V. MonoQ 5.8 0.74 4.3

VI. Dialysed 3.6 1.2 4.3

The cDNA for mature mtSSB was expressed in E. coli, and the protein was purified to
homogeneity as described in Sections 3.1-3.7.

3.1. Growth and
Induction

3.2. Cell Lysis

. Grow an overnight culture (30 ml) of JM105(DE3) trans-

formed with the pET21a HmtSSB plasmid at 37°C in 2X YT
media supplemented with 0.1 mg,/ml ampicillin.

. Innoculate 1 1 of 2X YT media supplemented with 0.1 mg,/ml

ampicillin and 0.1% (w/v) glucose with 5 ml of the overnight
culture.

. Incubate culture at 37°C on a rotary shaker. Periodically

monitor growth by measuring light scattering at 600 nm.

. When the culture density reaches Agpp = 0.5, induce protein

expression by adding 1 ml of 1 M ITPG to make a final
concentration of 1 mM IPTG.

. Continue growth at 37°C for 3 h. Harvest cells by centrifuga-

tion for 20 min at4°Cat 4,700 x g, such asina Beckman J6-
M centrifuge with a swinging bucket rotor at 4,000 rpm.

. Resuspend the cell pellet (~5 g) in 5 ml of Buffer H. Freeze

the suspension of induced cells with liquid nitrogen, and store
the sample at -80°C.

. Thaw suspension of JM105(DE3)pET21aHmtSSB on wet

ice. Dilute the suspension with 10 ml of Buffer H also con-
taining 50 mM KCl to hasten thawing (se¢ Note 3).

. Sonicate the sample for 45 s on a 50% duty cycle. Allow the

sample to cool on ice for 2 min. Repeat the sonication and
cooling steps two more times (se¢ Note 4).

. Clarify the whole cell lysate by centrifugation for 10 min at

17,000 x g, such as in a Sorvall RC-5B refrigerated centri-
fuge with an §§34 rotor at 12,000 rpm. Hold the supernatant
on ice.
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3.3. Affi-Gel Blue
Chromatography

3.4. Ammonium Sulfate
Precipitation

. Pre-equilibrate the Affi-Gel Blue resin in Buffer H also

containing 50 mM KCI by gravity settling in a beaker (see
Note 5).

. Transfer 14 ml of pre-equilibrated Affi-Gel Blue to a 1.5-cm

1.D. chromatography column. Pack and wash the settled resin
bed with 5 column volumes of Buffer H containing 50 mM
KCL

. Apply the cleared lysate to the Affi-Gel Blue column by grav-

ity flow at a rate not exceeding 0.5 ml/min.

. Flush away unbound material in the lysate by washing the

resin with 5 column volumes of Buffer H containing 50 mM
KCl at a flow rate of 1.0-1.5 ml/min (se¢ Note 6).

. Elute weakly bound contaminating proteins by washing the

resin with 5 column volumes of Bufter H containing 800 mM
KClI at a flow rate of 1.0-1.5 ml/min.

. Elute recombinant human mtSSB with 5 column volumes of

Buffer H containing 0.5 M KSCN at a flow rate of 1.0—
1.5 ml/min.

. Transfer the Affi-Gel Blue eluate to a glass beaker on an ice

bath.

. Bring the solution to 10% (saturated) ammonium sulfate by

adding solid ammonium sulfate at a ratio of 0.0549 g ammo-
nium sulfate per ml of solution. Ammonium sulfate should
be added slowly enough to prevent the accumulation of
crystals in the beaker (see Note 7). After all the ammonium
sulfate has dissolved, continue stirring on ice for an addi-
tional 15 min.

. Transfer the slurry to a centrifuge tube, and clarify by centri-

fugation for 15 minat 17,000 x g, suchasina Sorvall RC-5B
refrigerated centrifuge with an S§34 rotor at 12,000 rpm.

. Transfer the supernatant to a fresh beaker and measure the

new volume. Bring the supernatant to 35% (saturated)
ammonium sulfate by slowly adding solid ammonium sulfate
at a ratio of 0.1489 g ammonium sulfate per ml of solution.
After all the ammonium sulfate has dissolved, continue stir-
ring on ice for an additional 15 min.

. Collect the precipitated protein by centrifugation for 15 min

at 17,000 x g, as above.

. Resuspend the well-drained protein precipitate in 2.0 ml of

cold dialysis buffer, and dialyse for 1-2 h, until the conduc-
tivity of the sample approaches that of the dialysis buffer.

. Clarify the dialysate by centrifugation for 10 min at 17,000 x

g to remove any undissolved material. Hold the supernatant
on ice.



3.5. MonoS
Chromatography

3.6. MonoQ
Chromatography

3.7. Dialysis
and Storage

3.8. Validation
of Recombinant
miSSB

Human Mitochondrial SSB 79

1. Attach the MonoS (HR 5/5) column to an Akta FPLC
chromatography system (se¢ Note 8).

2. Equilibrate the MonoS column with at least 5 ml of dialysis
bufter, to ensure complete equilibration of the column as
judged by stable UV and conductivity baselines for the col-
umn effluent.

3. Inject the clarified dialysate onto the MonoS column, fol-
lowed by 5 ml of dialysis buffer. Collect the unbound protein
fraction that passes directly through the MonoS column (see
Note 9).

1. Measure the volume of the material passing through the
MonoS column. Add 0.2 volumes of 0.5 M CHES-KOH
(pH 9.5), which will raise the pH from 7.6 to approx.
9.3.

2. Attach the MonoQ (HR 5/5) column to an Akta FPLC
chromatography system (se¢ Note 8).

3. Equilibrate the MonoQ column with at least 5 ml of Buffer Q
also containing 50 mM KCIl. Ensure complete equilibration
of the column as judged by stable UV and conductivity base-
lines for the column effluent.

4. Apply the near homogenous mtSSB (Fraction IV) to the
MonoQ column. Flush unbound material from the column
with 4 ml of equilibration buffer.

5. Elute the column with a 25 ml linear gradient of KCl
(50-500 mM) in Buffer Q.

6. Identify fractions containing mtSSB as the major peak on the
UV-profile. Homogenous mtSSB elutes at approx. 0.24 M
KCL

1. Dialyse the pooled mtSSB peak extensively against storage
buffer at 4°C.

2. Determine the protein concentration of homogenous mtSSB
with a #y-spectrophotometer, utilizing an extinction coetfi-
cient at 280 nm of 76,240 M 'cm™' for tetramers
(19,060 M 'cm ™! for monomers), as calculated from the
primary amino acid sequence (13, 17).

3. Store the dialyzed protein preparation in tightly sealed vials
at —20°C.

Validation experiments were performed both to verify the
purity of recombinant, mature human mtSSB as prepared by
this method, as well as to confirm the ability of the purified
protein to form homotetramers and bind to single-stranded
DNA.
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3.8.1. Analysis of Purity

3.8.2. Tetramerization
Measured by Analytical
Ultracentrifugation

Established procedures for the purification of prokaryotic and
mtSSB’s often rely upon single-stranded DNA—cellulose chromato-
graphy as a terminal purification step. To avoid the possibility of
DNA contaminating the mtSSB preparation, as well as to minimize
the chances of enriching for other DNA metabolizing enzymes due
to their intrinsic affinity to DNA, we sought to develop a rapid
protocol for purifying recombinant mtSSB with a high yield that
does not utilize DNA affinity chromatography. Samples taken
throughout the purification were analyzed by SDS-PAGE (see
Fig. 5.1). The high specificity of Affi-Gel Blue rendered the
mtSSB >90% pure after the first chromatographic step. KSCN was
removed by ammonium sulfate precipitation, and passage through a
MonoS column removed many higher MW contaminants, includ-
ing a contaminating nuclease activity. Although E. coli SSB and
mtSSBs do not readily bind MonoS or MonoQ FPLC columns at
neutral pH, MonoQ binds human mtSSB with high capacity at pH
9.5, permitting purification to homogeneity without resorting to
DNA-—cellulose chromatography.

1 2 3456
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IR L

Fig. 5.1. Purification profile of recombinant, human, mitochondrial single-stranded DNA-
binding protein. Proteins were resolved by 12.5% SDS-PAGE and stained with Coomas-
sie Brilliant Blue. Lane 1, cleared lysate; lane 2, Affi-Gel Blue; lane 3, ammonium sulfate;
lane 4, MonoS; lane 5, MonoQ; lane 6, dialysis. The positions of molecular weight
markers (kDa) are shown, and mtSSB is indicated by the arrow.

Equilibrium sedimentation analysis was performed to determine
the native conformation of purified, recombinant, human mtSSB.
In preparation for analytical ultracentrifugation, glycerol was
removed from a sample of mtSSB (fraction V) by dialysis against
a buffer containing 30 mM HEPES-KOH (pH 7.6), 2 mM 2-
mercaptoethanol, 0.25 mM EDTA, 0.25 M KCI. Protein concen-
tration was determined spectrophotometrically, as in Section 3.7.
Samples (100 pl) were adjusted by dilution with dialysis bufter to
protein concentrations of 32.1, 16.0, and 10.7 uM mtSSB



3.8.3. DNA binding
Confirmed by
Electrophoretic Mobility
Shift Assay
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(monomers), and subjected to equilibrium sedimentation in an
Optima XL-A analytical ultracentrifuge (Beckman Instruments) at
11,000 rpm at 4°C prior to obtaining absorbance profiles at
280 nm (see Fig. 5.2). Profiles were fit with Optima XL-A data
analysis software, assuming a partial specific volume of
0.7261 cm®/g and a solvent density of 1.0128 g/cm®. The ran-
dom distribution of residual absorbance values indicated that all
three profiles fit very well to a model of a single species (see
Fig. 5.2) with an average molecular weight of 62,600 +
1,760 Da. Although attempts to model monomer—dimer or
monomer—tetramer equilibria were confounded by the inability
to detect SSB monomers at these protein concentrations, the
subunit dissociation constant is estimated to be less than 107 M.
Because the recombinant protein has a predicted molecular weight
of 15,316 Da, the measured value indicates that recombinant
human mtSSB exists as a tetramer in solution, as observed pre-
viously for native and recombinant forms of mtSSB from X. laevis
(3, 18), Drosophila melanogaster (2), and humans (13).
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Fig. 5.2. Equilibrium analytical ultracentrifugation data. Recombinant human mtSSB
(49 ng, fraction V) was subjected to equilibrium sedimentation, and a radial scan of
the absorbance profile at 280 nm (circles) was fit to a model of a single ideal species
(solid line). The random distribution of small residual values indicates only minor
deviation from the ideal model.

The ability of mtSSB tetramers to bind single-stranded DNA was
confirmed by electrophoretic mobility shift assay, as described
previously (19). DNA binding byE. co/z SSB, which also exists as
a tetramer in solution (20), was assessed as a positive control in
side-by-side reactions. Various concentrations of human mtSSB or



82

Longley, Smith, and Copeland

E. coli SSB were combined in vitro with radiolabeled, single-
stranded 34mer oligonucleotide, and mixtures were resolved by
native PAGE (see Fig. 5.3, upper panel). This titration experi-
ment indicates that 40 fmol of oligonucleotide is saturated by
approximately four equivalents of either E. co/s SSB monomers or
mtSSB monomers, confirming the similar DNA-binding strength
of each tetrameric species in vitro (see Fig. 5.3, lower panel).

mtSSB E. coli SSB

Shifted B

Unshifted SRR R —————

S8B/Oligo 0 25501 2 4 8 0 25501 2 4 8

1 -
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0 I I 1
0 100 200 300
SSB (fmol)

Fig. 5.3. DNA-binding properties of mtSSB and E. coli SSB were assessed by electro-
phoretic mobility shift assay. Binding mixtures (20 pl) contained 15 mM HEPES-KOH (pH
7.6), 0.5 mM EDTA, 1 mM dithiothreitol, 50 g/ml acetylated BSA, 40 fmol of 32P-labeled
34mer, and the indicated quantities of E. coli SSB or human mtSSB. Bound and unbound
oligonucleotides were resolved on 10% native polyacrylamide gels and exposed to a
phosphor storage screen. Radioactivity was imaged on a Typhoon 9400 phosphorimager
and quantified with NIH Image software.
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4. Notes

o).

. The E. colz strain JM105 harbors a mutated form of exonu-

clease I (sbcB15), which eliminates one source of minor exo-
nuclease contamination in some preparations of SSB.
Accordingly, JM105(DE3) is the host of choice for produc-
tion of recombinant mtSSB.

. JM105 was modified to contain the gene for T7 RNA poly-

merase with the Lambda DE3 Lysogenization kit, as described
by the manufacturer (Novagen).

. All steps in the purification should be performed on ice or at

4°C.

. Good lysis is achieved with a Branson Sonifier (model 450)

equipped with a flat, 0.5 inch disrupter tip. Operation at an
output control setting of 5 delivers approx. 90-100 W of
power to the sample. Care should be taken to fully immerse
the probe, to avoid foaming that can occur due to the NP-40
in the lysis bufter.

. New Affi-Gel Blue resin can leach unbound dye into your

biological sample. Prior to first use, new resin should be
washed in a solution consisting of 0.1 M acetic acid,
1.4 M NaCl, and 40% 2-propanol until no more dye
leaches from the resin, followed by exhaustive washing
in water. Then the washed resin can be transferred to
the equilibration buffer.

. Care should be taken to allow all of one buffer to enter

the resin bed before changing to a new solution. This
will reduce mixing of the two buffers and ensure a more
abrupt transition between washing and elution
conditions.

. In advance, grind the ammonium sulfate into a powder

with a mortar and pestle. Finely ground ammonium sul-
fate dissolves very readily, which prevents the accumula-
tion of ammonium sulfate crystals in the bottom of the
beaker.

. All FPLC operations were performed at 4°C, with a

flow rate of 1 ml/min and an upper pressure limit of
5 MPa.

. Human mtSSB does not bind to MonoS under these buffer

conditions. However, control experiments clearly indicate
complete retention of contaminating 3’-5” exonuclease activ-
ity among the proteins that bind the MonoS column (data not
shown).



84

Longley, Smith, and Copeland

Acknowledgments

The authors would like to thank Dr. Harvey Sage of the Depart-
ment of Biochemistry at Duke University Medical Center for
performing the analytical ultracentrifugation, as well as Drs. Leroy
Worth (NIEHS) and Sherine Chan (NIEHS) for thoughtful
comments on the manuscript. This work was supported by the
Intramural Research Program of the National Institute of Environ-

mental Health Sciences.

References

1.

Van Tuyle, G. C. and Pavco, P. A. (1985).
The rat liver mitochondrial DNA-protein
complex: displaced single strands of replica-

tive intermediates are protein coated. J Cell
Biol 100, 251-257.

. Thommes, P., Farr, C. L., Marton, R. F.,

Kaguni, L. S. and Cotterill, S. (1995). Mito-
chondrial  single-stranded DNA-binding
protein from Drosophiln embryos. Physical

and biochemical characterization. ] Biol
Chem 270,21137-21143.

. Mikhailov, V. S. and Bogenhagen, D. F.

(1996). Eftects of Xenopus laevis mitochon-
drial single-stranded DNA-binding protein
on primer-template binding and 3’->5’
exonuclease activity of DNA polymerase 7.
J Biol Chem 271, 18939-18946.

Genuario, R. and Wong, T. W. (1993). Sti-
mulation of DNA polymerase y by a mito-

chondrial single-strand DNA  binding
protein. Cell Mol Biol Res 39, 625-634.

. Mikhailov, V. S. and Bogenhagen, D. F.

(1996). Termination within oligo(dT) tracts
in template DNA by DNA polymerase y
occurs with formation of a DNA triplex struc-
ture and is relieved by mitochondrial single-
stranded DNA-binding protein. J Biol Chem
271, 30774-30780.

. Korhonen, J. A., Gaspari, M. and Falken-

berg, M. (2003). TWINKLE has 5" —> 3’
DNA helicase activity and is specifically sti-
mulated by mitochondrial single-stranded
DNA-binding protein. ]| Biol Chem 278,
48627-48632.

Korhonen, J. A., Pham, X. H., Pellegrini, M.
and Falkenberg, M. (2004). Reconstitution

of a minimal mtDNA replisome in vitro.
EMBO J23,2423-2429.

. Dimauro, S. and Davidzon, G. (2005).

Mitochondrial DNA and disease. Ann Med
37,222-232.

9.

10.

11.

12.

13.

14.

15.

16.

Longley, M. J., Graziewicz, M. A., Bien-
stock, R. J. and Copeland, W. C. (2005).
Consequences of mutations in human DNA
polymerase y. Gene 354, 125-131.

Tiranti, V., Rocchi, M., DiDonato, S. and
Zeviani, M. (1993). Cloning of human and
rat ¢cDNAs encoding the mitochondrial
single-stranded DNA-binding protein (SSB).
Gene 126, 219-225.

Van Dyck, E., Foury, F., Stillman, B. and
Brill, S. J. (1992). A single-stranded DNA
binding protein required for mitochondrial
DNA replication in S. cerevisiae is homolo-
gous to E. coli SSB. EMBO J11, 3421-3430.

Lohman, T. M., Green, J. M. and Beyer, R.
S. (1986). Large-scale overproduction and
rapid purification of the Escherichin coli ssb
gene product. Expression of the ssb gene
under lambda PL control. Biochemistry 25,
21-25.

Curth, U., Urbanke, C., Greipel, J.,
Gerberding, H., Tiranti, V. and Zeviani,
M. (1994). Single-stranded-DNA-binding
proteins from human mitochondria and
Escherichin coli have analogous physico-
chemical properties. Eur | Biochem 221,
435-443.

Henricksen, L. A., Umbricht, C. B. and
Wold, M. S. (1994). Recombinant replica-
tion protein A: expression, complex forma-
tion, and functional characterization. J Biol
Chem 269,11121-11132.

Li, K. and Williams, R. S. (1997). Tetrameriza-
tion and single-stranded DNA binding proper-
ties of native and mutated forms of murine
mitochondrial single-stranded DNA-binding
proteins. J Biol Chem 272, 8686-8694.

Li, K. and Williams, R. S. (2002). Expression,
purification, and 2z vitro assays of mitochon-

drial single-stranded DNA-binding protein.
Methods Mol Biol 197, 295-302.



17. Gill, S. C. and von Hippel, P. H. (1989).

18.

Calculation of protein extinction coefti-
cients from amino acid sequence data.
Anal Biochem 182, 319-326.

Mahoungou, C., Ghrir, R., Lecaer, J. P.,
Mignotte, B. and Barat-Gueride, M.
(1988). The amino-terminal sequence of
the Xenopus Ilnevis mitochondrial SSB is

homologous to that of the Escherichin coli
protein. FEBS Lett 235, 267-270.

19.

20.

Human Mitochondrial SSB 85

Chan, S.S. L., Longley, M. J. and Copeland,
W. C. (2006). Modulation of the W748S
mutation in DNA polymerase y by the
E1143G polymorphism in mitochondrial
disorders. Hum Mol Genet 15, 3473-3483.
Lohman, T. M. and Ferrari, M. E. (1994).
Escherichin  coli  single-stranded DNA-
binding protein: multiple DNA- binding
modes and cooperativities. Annu Rev Bio-
chem 63,527-570.



Chapter 6

Methods for Assessing Binding of Mitochondrial
Transcription Factor A (TFAM) to DNA

Atsushi Fukuoh and Dongchon Kang

Abstract

It is now recognized that mammalian mitochondrial DNA forms a higher structure called the nucleoid,
corresponding to the nucleosome of nuclear DNA. Mitochondrial transcription factor A (TFAM), which
was cloned as a transcription factor for mitochondrial DNA, is essential for the maintenance of mitochon-
drial DNA. In fact, TFAM markedly enhances the promoter-specific transcription of mitochondrial DNA.
In addition, TFAM has an ability to bind to DNA in a sequence-independent manner and is abundant
enough to cover an entire region of mitochondrial DNA. Over-expression of human TEAM in cells
increases the amount of mitochondrial DNA almost in parallel with the TFAM. TFAM may stabilize
mitochondrial DNA by packaging and regulate (or titrate) the amount of mitochondrial DNA. Thus,
TEAM may play a crucial role in maintaining mitochondrial DNA as a main component of the nucleoid (or
more appropriately mitochromosome).

Key words: Transcription, mtDNA, TFAM, transcription factor, nucleoid, mitochromosome.

1. Introduction

The circular 16.5 kbp of human mitochondrial genome codes for
13 proteins, 2 rRNAs, and 22 tRNAs. All the 13 proteins are
essential subunits of a mitochondrial respiratory chain. The
rRNAs and tRNAs are also essential for the synthesis of the pro-
teins encoded by mitochondrial DNA (mtDNA). Given that the
majority of ATP production depends on the respiratory chain,
maintenance of the mitochondrial genome is unambiguously cri-
tical for individuals to live normally. mtDNA is considered more
fragile than nuclear DNA. For example, mtDNA is easily attacked
by reactive oxygen species produced by the respiratory chain

Jeffrey A. Stuart (ed.), Mitochondrial DNA, Methods and Protocols, vol. 554
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because mtDNA exists close to the respiratory chain (1). Whereas
nuclear DNA takes on a nucleosome structure winding around
histone, human mtDNA had long been considered almost naked
without such a higher structure. It is considered as one reason of
the many for the fragility of mtDNA. Currently, it is being recog-
nized that human mtDNA takes on a higher structure called a
nucleoid structure and mitochondrial transcription factor A
(TFAM) functions like histones in nuclear nucleosomes (2, 3).

TFAM is essential for the maintenance of mtDNA (4). TFAM
is a first-characterized transcription factor of human mtDNA (5).
TEAM is composed of two high mobility group (HMG)-boxes
and a basic carboxyl terminal region (C-tail). In vitro transcription
assays reveal that TFAM indeed enhances mtDNA transcription by
mitochondrial RNA polymerase in a promoter-specific fashion in
the presence of mitochondrial transcription factor B (TFBM) (6).
The C-tail of TEAM is essential for the promoter-specific tran-
scription because TFBM binds to the C-tail of TFAM (7) and
TFAM lacking the C-tail does not initiate the transcription.

However, like many other HMG family proteins, TFAM has
an ability to bind to DNA without sequence specificity. Recently,
we have reported that the amount of human TFAM is sufficient to
entirely cover mtDNA (8), that most of TFAM molecules bind to
mtDNA in human cells (9), and TFAM indeed binds to entire
regions of mtDNA in human cells (10), suggesting that TFAM
architecturally packages mtDNA to form a higher-order structure.
Through formation of the higher-order structure, TEAM may
stabilize mtDNA and regulate the amount of mtDNA because
mtDNA amount is correlated with the amount of TFAM but not
with the transcription level (11). For the non-specific DNA bind-
ing or packaging of mtDNA, the C-tail of TFAM also plays an
important role (10). However, little remains known regarding
how TFAM binds to mtDNA as a packaging factor. Hence, further
investigation of the interaction between TFAM and mtDNA is
required for a more complete understanding of mtDNA
maintenance.

In this chapter, the methods for analyzing the TFAM-mtDNA
interactions are described. As for TFAM in transcription reactions,
see Ref. (12).

2. Materials

2.1. Preparation of
Recombinant TFAM

A DNA fragment encoding mature TFAM (42-246 amino acids
residues) is inserted between BamHI and EcoRI sites of the pPRO-

EX-HTb (Invitrogen) to express N-terminally histidine-tagged
TFAM (His-TFAM-full) (8, 11).



2.2. MtChIP Assay

2.2.1. Preparation of
Mitochondria: Buffer and
Equipment

2.2.2. Preparation of
Antibody-Conjugated
Magnetic Beads

2.3. Supercoil-Inducing
Activity of TFAM

2.3.1. Preparation of Closed
Circular Plasmid

2.4. Kinetic Analysis of
TFAM Binding to DNA

(10)
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The MtChIP assay is used to examine the in vivo binding of
TEFAM to mtDNA (10).

1.
2.

Phosphate-buftfered saline with 20% glycerol.

Homogenization buffer: 10 mM HEPES-KOH (pH 7.4),
250 mM sucrose, 1 mM ecthylenediaminetetraacetic acid
(EDTA).

Percoll solutions: 20 mM Tris-HCI (pH 7.5), 250 mM
sucrose, 1 mM EDTA, and 20% or 40% Percoll.

. A power-driven Potter-Elvehjem glass-Teflon homogenizer.

. Crosslinking bufter: 20 mM HEPES-KOH, pH 7.4,250 mM

sucrose, 2 mM EDTA, 1% formaldehyde, and 25 mM NaCl.

. Immunoprecipitation (IP) buffer: 10 mM Tris-HCI, pH 7.5,

150 mM NaCl, 0.5% bovine serum albumin (BSA), and 0.5%
NP-40.

. Wash buffer: 10 mM Tris-HCI, pH 7.5, 150 mM NaCl, and

0.1% SDS.

. Elution buffer: 0.1 M sodium bicarbonate, 1% SDS, and

10 mM dithiothreitol.
5 M NaCl solution.

6. Digestion buffer: 25 mM EDTA, 10 mM Tris—HCI, pH 6.8,

and 300 pg/ml proteinase K.

7. DNA bufter: 10 mM Tris—HCI, pH 8.5.

1.0 M Glycine solution.

Escherichia coli DH5a.

. pBR322 or other plasmid. Any plasmid is fine as long as it is

supercoiled.

. Topoisomerase I buffer: 10 mM Tris—-HCI, pH 7.5, 1 mM

EDTA.
10% Sodium dodecyl sulfate (SDS) in MilliQ water.

. Ethidium bromide solution (0.5 pg/ml).

. Proteinase K solution: 2 mg,/ml.

. TE butfter: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA.
. Annealing buftfer (10X): 100 mM Tris—-HCI, pH 8.0,

500 mM NaCl.
Running buffer: PBS with 0.005% Tween-20.

Regeneration buffer: PBS with 0.005% Tween-20 and 2 M
NaCl.

. BIAcore 1000 (GE Healthcare Bioscience).
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2.5. Electrophoretic
Mobility Shift Assay

(14)

6. Streptavidin-modified sensorchip SA (SA chip) (GE Health-
care Bioscience).

7. BIAevaluation version 4.1 (GE Healthcare Bioscience).

1. 2X Annealing buffer: 100 mM Tris—HCI, pH 8.0, 20 mM
MgCl,, 10 mM dithiothreitol, 0.2 mM EDTA.

2. For preparation of the fluorescent isothiocyanate (FITC)-
labeled JCT3, FITC-labeled JCT3R at its 5'-end is used.

3. 2X Binding buffer: 100 mM Tris—HCI, pH 8.0, 300 mM
NaCl, 2 mM dithiothreitol, and 0.2% Triton X-100.

4. 6X Sample buffer: 10 mM Tris-HCI, pH 7.5, 50 mM
EDTA, 30% glycerol, 0.06% bromophenol blue, and
0.12% Orange G.

5. Running buffer: 89 mM Tris base, 89 mM boric acid, and
2 mM EDTA.

3. Methods

3.1. Preparation of
Recombinant TFAM

3.2. MtChIP Assay

3.2.1. Preparation of
Mitochondria

Express the recombinant His-TFAM-full in E. co/z BL21 cells. The
recombinant His-TFAM-full (Fig. 6.1) is recovered from a solu-
ble fraction after disruption of the cells by sonication (8, 11).
Purify the recombinant protein sequentially with four columns
(GE Healthcare Bioscience): Ni*-bound Chelating Sepharose,
Heparin Sepharose, Sephacryl S-200 HR, and SP Sepharose. Dia-
lyze His-TFAM-full in phosphate-buftered saline (PBS) contain-
ing 20% glycerol and store at —80°C (see Note 1).

The MtChIP assay is used to examine the in vivo binding of TFAM
to mtDNA (10).

All steps are done at 4°C or on ice.
1. Harvest cells on a 10-cm dish (80% confluent grown) by scrap-
ing with a cell lifter into phosphate-buffered saline (PBS) (about
3 ml for one dish) and centrifuge at 600 x g for 10 min. Wash
the cells by the centrifugation with 10 ml homogenization
buffer.

2. Suspend the washed cells at 1 x 10® cells/ml in the homo-
genization buffer containing 1X protease inhibitor cocktail
(Complete Mini; Rosche) and homogenize using a power-
driven Potter-Elvehjem glass-Teflon homogenizer (2 ml size)
with 20 strokes with tightly fitted pestle. After diluting two-
told with the homogenization buffer, centrifuge the homo-
genate at 900 x g for 10 min.



3.2.2. Preparation of
Antibody-Conjugated
Magnetic Beads
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1 2 3

Fig. 6.1. Purified recombinant TFAM. Purified His-TFAM-full (655 ng) and bovine serum
albumin (BSA fraction V, Sigma) (625 ng) are analyzed by SDS-polyacrylamide gel
electrophoresis. Proteins are stained with Coomassie Brilliant Blue. Lane 1, molecular
weight marker; lane 2, His-TFAM; lane 3, BSA.

3. Take the supernatant and centrifuge at 10,000 x gfor 6 min.
Homogenize the pellet in the homogenization buffer with
the homogenizer with two or three strokes and centrifuge
again. Collect the pellet, homogenize similarly, and use as a
crude mitochondrial fraction.

4. Mix the crude mitochondrial fraction (adjusted to 2 ml with
homogenization buffer) with 2 ml of 20% Percoll bufter (final
10%) and overlay onto a discontinuous Percoll density gradi-

ent (40% and 20% Percoll buffer, 4 ml each from bottom)in a
12-ml centrifugation tube.

5. After centrifugation at 70,000 x g for 1 h using an SW41Ti
rotor (Beckman), take the mitochondrial fraction from the
interface between 20% and 40% Percoll density gradients.
Dilute the fraction with the homogenization buffer about
fivefold and centrifuge at 10,000 x g for 6 min.

6. Wash the pellet once similarly and use as a purified mitochon-
drial fraction.

1. Conjugate affinity-purified anti-TFAM anti-rabbit IgG onto
tosylactivated Dynabeads M-280 (Dynal, Oslo, Norway)
(about 0.3 mg IgG for 1 x 10? beads) according to the
manufacturer’s instructions. Suspend the beads at 2 x 10°
beads/ml in PBS/0.1% BSA.
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10.

Each of the following steps is done at 4°C or on ice unless
otherwise stated.

. Crosslinking — Suspend the pelleted mitochondria (about

2.5 mg protein isolated from 10 dishes) in 500 pl crosslinking
bufter and incubate for 30 min. Stop the crosslinking reaction
by the addition of 73.4 ul of 1.0 M glycine (final 125 mM).
After centrifugation at 10,000 x g, wash the pellets with the
crosslinking buffer containing glycine, suspend the pellets in
250 pl of PBS containing 1X Complete Mini Protease inhi-
bitor, and move on to the next step (or centrifuge aliquots
(50 pl each), discard the supernatants, and store at —80°C
until moving on to the next step) (sec Note 2).

. DNA fragmentation — Sonicate 100 pl of the 250 pl sample

and fragment DNA to about 600 bp. The sonication condi-
tions are 24 cycles of 5-s sonication at output 20% and a 30-s
interval on ice (Ultrasonic Processor Model GE50T).

Immunoprecipitation — After centrifugation at 10,000 x g,
take 80 pl of the supernatant into two tubes (40 pl each). Add
2 ml of IP buffer to each tube for dilution.

. Add the magnetic beads conjugated with affinity-purified

anti-TFAM IgG or control rabbit IgG (5 pl) to each tube.
After 1-h rotation, wash the beads three times with 1 ml IP
bufter without BSA and two times with wash buffer by using
magnet.

. Then, suspend the beads in 10 pl of elution buffer at room

temperature for 15 min. Collect the supernatant (the first
elution) by separation with magnet, incubate the beads in
another 10 pl of elution buffer at room temperature for
15 min again, and collect the second elution sample.

DNA extraction — Combine the first and second elution
samples (total volume 20 pl). Add 0.8 pl of 5 M NaCl and
incubate at 65°C for 6 h to reverse the crosslinking.

. Add 1.5 pl of digestion buffer to 15 pl of the sample and

incubate at 45°C for 60 min. Extract DNA from the samples
with a PCR purification kit. Finally, resuspend the DNA in
50 pl of DNA buffer.

Ounantitative PCR — The DNA is analyzed by quantitative
PCR with a LightCycler (Rosche). The reaction mixture for
PCR contains 4 pl of the DNA solution, 10 pmol each of
primers, and 10 pl of SYBR Premix Ex-Taqin 20 pl. The cycle
conditions are as follows: 95°C for 10 followed by 45 cycles of
95°C for 5, and 60°C for 20s.

As quantification standards, amplify 1 ng, 10 pg, and 100 fg
of total DNA of the cultured cells under the same reaction
conditions (Fig. 6.2, lower panel).
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Fig. 6.2. Real-time PCR for mtChIP. The computer display of Light Cycler for PCR using
Primer set 16. The upper panel shows amplification patterns of DNAs. S1, S2, and S3
stand for 1 ng, 10 pg, and 100 fg of standard DNA, respectively. T and C stand for
immunoprecipitated DNAs with anti-TFAM and control 1gG, respectively. The lower panel

shows the standard curve drawn with S1-S3.

11. Determine the amount of mtDNA immunoprecipitated with

Table 6.1

anti-TFAM antibody for each region based on the standard
DNA. Similarly, determine the mtDNA amount immunopreci-
pitated with control IgG. The amounts of mtDNA immuno-
precipitated with control IgG should be below 3% of those with
anti-TFAM antibody. Subtract the latter from the former to
estimate the TFAM-specific immunoprecipitation (Fig. 6.2).

12. Refer to 32 pairs of specific primers at about 500-bp regular

intervals over mtDNA (Table 6.1).

Primer sets for the mtChIP assay, 32 pairs of specific primers, for the
mtChIP assay, designed at about 500-bp regular intervals over mtDNA.

nps, nucleotide position

Primer set Forward primer reverse primer (nps)(nps)

1 5-TAGAGGCGACAAACCTACCG-3' (1,983-2,002)
5-TCCTAGTGTCCAAAGAGCTG -3’ (2,130-2,111)

2 5-ATCACCTCTAGCATCACCAG-3’ (2,509-2,528)

(continued)
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Table 6.1 (continued)

Primer set Forward primer reverse primer (nps)(nps)
5-AAGAGACAGCTGAACCCTCG-3' (2,661-2,652)

3 5-CGATGTTGGATCAGGACTATC-3’ (2,988-3,007)
5-AAGGCGCTTTGTGAAGTAGG-3’ (3,167-3,148)

4 5-TCTCACCATCGCTCTTCTAC-3’ (3,540-3,559)
5-AGTTTGATGCTCACCCTGATC-3’ (3,679-3,659)

5 5-TCGCCCTATTCTTCATAGCC-3' (3,965-3,984)
5-AGAAGTAGGGTCTTGGTGAC-3’ (4,103-4,084)

6 5-ACACTCATCACAGCGCTAAG-3' (4,518-4,537)
5-CGTGAGGAAATACTTGATGGC-3' (4,655-4,635)

7 5'-AGCAGTTCTACCGTACAACC-3’ (5,042-5,061)
5-GTTAGCTTGTTTCAGGTGCG-3' (5,182-5,163)

8 5-ACTCTGCATCAACTGAACGC-3’ (5,605-5,624)
5-AAGCCAGTTGATTAGGGTGC-3' (5,722-5,703)

9 5-AGGCTTTGGCAACTGACTAG-3’ (6,131-6,150)
5-ACTGTTCAACCTGTTCCTGC-3’ (6,286-6,267)

10 5-AGGCTTCGGAATAATCTCCC-3’ (6,650-6,669)
5-TGATTATGGTAGCGGAGGTG-3' (6,837-6,818)

11 5-AACACTTTCTCGGCCTATCC-3' (7,186-7,205)
5-AGGACTTTTCGCTTCGAAGC-3’ (7,351-7,332)

12 5-TCTGCTTCCTAGTCCTGTATG-3’ (7,686-7,706)
5-ATGAGGACTAGGATGATGGC-3’ (7,812-7,793)

13 5-ACAGTTTCATGCCCATCGTC-3' (8,196-8,215)
5-CGGTAGTATTTAGTTGGGGC-3’ (8,387-8,368)

14 5-TTGCCACAACTAACCTCCTC-3’ (8,762-8,781)
5-TGTGGTAAGAAGTGGGCTAG-3' (8,918-8,899)

15 5-TAACGCTCCTCATACTAGGC-3’ (9,325-9,344)
5-GGATTATCCCGTATCGAAGG-3’ (9,459-9,440)

16 5-TCACTATCTGCTTCATCCGC-3' (9,850-9,869)
5-GACCCTCATCAATAGATGAG-3' (9,988-9,968)

17 5-TCTGGCCTATGAGTGACTAC-3' (10,361-10,380)
5-GAGGTGTGAGCGATATACTAG-3’ (10,547-10,527)

18 5-CAACCTATTTAGCTGTTCCCC-3' (10,900-10,920)
5-TCGTGATAGTGGTTCACTGG-3' (11,032-11,013)

19 5-GTCAATAGTACTTGCCGCAG-3' (11,440-11,459)
5 "-TAGGTCTGTTTGTCGTAGGC-3' (11,605-11,586)

20 5-TAGTCACAGCCCTATACTCC-3' (11,961-11,980)

5'-AAACCCGGTAATGATGTCGG-3'

(12,130-12,111)

(continued)
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Table 6.1 (continued)

Primer set Forward primer reverse primer (nps)(nps)
21 5-TCATGTGCCTAGACCAAGAAG-3' (12,497-12,517)
5-ACGAACAATGCTACAGGGATG-3’ (12,623-12,603)
22 5-GGCAAATCAGCCCAATTAGG-3-/ (13,000-13,019)
5-GATAGCGCCTAAGCATAGTG-3' (13,185-13,166)
23 5'-AGACCACATCATCGAAACCG-3’ (13,512-13,531)
5-AAGCGAGGTTGACCTGTTAG-3' (13,646-13,627)
24 5-TCCTAGACCTAACCTGACTAG-3’ (13,991-14,011)
5-GTAATTGAGATTGCTCGGGG-3’ (14,175-14,156)
25 5-AATAACACACCCGACCACAC-3’ (14,548-14,567)
5-GTAGTCCGTGCGAGAATAATG-3' (14,691-14,671)
26 5-CTCCTGCTTGCAACTATAGC-3' (15,101-15,120)
5-TGAGTAGCCTCCTCAGATTC-3’ (15,253-15,234)
27 5'-CTATCCATCCTCATCCTAGC-3’ (15,632-15,651)
5- TGGTTGTCCTCCGATTCAGG-3’ (15,772-15,753)
28 5-ACCCATCAACAACCGCTATG-3' (16,070-16,089)
5 - TGTTGGTATCCTAGTGGGTG-3’ (16,283-16,264)
29 5-TATTAACCACTCACGGGAGC-3’ (20-39)
5-ACAGATACTGCGACATAGGG-3’ (131-112)
30 5'-CACCAGCCTAACCAGATTTC-3' (375-394)
5'-AGAAAGGCTAGGACCAAACC-3’ (671-652)
31 5-ATAGAAGCCGGCGTAAAGAG-3' (924-943)
5-ATCCCAGTTTGGGTCTTAGC-3’ (1,076-1,057)
32 5-GTCGAAGGTGGATTTAGCAG-3’ (1,412-1,431)

5-TTCGTCCAAGTGCACTTTCC-3

(1,600-1,581)

3.3. Supercoil-Inducing  TFAM induces the negative supercoiling by binding to DNA
Activity of TFAM (Fig. 6.3A) (10, 13).
1. Transform E. coli DH5a with pBR322 and extract the plasmid
from the exponentially growing bacteria (OD 660 is below 1.0)
by a conventional alkaline /SDS method. Alternatively, purchase
the plasmid (e.g., TOYOBO, Osaka, Japan). Any kinds of plas-
mids are fine as long as they are supercoiled (se¢ Note 3).

2. Treat supercoiled pBR322 plasmids (0.25 pg) with 2 U of
topoisomerase 1 (Takara, Japan) in 20 pl topoisomerase I
buffer for 30 min at 37°C (Step I in Fig. 6.3A).

3. Add 10 pl of TFAM solution (final 0.125, 0.25, 0.5, 1.0,
2.0 uM) at 37°C for another 30 min (Step II in Fig. 6.3A).
Ethidium bromide (0.5 pg,/ml) is used as a positive control at
this step.
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4. Add 3.3 pl of 10% SDS (final 1%) and 1 pl of 2 mg/ml
proteinase K (final 60 pg/ml) to the reaction mixture and
incubate for another 20 min at 56°C. Mix the mixture with an
equal volume of chloroform:isoamylalcohol (24 /1, v/v) and
vortex vigorously to remove proteins.

5. Use an aliquot of the resultant aqueous phase for agarose gel
electrophoresis (1% agarose gel) in buffer consisting of
45 mM Tris-phosphate, pH 7.5, 1 mM EDTA. During elec-
trophoresis, a constant voltage of 2.5 V/cmis applied for 16 h
at room temperature with continuous circulation of the buf-
fer between the anode and cathode (1-2 ml/min). Stain the
gel with 0.5 pg/ml ethidium bromide for 1 h and destain in
water for 30 min before photodocumentation (Fig. 6.3B).

(@) Step | Step II

res{d —

§ —p O Topo | proteinase K
Topo | \

TFAM () O E—

supercoiled relaxed
b) ¢
©
3
o Reagents
g 9
< S - TFAM-full TFAM-AC EtBr
S o
bp = m
8000
6000
5000 <« Relax

4000

3000
<+ SCC

2000

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 6.3. DNA supercoiling induced by TFAM-full and TFAM-AC. The DNA unwinding
activity of TFAM-full and TFAM-AC was analyzed. Plasmids, pBR322, were relaxed with
topoisomerase | (lanes 3—14). The relaxed plasmids were incubated with nothing (lane
3), increasing concentrations (0.125, 0.25, 0.5, 1.0, 2.0 puM) of recombinant TFAM-full
(lanes 4-8) or TFAM-AC (lanes 9-13), or 0.5 pug/mL ethidium bromide (lane 14) in the
presence of topoisomerase |. Then the plasmids were electrophoresed on a 1% agarose
gel. Lane 1, molecular weight marker; lane 2, plasmids before relaxation. Relax, relaxed
form of pBR322; SCC, supercoiled circular pBR322.



3.4. Kinetic Analysis of
TFAM Binding to DNA

3.4.1. Preparation of
Double-Stranded
Oligonucleotides

3.4.2. Preparation of TFAM
Sample

3.5. Electrophoretic
Mobility Shift Assay

(14)

3.5.1. Preparation of Four-
Way DNA Junction
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Kinetics of TFAM binding to short DNA is analyzed by a surface
plasmon resonance method (10).

1.

Prepare a 30mer of biotinylated ssDNA and its complemen-
tary unbiotinylated ssDNA in TE buffer at 100 pmol/ul,
respectively.

. Mix 2.5 pl of biotinylated ssDNA and 5 pl of unbiotinylated

ssDNA, 50 pl of annealing buffer (10X), and 442.5 pl water.
Here, unbiotinylated ssDNA should be more than biotiny-
lated ssDNA.

. Denature the DNA mixture for 5 min at 95°C and cool down

in a phased manner for annealing (60C for 15 min, 37°C for
15 min, and 25°C for 15 min) by using a block incubator and
then store at 4°C.

. Dialyze 100 pl of recombinant TFAM (0.35 mg,/ml) against 1 1 of

the running bufter for 16 h. Repeat dialysis against the same bufter
for 3 h, measure the final concentration of TFAM, and keep at4°C.

. Dilute TFAM with the running buffer to working concentra-

tions just before loading.

Do all steps at a constant flow rate of 30 ul/min.

. The 30 bp of biotinylated double-stranded DNA is immobi-

lized onto an SA chip surface, resulting in the capture of
approx. 450 RU of the DNA (sec Note 4).

. Inject various concentrations of TFAM protein (5-nM) over

the reference and DNA-immobilized surfaces with a KIN-
JECT program.

. Monitor the association for 120 s (60 pl) and the dissociation

for 180s (90 ul) (Fig. 6.4).

. After each measurement, regenerate the SA chip surface by

injecting 60 pl of the regeneration buffer.

. The association rate constant (K,) and the dissociation rate

constant ( Ky) can be calculated according to the BIA evalua-
tion version 4.1 by global fitting using a program named 1:1
(Langmuir) binding model. The association and dissociation
on the empty sensor chip is subtracted as a background for the
calculation of kinetic parameters.

. Mix 40 pl of 2X annealing buffer and 10 pl each of four

oligonucleotides.

. The annealing is done with a PCR machine. The conditions

are as follows: 85°C for 5 min, 65°C for 5 min, 55°C for
5 min, 45°C for 5 min, 35°C for 5 min, 25°C for 5 min,
and 4°C for ever. Take 90 min for decreasing the temperature
between each step. A designated JCT3 four-way (34 nucleotides
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Fig. 6.4. Binding of TFAM to oligonucleotides. The binding of TFAM to immobilized 30mer oligonucleotides was started
by flowing the buffer containing the indicated recombinant proteins (5, 10, 15, 20, and 25 nM) in PBS with 0.005% Tween-
20. After about 2 min, the dissociation reaction was started by flowing the buffer without the recombinant protein. An
arrow indicates the buffer change. LSP, light strand promoter (nps 420-449); TAS, termination-associated sequence (nps
16,151-16,180); COXI, cytochrome c oxidase | (nps 6,991-7,020).

for each strand) is shown in Fig. 6.5. For preparation of the
fluorescent isothiocyanate (FITC)-labeled JCT3, FITC-labeled
JCT3R at its 5’-end is used.

. Preparel0 pl of the standard reaction mixture containing 20

nM FITC-labeled four-way DNA junction and the indicated
concentration of TEAM-full (5 pl of 2X binding butfter, 0.2 pl
of 5 uM four-way, and 4.8 pl of TFAM plus water) and
incubate at 25°C for 20 min.

4. Add 2 pl of 6X sample buffer and run the DNA-protein

complexes on a 5% LongRanger™ polyacrylamide gel (14 x

12 c¢m, height x width) in running bufter consisting of
89 mM Tris base, 89 mM boric acid, and 2 mM EDTA at a
constant 25 mA (see Note 5).



Methods for Assessing Binding 99

n

JCT3B JCT3H

5'-CCTCCGTCCTAGCARAGG
3'-GGAGGCAGGATCGTTCC

GAGCGGTGGTTGAAGG-3
CTCGCCACCAACTTCC-5'

N /MAoarnarHaonaod-dnnn—

¥

JCT3X JCT3R

wv=aaHOoHarooHdnrro4S0R

n—anraraHoaraaHaradd SO0 OHEOEENN0R P00 O—w

JCT3

Fig. 6.5. Structure of JCT3 four-way junction. The four-way is constructed by
annealing the four 34mer oligonucleotides.

5. Scan the gel and quantify the DNA—protein complexes with
an image scanner Fluoroimager 595 (Amersham Pharmacia
Biotech) (Fig. 6.6A).

) 20nM ° ‘C% "‘% C/‘

FITC-JCT3 | - |GsTHMGH GST—TFAMJ
- <4
o -3
- -2
Bl L LU o
- - - - free 4-way

His-TFAM-full (nM) t+)

Fig. 6.6. Electrophoretic gel mobility shift assay. A. The binding of His-TFAM to FITC-
labeled JCT3 is shown. A stepwise increase in TFAM binding is seen. B. Binding of
purified GST fusion proteins to S2P-labeled double-stranded oligonucleotides
(22mer, 0.4 ng/ul) which are cisplatin-treated. Increasing amounts of GST (10, 30,
and 90 ng) were incubated with GST-HMG1 or GST-TFAM (30 ng). The arrow
indicates DNA—protein complexes. TFAM binds to the damaged DNA as strongly as
HMG1 does.
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4. Notes

’ Q 1. Typically, 0.4 mg of TFAM (>95% purity) is obtained from
1 I bacterial culture (Fig. 6.1). Truncated TEAM molecules
that may be cleaved between the two HMG boxes in the cells
are major contaminating proteins.

2. To examine the whole regions of mtDNA, mitochondria pre-
pared from ten dishes may be needed. The crosslinking condi-
tions (incubation time and concentration of formaldehyde) are
important and so may be adjusted according to the results.

3. One critical point is that the plasmid should be well supercoiled
and be minimally nicked. The plasmid is better prepared from
bacteria in the same growing conditions. The pHs around the
anode and cathode are changing during electrophoresis. To
get a clear electrophoretic pattern, it is important to exchange
the running buffer between the anode and cathode. It is OK
that you take the running buffer at one side and add to the
other side with a pipette periodically (for example, every 1 h).

4. The length of oligonucleotide is important. If long DNA is
used, more than one TFAM molecule may bind to the DNA,
which may make the binding curve fitting difficult. Another
possible problem is that TFAM might bind to DNA as a
multimer. The caution may be required for analyzing and
explaining the results.

5. It is recommended to do electrophoresis in a cold room for
keeping the low temperature. However, TFAM binding to a
four-way DNA junction is considerably stable and so electro-
phoresis at room temperature is usually safe. TFAM binds to
damaged DNA more strongly than to intact DNA. Fig. 6.6B
shows GST-tagged TFAM binding to **P-labeled linear double-
stranded oligonucleotide which is treated with cisplatin (15).

Acknowledgments

This work was supported in part by the Grants-in-Aid for Scientific
Research from the Ministry of Education, Science, Technology,
Sports, and Culture of Japan.

References

1. Kang, D., Hamasaki, N. (2003) Mitochon- 2. Kang, D., Hamasaki, N. (2005) Mitochon-
drial oxidative stress and mitochondrial DNA. drial transcription factor A in maintenance
Clin. Chem. Lab. Med. 41, 1281-1288. of mitochondrial DNA: overview of its



multiple roles. Ann. N.Y. Acad. Sci 1042,
101-108.

. Kang, D., Kim, S.H., Hamasaki, N. (2007)
Mitochondrial  transcription  factor A
(TFAM): roles in maintenance of mtDNA
and cellular functions. Mitochondrion 7,
39-44.

. Larsson, N.G., Wang, J., Wilhelmsson, H.,
Oldfors, A., Rustin, P.; Lewandoski, M.,
et al. (1998) Mitochondrial transcription
factor A is necessary for mtDNA mainte-

nance and embryogenesis in mice. Nat.
Genet. 18,231-236.

. Parisi, M.A., Clayton, D.A. (1991) Similar-
ity of human mitochondrial transcription
factor 1 to high mobility group proteins.
Science 252, 965-9.

. Ekstrand, M.I., Falkenberg, M., Rantanen,
A., Park, C.B., Gaspari, M., Hultenby, K.,
et al. (2004) Mitochondrial transcription
factor A regulates mtDNA copy number in
mammals. Hum Mol Genet 13, 935—44.

. McCulloch, V., Shadel, G.S. (2003) Human
mitochondrial transcription factor B1 inter-
acts with the C-terminal activation region of
h-mtTFA and stimulates transcription inde-
pendently of its RNA methyltransferase
activity. Mol Cell Biol 23, 5816-24.

. Takamatsu, C., Umeda, S., Ohsato, T.,
Ohno, T., Abe, Y., Fukuoh, A., et al. (2002)
Regulation of mitochondrial D-loops by tran-
scription factor A and single-stranded DNA-
binding protein. EMBO Rep. 3, 451-456.

. Alam, T.I., Kanki, T., Muta, T., Ukaji, K.,
Abe, Y., Nakayama, H., et al. (2003)

10.

11.

12.

13.

14.

15.

Methods for Assessing Binding 101

Human mitochondrial DNA is packaged
with TFAM. Nucleic Acids Res 31, 1640-5.

Ohgaki, K., Kanki, T, Fukuoh, A., Kurisaki,
H., Aoki, Y., Ikeuchi, M., et al. (2007) The
C-terminal tail of mitochondrial transcrip-
tion factor a markedly strengthens its gen-
eral binding to DNA. J Biochem (Tokyo)
141,201-11.

Kanki, T., Ohgaki, K., Gaspari, M., Gustafs-
son, C.M., Fukuoh, A., Sasaki, N., et al.
(2004) Architectural role of TFAM in main-
tenance of human mitochondrial DNA. Mol.
Cell. Biol. 24, 9823-9834.

Falkenberg, M., Gaspari, M., Rantanen, A.,
Trifunovic, A., Larsson, N.G., Gustafsson,
C.M. (2002) Mitochondrial transcription
factors B1 and B2 activate transcription of
human mtDNA. Nat Genet 31, 289-94.

Iwaasa, M., Umeda, S., Ohsato, T., Taka-
matsu, C., Fukuoh, A., Iwasaki, H., et al.
(2002) 1-Methyl-4-phenylpyridinium ion
(MPP+), a toxin that can cause Parkinson-
ism, alter branched structures of DNA. J.
Neurochem. 82, 30-37.

Ohno, T., Umeda, S., Hamasaki, N., Kang,
D. (2000) Binding of human mitochondrial
transcription factor A, an HMG box protein,
to a four-way DNA junction. Biochem. Bio-
phys. Res. Commun. 271, 492-498.
Yoshida, Y., Izumi, H., Torigoe, T., Ishiguchi,
H., Itoh, H., Kang, D., Kohno, K. (2003) p53
Physically interacts with mitochondrial tran-
scription factor a and differentially regulates
binding to damaged DNA. Cancer Res. 63,
3729-3734.



Chapter 7

Inducible Expression in Human Cells, Purification,
and In Vitro Assays for the Mitochondrial DNA Helicase

Twinkle

Steffi Goffart and Hans Spelbrink

Abstract

Mitochondrial DNA (mtDNA) maintenance can be and has been studied in a wide variety of organisms,
some more tractable than others. We use human and mouse cell culture models to study proteins and
mechanisms of mtDNA replication. Recent advances in cell culture systems allow us to streamline the
analysis of replication proteins both in vivo in cell culture and in vitro following protein purification. One
such system, the inducible 293 Flp-In™ TREx™ system, will be described here in detail with the
emphasis on the mitochondrial DNA helicase Twinkle, in particular its mitochondrial purification follow-
ing over-expression, and basic activity and multimerization assays.

Key words: Twinkle, helicase, mtDNA, replication, mitochondria.

1. Introduction

It is now generally accepted that mitochondrial DNA (mtDNA) is
organized in multi-protein DNA complexes termed nucleoids (see (1)
and references therein). Recent studies have shown that not only in
yeast but also in various mammals the number and variety of potential
nucleoid proteins are surprising (se¢e (2) and references therein).
Amongst the nucleoid proteins are also those proteins that are directly
implicated in replication and repair of mtDNA, such as Twinkle.
The mitochondrial DNA helicase Twinkle was first identified
as a partial human ¢cDNA sequence on the basis of its homology
with phage and bacterial helicases (3). We subsequently derived its
tull-length ¢cDNA sequence and showed that mutations in the
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gene for Twinkle were associated with autosomal dominant Pro-
gressive External Ophthalmoplegia (adPEO) with multiple
mtDNA deletions (4). It has subsequently been shown that Twin-
kle is indeed a DNA helicase (5), as was predicted on the basis of'its
similarity with the phage T7 primase /helicase gp4 and its involve-
ment in an mtDNA maintenance disorder. In addition, the
demonstration that Twinkle together with mitochondrial single-
stranded DNA-binding protein (mtSSB) and polymerase gamma
(POLGQG) is capable of highly processive DNA synthesis (6) firmly
established Twinkle as at least one of the likely replicative mtDNA
helicases. This was confirmed by us in a recent paper, demonstrat-
ing that inducible expression of dominant negative mutations
affecting the helicase activity of Twinkle causes mtDNA depletion
by replication stalling (7). There does not appear to be a homolog
of Twinkle in Saccharomyces cerevisine and to date it is still unclear
what the replicative mitochondrial helicase in this organism is.

Helicases couple the hydrolysis of a nucleotide to the unwinding
of dsDNA, dsRNA, or RNA-DNA hybrids. They are defined by
various parameters including oligomeric state, substrate specificities,
directionality, and processivity (see Ref. (8) for a recent, detailed
review). Defining these parameters generally forms part of the initial
characterization of a helicase. For Twinkle it was shown that it likely
forms multimers as does T7 gp4. In vitro helicase activity prefers a
fork-like substrate consisting of a short dsDNA segment and a
single-stranded 5'-tail (5). The assay that we use and is presented
here is based on these conditions. In our hands Twinkle prefers
UTP, GTP, and dGTP for hydrolysis, largely in agreement with
Korhonen 2003. ATP can also be hydrolyzed efficiently. As the
phage T7 gp4 protein Twinkle has 5-3" directionality (5). Charac-
terizing helicases by means of the various biochemical parameters
might sometimes seem superfluous because of similarity with already
characterized homologous proteins, it nevertheless can give surpris-
ing and interesting results. For example, the yeast mitochondrial
helicase Suv3p is essentially an RNA helicase as part of the so-called
mitochondrial degradosome (9). The human homolog, however,
has been shown to preferentially unwind dsDNA in contrast to the
yeast enzyme that preferentially unwinds dsRNA (10), suggesting a
different biological function of the human protein.

In order to study the effects of mtDNA maintenance protein
expression directly in human cell culture and to purify the studied
proteins for in vitro functional assays, we have adopted an inducible
system, the so-called Flp-In"™TREx"™ system. In combination
with the commercially available human embryonal kidney (HEK)
293 Flp-In"™TREx™ cells which are well suited for high-level
protein expression we can rapidly analyze both in vivo effects of
expression of, e.g., Twinkle mutants and isolate sufficient quantities
of protein for in vitro biochemical assays (7). This approach is
obviously applicable to other mitochondrial (maintenance) proteins
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(seee.g. (11)). Here we describe the establishment of stable induci-
ble 293 Flp-In"™ TREx"™ cells, mitochondrial isolation, and pur-
ification of recombinant Twinkle helicase using His-affinity
purification, the basic Twinkle helicase assay and a multimerization
assay using glutaraldehyde crosslinking.

2. Materials

2.1. Gultivation of Fip-

In™ TREx ™ -293 Cells

2.2. Isolation

of Mitochondria
and Subsequent
Protein Purification
from Fip-In ™
TREx ™ -293 Cells

2.2.1. Mitochondrial
Isolation

2.2.2. Purification of His-
Tagged Proteins from
Isolated Mitochondria

N

. Flp-In™ TREx"™-293 core kit (Invitrogen).

Enzymes and material for cloning the specific transgene into
pcDNA5 /FRT/TO.

Dulbecco’s Modified Eagle Medium, high glucose (DMEM)
with 10% v /v fetal bovine serum, FBS (se¢e Note 1), and 2 mM
L-glutamine.

. Selective antibiotics (InvivoGen): Zeocin 100 mg,/ml stock,

Blasticidin 10 mg/ml stock, Hygromycin 100 mg/ml stock.

. Uridine 25 mg/ml in H,O, filter-sterilize, and store in 1 ml

aliquots at —20°C (see Note 2).
Phosphate-buffered saline, PBS.

Doxycycline or Tetracycline, 10 pg,/ml in ethanol, store at —
20°C (see Note 3).

DMSO, cell-culture tested.

. Transfection reagent, e.g., Fugene (Roche) or similar.

. Cell culture material, e.g., sterile plastic dishes, pipettes, and

cryovials.

. 10X Homogenization buffer: 400 mM Tris—-HCI, pH 7.8,

250 mM NaCl, 50 mM MgCl,. Autoclave and store at +4°C.

2. 1Xand 0.1X homogenization buffer. Diluted from 10X stock.

. Protease inhibitor mix, e.g., complete EDTA-free protease

inhibitor cocktail tablets (Roche) (see Note 4).

. Tight Potter (ca. 5 ml) (Teflon/glass) and rotator (se¢ Note 5).

Optional:
Ultracentrifuge with swingout rotor and appropriate tubes of
2-10 ml.

1 and 1.5 M Sucrose solutions in 1X homogenization bufter.

Cytochalasin B (Sigma), 10 mg,/ml in DMSO, store at —20°C
and protect from light, very toxic!

. TALON metal affinity resin (Clontech) (see Note 6).

. Protease inhibitor mix (se¢ Note 4).



106 Goffart and Spelbrink

2.3. Assays with the
Purified Twinkle
Helicase

2.3.1. Helicase Substrate
Labeling

2.3.2. In Vitro Helicase
Assay

2.3.3. Oligomerization
Assay by Glutaraldehyde
Crosslinking

. Lysis buffer (se¢ Note 7): 50 mM KH,PO4, pH 7.5, 1 M

NaCl, 0.5% Triton X-100.

. Wash buffer (see Note 8): 25 mM Tris—HCI, pH 7.5,100 mM

NacCl, 10% glycerol, 20 mM imidazole.

Elution buffer (se¢e Notes 8 and 9): 25 mm Tris—-HCI, pH 7.5,
100 mM NaCl, 20% glycerol, 250 mM imidazole, 100 mM
L-arginine-HCI, pH 7.5.

. Sonicator.

. M13mpl8(+) single-stranded DNA (Amersham Pharmacia).

Complementary oligonucleotide; the 20 nucleotides that will
anneal to the M13 vector are in stalics (5'-ACA TGA TAA
GATACATGGATGAGT TTG GAC AAA CCA CAA CGT
AAA ACG ACG GCC AGT GCC-3').

. T4 Polynucleotide kinase with reaction buffer.

4. [**P]y-ATP, 5,000-6,000 Ci/mmol, 10 mCi/ml.

N

=

1X DNA hybridization buffer (400 mM Tris-HCI, pH 7.5,
1 M NaCl).

Centricon-100 concentration tubes (Amicon) (se¢ Note 10).
Heatblock or waterbath at 37°C and 75°C.

Mitochondrial protein extract or purified protein.
Radioactively labeled helicase substrate.
Nucleotide solutions at 3 mM, store at —20°C (see Note 11).

Helicase bufter: 25 mM Tris—-HCIL, pH 7.6, 4.5 mM MgCl,,
50 mM NaCl, 100 pg/ml BSA, 1 mM DTT, 10% glycerol,
100 mM r-arginine-HCI, pH 7.6.

Loading buffer: 90 mM EDTA, 6% SDS, 30% glycerol, 0.25%
bromophenol blue.

. Vertical slab gel system (10-15 cm length) with comb teeth

width = 5 mm.

7. Acrylamide /bisacrylamide 10% gel (29:1) in 1X TBE butfter.

. TBE (1X) running buffer (89 mM Tris, 89 mM boric acid,

2 mM EDTA).
Gel dryer.

. Autoradiography equipment (phosphorimager and/or X-ray

film).

. Purified protein.

Oligomerization buffer: 25 mM Tris-HCI, pH 7.6, 4.5 mM
MgCl,, 50 mM NaCl, 1 mM DTT, 10% glycerol, 100 mM
L-arginine—-HCI, pH 7.6.
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3. Glutaraldehyde solution, store at +4°C, handle under a fume
hood, very toxic!

4. SDS sample bufter, 2X: 50 mM Tris, pH 6.8, 0.01% Serva
Blue G, 4% SDS, 12% glycerol, 100 mM DTT.

5. NuPAGE Novex 4-7% Tris—acetate gradient gels (Invitro-
gen) and running buffer.

HiMark pre-stained protein standard (Invitrogen).
Gel running apparatus for 10 x 10 cm vertical gels.

Blotting apparatus.

Y *® N

Nitrocellulose membrane.
10. Blocking reagent.
11. Primary and secondary antibody.

12. Chemiluminescence detection for regular Western blotting.

3. Methods

3.1. Cultivation of Fip-
In ™ TREx ™ -293 Cell
Lines

Various inducible mammalian expression systems are available. Per-
haps the most commonly used are those that use a tetracycline
responsive (cis) element (TRE) in combination with a protein that
binds to this element and activates transcription in the absence of
tetracycline (e.g., doxycycline (DOX)) (Tet-oft) or binds to the ele-
ment and activates transcription in the presence of DOX (Tet-on). In
our experience these basic so-called Tet systems are very tedious since
they require isolation and characterization of many single-cell colo-
nies and are prone to so-called position effects, meaning that depend-
ing on where the transgenic construct integrates in the host-cell
genome expression levels vary and can suffer from epigenetic silen-
cing. The result is that, even when great care is taken to isolate true
single-cell colonies and maintain selection for the antibiotic selection
present on the expression plasmid, a mosaic transgene expression is
usually observed by immunofluorescence and the expression deterio-
rates over time even when the protein of interest is not induced. Most
of'these typical problems of the basic Tet systems are overcome in the
Flp-In™ TREx"™ system by the use of a site-specific recombinase,
the so-called Flip-recombinase (for details see www.invitrogen.com).
The commercially available Flp-In"™TREx™-293 cell line is engi-
neered to have a single Flip recombination site at a stable
and transcriptionally active locus. By co-transfection of a Flip-recom-
bination proficient plasmid containing the gene of interest following
a TRE and a plasmid expressing the Flip-recombinase itself, the DOX
responsive gene of interest gets integrated at a predetermined geno-
mic location. The result is that all transfected and “Flip-recombined”
cells have the gene of interest at the same active locus and thus that all
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3.1.1. Maintenance of Fip-
In"™TREx™-293 Cells

derived transgenic lines should in fact be isogenic. One immediate
advantage is that single-cell colony picking is not necessary. Using the
appropriate antibiotic selection and careful handling of the cells we
typically obtain ready-to-use transgenic lines within 2 months
starting from the initial transfection and with very little additional
work. In addition, the far majority of lines that we have obtained
so far show that >99% of cells express the recombinant protein
with little variation in expression levels at a given DC concentra-
tion, as based on immunofluorescence examination. The one
drawback with the system, as with all Tet systems, is that the
expression regulation is not absolutely tight: in non-induced cells
a very low level of protein expression can be observed even under
tetracycline-free conditions. This is acceptable under most cir-
cumstances, but can impair the cells if an especially deleterious
protein is expressed. In this case also, maintaining a “Tet-free”
stock in culture for a prolonged period of time can lead to
counterselection of the transgene or outgrowth of the few
(<1%) of cells that do not appear to express the transgene.

1. Flp-In"™ TREx"™-293 cells are grown in DMEM containing
10% FBS, 2 mM L-glutamine at 37°C under 100% humidity,
and 5-8.5% CO,. As selective antibiotics, 100 pg,/ml Zeocin
and 15 pg/ml Blasticidin are added to the parental cell line
containing the tet-repressor only. To maintain this selective
pressure medium with selective antibiotics is replaced every
2-3 days. The medium should be pre-warmed before adding
to the cells (se¢ Note 12).

2. For best growth rates cells should be around 40-80% con-
fluent and split when they reach 90% confluency, usually after
3—4 days. To passage the cells they are resuspended in either
PBS or fresh medium by pipetting and the appropriate
portion is transferred to a new cell culture dish containing
fresh medium with the selective antibiotics. A dilution ratio of
1:4-1:6 is reccommendable in most cases.

3. To keep cell stocks for longer time they should be frozen in
liquid nitrogen. Harvest cells in logarithmic growth phase (ca.
60-80% confluency) into a 15-ml tube, centrifuge at 400 x g
for 5 min, and resuspend the cell pellet in DMEM containing
20% FBS, 2 mM glutamine, and 10% DMSO. Transfer the cell
suspension to several cryovials and slowly cool down to —-80°C
(see Note 13).

Transfer the vials after 1248 h into a liquid nitrogen
container. Cultured cells remain viable for several years in
liquid nitrogen (see¢ Note 14) .Thaw cells by removing the
cryovial from liquid nitrogen and placing it in a 37°C water-
bath. As soon as the suspension is thawed, transfer it to a cell
culture dish and dilute with growth medium. Replace the
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1.

medium after 3—16 h by fresh medium to remove all traces of
DMSO. Selective antibiotics should be added 2 days after
thawing the cells.

To obtain stable Flp-In"™TREx"™ expression lines, the par-
ental cell line is co-transfected with a Tet-repressor-regulated
expression vector (such as pcDNA5/FRT/TO) containing
the transgene and pOGG44 containing the Flip-recombinase
gene. For transfection of the parental Flp-In™TREx™-293
cells, cells are grown without antibiotics to 40-60% con-
fluency and then transfected using any established transfec-
tion method and a ratio of 1:9 of pcDNA5/FRT/TO to
pOGG44 (see Notel5).

. Forty-eight hours after transfection the cells are split to ca.

25% confluency. Two hours later 150 ng Hygromycin and
15 ng/ml Blasticidin are added to select transgenic cells. The
cell culture medium is replaced every 3—4 days with fresh
medium containing these antibiotics. After 1-2 weeks small
clonal colonies can be observed under microscope. When
these colonies become overconfluent and contain several
hundred cells all the colonies on a dish are resuspended and
the cells spread more evenly. This is repeated until the culture
plate is full.

. Assoon as sufficient amounts of cells are obtained the cell line

should be checked for transgene expression with and without
induction by doxycycline. A portion of the cells are seeded
into two wells of a 6-well plate and 10 ng/ml doxycycline is
added to one well. After 48 h the cells are harvested and
analyzed for expression of the desired protein using Western
blot analysis.

If the transgene is expressed, the cell line is expanded and
aliquots are frozen to keep an early passage stock (see
Note 16).

. Hygromycin and Blasticidin should be added also to estab-

lished cell lines (see Note 17).

Once a cell line is established to express a recombinant protein cells
can be cultivated to large quantities for protein purification. We
typically express recombinant proteins with a His tag for further
purification. Since most proteins we study are exclusively mito-
chondrial, an initial but highly beneficial purification step (since it
removes many nuclear contaminants that might have similar activ-
ities as the proteins we study) isolates mitochondria from the rest
of the cell. We here describe two crude mitochondrial isolation
methods and further purification by means of a sucrose step gra-
dient. His-tagged protein purification in the case of Twinkle
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typically uses TALON, which is a Cobalt-based affinity-matrix, but
similar methods using Nickel matrices are equally applicable. It is
beyond the scope of this chapter to discuss various alternative
protocols for His-protein purification.

3.2.1. Purification of (Method based on Gaines and Attardi 1984 (12).)
Mitochondria from 1. Harvest the Flp-In™ TREx™-293 cells expressing the
Flp-In ™TREx™-293 Cells desired His-tagged protein by washing them off in 1X PBS

and centrifuging at 400 x g for 5 min at 4°C.

2. Remove the supernatant and resuspend the cell pellet in 5 vol
0.1 x homogenization buffer and centrifuge again for 5 min
at 400 x gand at 4°C.

3. Remove the supernatant and resuspend cells in 5 vol 0.1 x
homogenization buffer + 1X protease inhibitors.

4. Incubate the cell suspension for 5 min on ice.

5. Transfer the cell suspension to a pre-cooled Potter and homo-
genize the cells with ca. 15 strokes at 1,500 rpm.

6. Check the efficiency by diluting a small amount of cell sus-
pension in 1X PBS + 0.01% Trypan Blue and streaking it onto
a miscroscopy slide (see Note 18).

7. Immediately add 1/10 vol of 10X homogenization buffer
and transfer the suspension to a fresh centrifuge tube.

8. Wash potter and pestle with 2 ml 1X homogenization buffer
and combine this with the homogenized cell suspension.

9. Centrifuge for 5 min at 800 x gand at 4°C (se¢ Note 19).

10. Transfer the supernatant to a fresh centrifuge tube and repeat
the centrifugation step.

11. Transfer the supernatant to a fresh centrifuge tube and cen-
trifuge for 10 min at 12,000 x g and at 4°C (see Note 20).

12. Remove the supernatant and resuspend the mitochondrial pellet
in 1 x homogenization buffer + 1X proteinase inhibitors.

13. Centrifuge again for 10 min at 12,000 x g and at 4°C.

14. The pellet containing a crude mitochondrial fraction is now
ready for use or can be purified further using a sucrose gra-
dient (see Note 21). The mitochondrial pellet can be snap-
frozen in liquid nitrogen and stored at —80°C.

Optional sucrose gradient purification step

15. Resuspend the mitochondrial pellet in ca. 4 vol 1X homoge-
nization buffer and overlay it onto a two-step sucrose gradient
containing 1.5 M sucrose and 1 M sucrose in 1X homogeni-
zation buffer.

16. Centrifuge in an ultracentrifuge with swingout-rotor for 1 h
at 45,000 x g.
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17. Remove the upper phase leaving a small layer of solution
above the mitochondrial band (see Note 22).

18. Pipette the mitochondrial layer off using a cutoff pipette tip
with wide opening.
19. Dilute the mitochondrial layer fraction with 3 vol 1X homo-

genization buffer and pellet the mitochondria for 5 min at
12,000 x gand at 4°C.

20. The pellet now contains purified mitochondria free of cyto-
solic and nuclear contaminations.

Alternative cell breakage with cytochalasin B
(Method essentially as described in Yasukawa et al., 2005(13)).
21. Harvest the cells as described above.

22. Resuspend the cell pellet in 10 ml DMEM containing 10 pg/
ml cytochalasin B (see Note 23).

23. Transfer the cell suspension into a cell culture dish and incu-
bate it for 30 min in the cell culture incubator.

24. Caretully transfer the cell suspension to a 50-ml centrifuge
tube and fill up with cold DMEM (see Note 24).

25. Pellet the cells by centrifuging for 5 min at 400 x gand at4°C.

26. Remove the supernatant and resuspend the cells in 5 ml 1X
homogenization buffer containing protease inhibitors.

27. Continue with Step 5 of the protocol above, omitting Step 7
(addition of 10X homogenization buffer).

1. Dissolve a fresh or frozen mitochondrial pellet in >20 vol of
lysis buffer containing 1X protease inhibitors.

2. Sonicate thoroughly while keeping the sample on ice
(see Note 25).

3. Add 100-300 pl of TALON resin and rotate the tube at 4°C
for 1-2 h.

4. Pellet the resin by centrifuging for 5 min at 1,000 x gand at
4°C in a swingout-rotor.

5. Remove the supernatant and resuspend the resin in the same
volume of lysis buffer containing 1X protease inhibitors.

6. Pellet the resin again by centrifugation for 5 minat 1,000 x g
and at 4°C.

7. Resuspend the resin in 1 ml wash buffer and centrifuge for
5 min (1,000 x g 4°C) (see Note 26).

8. Remove the supernatant and repeat this wash step twice.
9. Remove all liquid and resuspend the resin in 1 vol elution bufter.

10. Incubate the suspension on ice for 5 min with occasional
mixing.
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3.3. Assays with the
Purified Twinkle
Helicase

11. Centrifuge again for 5 min at 1,000 x gand at 4°C to pellet
the resin.

12. Transfer the supernatant containing the eluted protein to a
fresh tube, carefully avoiding the resin.

13. Aliquot the protein extract and snap-freeze in liquid nitrogen.
Store at -80°C.

Both T7 gp4 and Twinkle use similar helicase assays requiring a
fork-like substrate (5). It should, however, be emphasized here
that different helicases can have very different substrate require-
ments and this may require extensive testing of a wide variety of
substrates. The assay we use is very similar to the assay originally
published (5). It requires the annealing of a ~60-bp oligonucleo-
tide to, for example, single-stranded M13 DNA. The oligo has at
its 3’-end a 20-bp complementary sequence to the M13 vector,
while the 5’-end 40-bp should not anneal to the M13 vector.
Similar substrates can also be made using two partially comple-
mentary oligos but this requires a slightly different purification
method of the labeled substrate.

The helicase assay itself measures the release of the annealed
oligo from the M13 vector DNA in the presence of a nucleotide
triphosphate that is hydrolyzed by the helicase to provide the
necessary energy for the strand separation. The annealed substrate
and released oligo are easily separated on a non-denaturing acry-
lamide gel due to the large difference in size. An example result of'a
helicase assay is depicted in Fig. 7.1.

Twinkle helicase assay

\ \
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N
& & test samples
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. L - e oo G ’\\unwound product

Fig. 7.1. Example result of a helicase assay using purified Twinkle.Wild-type Twinkle
and variants were purified from Flp-In™TREx™-293 cells and used in a helicase assay
using the methods described in this chapter. Positive control illustrates the heat-
denatured substrate sample while the negative control in this case is substrate without
added protein. Some degree of unwinding is observed with most samples, most strongly
in the case of wild-type Twinkle which is the sample next to the negative control.
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The second assay we apply in the analysis of mutations of the
Twinkle protein is an oligomerization assay by means of glutaralde-
hyde crosslinking. Although the protocol given here is perhaps not
the most sensitive to changes in the oligomeric state of Twinkle, it
does have the benefit that it can be applied to relatively small quan-
tities of protein. It is crucial in this assay to have controls in the form
of'a sample that is not glutaraldehyde crosslinked, which is required
to show the monomeric form of Twinkle on Western blots. A second
control that we include in the assay is a splice variant of Twinkle,
called Twinky that does not show abundant higher order multimers
on native PAGE (4) and also in this crosslinking assay does not
appear to form multimers (see (7) Supplementary Figures). Using
this assay and also using native page analysis, Twinkle shows multiple
multimeric forms including a form that is the size of a hexamer,
which is believed to be the active form of the T7 gp4 protein (14).

1. Add 20 pmol of oligonucleotide to 25 pl 1X kinase reaction
buffer containing 5 pCi [*?P]y-ATP and 10 U T4 polynu-
cleotide kinase (se¢ Note 27).

2. Incubate for 45 min at 37°C to end-label the DNA.

3. Inactivate the polynucleotide kinase by incubating for 10 min
at 75°C.

4. Mix 2.5 pl of the reaction mix (containing 2 pmol oligonu-
cleotide) with 3 ug M13mp18(+) DNA.

5. Adjust the volume to 100 pl with 1X DNA hybridization
bufter.

6. Incubate for 5 min at 75°C and let slowly cool down to =30°C
to allow annealing of the complementary strands.

7. Add 1 ml 1X DNA hybridization buffer and transfer the
solution to a Centricon-100 tube.

8. Centrifuge for 10 min at 1,000 x g and discard the flow-
through (see Note 28).

9. Add 1 ml DNA hybridization buffer, repeat centrifugation,
and discard the flowthrough.

10. Repeat the wash as in Step 8 once more.

11. Invert the column into a fresh collection tube and collect the
remaining liquid by centrifuging for 1 min at 1,000 x g.

12. Measure the volume of the eluate to determine the approx-
imate concentration of the substrate.

13. Store the substrate at +4°C for up to 2 weeks (see Note 29).

1. Thaw the frozen protein extracts on ice.

2. Mix 1-10 ng of protein with 400 pmol substrate in 25 pl
helicase assay bufter.
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Include two control samples containing only substrate, but
no protein, and one sample containing a mock extract pre-
pared from cells that do not express the studied transgene (see
Note 30).

Start the reaction by adding 3 mM nucleotide, and incubate
for 30 min at 37°C.

. Stop the reaction by adding 15 pl loading buffer.

. Heat-denature one of the two control samples for 3 min at

95°C (see Note 31).

7. Load 20 pl of each sample on a 10% native TBE gel.

10.
11.

3.3.3. Oligomerization 1.
Assay by Glutaraldehyde 2
Crosslinking
3.
4.
5

Y ® N

10.

11.

Run the gel in 1X TBE at 10 V/cm for 1-2 h until the
bromophenol blue front has moved ca. 6 cm into the gel.

. Disassemble the gel system, transfer the gel to Whatman

paper, and dry on a vacuum gel dryer.

Expose to X-ray film or phosphorimager.

To compare relative unwinding activities we quantify the
amount of unwound product as well as the still double-
stranded substrate. For each sample the activity is then
expressed as radioactivity in the product band per total radio-
activity (substrate plus product band).

Thaw the frozen protein extracts on ice.

. Dilute 1-10 ng of protein in 23 pl oligomerization buf-

fer. Include one control sample that will not be
crosslinked.

Incubate for 5 min at room temperature to allow the forma-
tion of oligomers.

Dilute glutaraldehyde to 0.25% in oligomerization buffer
(see Note 32).

. Add 2 pl glutaraldehyde dilution to all protein dilutions

except for the control sample and start the crosslinking reac-
tion by vortexing.

Incubate for 10 min at room temperature.
Stop the reaction by adding 15 pl loading buffer.
Heat-denture the samples immediately for 10 min at 95°C.

Load the samples onto a denaturing 4-7% Tris—acetate gel,
include one lane with the non-crosslinked control sample and
one with the protein standard.

Separate at 120 V until the loading dye has reached the
bottom of the gel.

Blot the gel onto nitrocellulose membrane and detect the
protein using a conventional Western blotting protocol.
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4. Notes

).

. The fetal bovine serum used should be tetracycline-free.

Guaranteed tetracycline-free medium can be obtained
from various suppliers, but also many batches of regular
serum are essentially tetracycline-free. The serum can be
tested for absence of tetracycline by monitoring transgene
expression levels by Western blot analysis of TREx or
other tetracycline-regulated cells grown in medium with
the regular serum compared to commercial tet-free serum.
To establish a TREx cell line with unknown effects of the
transgene it is recommended to use guaranteed tet-free
medium.

. Uridine is added to the growth medium to support

survival and growth of cells with impaired mitochondrial
function. Uridine auxotrophy has been suggested to
be the result of a severe drop in the activity of di-
hydroorotate dehydrogenase (15). Cells with fully func-
tional mitochondria grow better without uridine
addition.

. Both tetracycline and doxycycline can be used to control the

Tet-repressor system. Doxycycline has the advantage of
higher stability in solutions and better solubility, but it is
still advisable to make fresh solutions every 10 days to ensure
the concentration is accurate.

. Protease inhibitors are recommended to avoid protein

degradation during the mitochondrial preparation. Home-
made or commercial mixes of protease inhibitors can be
used, but if a His-affinity purification is planned, EDTA
should be avoided, as it strips the metal ions of the affinity
resin.

. Also other homogenizer types can be used, but the

number of strokes has to be tested for each homogeni-
zer, as the shearing force differs substantially. If a
Dounce homogenizer is used, perform manual strokes
without rotating.

. Various commercial resins are available for His-aftinity pur-

ification, the most common ones using Ni** as the capture ion
(e.g., Ni**-NTA agarose). TALON resin uses Co”* ions and
has a slightly higher specificity and thus can reduce the num-
ber of contaminating proteins. The advantage of one resin
type over the other can vary for each protein, so a comparison
might be useful.
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7.

10.

11.

12.

13.

A lysis buffer containing high concentrations of salt
facilitates the dissociation of DNA-binding proteins
from the mitochondrial DNA. If needed the salt con-
centration can be decreased down to 100 mM NaCl,
but the protein yield might be reduced. TritonX-100
can be substituted by other detergents compatible with
the resin. Anionic detergents like SDS or sodium deox-
ycholate should be avoided since they interfere with the
His-affinity binding.

. Low salt wash and elution buffer can be adjusted to the

conditions of the downstream assay. As a general guideline
a near-neutral buffer pH, 50-100 mM NaCl and 10-20%
glycerol are recommended components to ensure protein
stability. Imidazole binds competitively to the metal ions
of the resin and elutes bound proteins. Up to 40 mM imi-
dazole in the wash buffer can be used to reduce non-specific
binding of contaminating proteins to the resin, while higher
concentrations may lead to dissociation of His-tagged
proteins.

. L-Arginine improves the solubility of many proteins and pre-

vents aggregation.

Centricon tubes facilitate the separation of annealed substrate
from unincorporated oligonucleotides if the substrate has a
molecular weight much higher than the oligonucleotide
alone. If two oligonucleotides are annealed to form a small
molecular weight molecule, a separation by native acrylamide
gel electrophoresis is recommended.

The unwinding activity of helicases requires the hydrolysis of
nucleotides as energy source. ATP is the most commonly
used nucleotide, but does not necessarily give the highest
activity. One of the initial steps to characterize a newly iden-
tified helicase is therefore the determination of its substrate
specificity. Thus, the enzyme activity using various nucleo-
tides at various concentrations might be compared to analyze
the nucleotide specificity. As nucleotide solutions are
degraded easily, aliquot the nucleotide solution and avoid
repetitive freezing and thawing.

Two hundred and ninety-three cells are only loosely attached
to the growth surface, so care should be taken to avoid rough
movements and direct pipetting onto the cell layer, as cells
might be washed off.

A cooling speed of approximately 1°C/min is required to
avoid the formation of ice-crystals in the cytosol that would
puncture the cell membranes. The easiest way to achieve
an appropriate cooling rate is commercial freezing pots
that contain isopropanol and which are placed directly into
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14.

15.

16.

17.

18.

19.

20.

21.

a =80°C freezer. A cheaper method is to wrap the cryovials
thickly in tissue paper or pack them into a small styrofoam box
before placing them at —80°C.

To check the quality of a batch of frozen cells thaw one vial
several days after freezing. About 30-80% of the cells should
be viable and attach to the dish surface within a few hours.

Calcium phosphate transfection or various liposomic transfec-
tion methods can be applied. In our hands Fugene-6 (Roche
Biosciences) has shown least cell toxicity and gives high trans-
fection rates. It is recommendable to transfect 2—-3 10 cm
plates for each construct. An average transfection will give
3-15 founder colonies per plate. Since all cells integrate the
transgene into the same genomic locus, clone picking is not
required and all cells on a plate can be pooled.

In the case of very deleterious proteins the very low leakiness
of the system can impair cell growth even when no protein
expression can be detected. In this case the cells might loose
the inducibility after cultivation for longer times. For this
reason and to avoid any long-term selection of adapted cells,
thawing of an early passage stock is recommended every 6-8
weeks. For this reason it is also recommendable to prepare a
large quantity of vials for storage in N, as soon as possible
after establishing a line.

Depending on the transgene the cells can be kept without
selective pressure for up to 2 weeks, e.g., for large-scale
experiments requiring large amounts of culture medium and
thus antibiotics. In any case it is reccommended to keep at least
one cell “stock” plate under constant selection.

The membranes of broken cells are only faintly visible under
the microscope, while intact cells are round, clearly defined
and are not stained by Trypan Blue. Intact nuclei of 293 cells
appear oval and blue, while extensive breakage of nuclei
results in a blue, grainy sediment. About 70% broken cells
with little nuclei breakage are ideal. If required add more
strokes to reach sufficient homogenization. If extensive nuclei
rupture is observed reduce the amount of strokes.

This step pellets unbroken cells, nuclei, and membrane frag-
ments. The mitochondria stay in the supernatant, which
should appear cloudy.

This centrifugation step pellets the mitochondria, the super-
natant should be clear.

This mitochondrial pellet contains low amounts of various
cellular organelles. If a further extraction of specific proteins
from the mitochondrial lysate is planned, no additional pur-
ification of the intact mitochondria is needed. If a purer
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

mitochondrial preparation is required further separation of
mitochondria from the cytosolic and nuclear contaminants by
sucrose gradient purification is recommended. Other types of
gradients can also be applied for this purification step.

The bufter phase above the 1 M sucrose layer contains nuclear
and cytosolic proteins and should be removed before pipet-
ting off the mitochondrial layer to avoid contamination.
Intact mitochondria form a sharp dense layer between the
two sucrose densities. If an additional diffuse band is visible,
mitochondria were damaged, e.g., by too rough homogeni-
zation or pipetting.

Cytochalasin B degrades the cytoskeleton of cells, increasing
the fragility of the cell membrane without swelling.

Handle cytochalasin B-treated cells gently and avoid rough
pipetting, as this can already disrupt the cell membrane.

Sonication facilitates the dissociation of DNA-binding pro-
teins from the mitochondrial DNA and at the same time
breaks the mitochondrial DNA into easily soluble fragments.
With a Vibra cell sonicator (Sonic) ca. 1 min sonication in 1 s
interval with 2 s break at 70% amplitude is recommended. If
no sonication is applied, the yield of protein might be lower
and insoluble DNA might cause clogging of the resin in later
steps. To avoid the latter a high-speed centrifugation step to
pellet the DNA (20 min >12,000 x g at 4°C) is recom-
mended, in this case continue with the supernatant.

A convenient way of handling the wash and elution steps is to
transfer the resin in this step to small spin columns (e.g., from
Qiagen). The columns allow fast and complete removal of the
wash solutions and higher recovery of the elution fraction.

Only one of the DNA strands in the substrate is radioactively
labeled at the 5 ’-end, usually the smallest.

The flowthrough contains non-annealed oligonucleotide and
free ATP from the labeling reaction.

After longer storage the substrate degrades and increasing
amount of single-stranded oligonucleotide makes the deter-
mination of enzymatic separation in a helicase assay difficult.

A mock protein preparation is recommended to ensure that
the observed enzyme activity is due to the protein of interest
and not due to a contamination.

The heated control sample can be used as positive control
with 100% free product, while the non-heated control gives
the substrate to product ratio in the absence of enzyme
activity.

Glutaraldehyde is toxic and volatile, so handle all solutions
and samples containing glutaraldehyde under a fume hood.
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Chapter 8

Purification Strategy for Recombinant Forms
of the Human Mitochondrial DNA Helicase

Tawn D. Ziebarth and Laurie S. Kaguni

Abstract

In this chapter, we present a streamlined purification for the production of near-homogeneous and high
yield recombinant forms of the human mitochondrial DNA helicase. Minimizing the number of steps and
the time elapsed for purification of this enzyme facilitates studies of'its structure and mechanism and allows
elucidation of native features of both wild-type- and human disease-related forms.

Key words: mitochondrial DNA replication, DNA helicase, human, DNA unwinding.

1. Introduction

The human mtDNA helicase is a member of the Escherichin coli
DnaB-like family of replicative helicases, also known as Superfamily
4(1). These family members contain five conserved sequence
motifs, including the classic Walker A and Walker B motifs that
participate directly in the ATPase binding and hydrolysis activity
required for DNA unwinding (2, 3). The human enzyme transduces
the hydrolysis energy for replication fork advancement and translo-
cates along ssDNA in a 5'-3’ direction (4). Its native conformation is
that of a hexamer, with an overall modular architecture comprising
distinct N- and C-terminal domains(Z). A unique feature of the
enzyme is a regulatory role in ATP hydrolysis for its extreme N- and
C-termini(1). In addition, amino acid residue R609 has been iden-
tified as the arginine finger that serves to ligate the y phosphate of
the incoming ATP molecule during the catalytic cycle (1).

To date, biochemical and physical data are limited for this novel
enzyme, and further analysis is mandated by its direct link to a human
disease associated with multiple mtDNA deletions (5). This finding,
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in conjunction with studies revealing the role for the mtDNA heli-
case in mtDNA maintenance and regulation of mtDNA copy num-
ber, reveals its importance for proper mitochondrial physiology and
in turn, overall cellular processes(6). In this chapter, we present a
streamlined purification for recombinant forms.

2. Materials

2.1. Recombinant
Human Mitochondrial
DNA Helicase
Purification from
Spodoptera frugiperda
Cells

gU Wb

10.

11.
12.
13.
14.

15.

16.

17.

18.
19.

20.
21.

1M Tris—HCI, pH 7.5, pH 8.0, stored at 24°C.

0.5M Ethylenediaminetetraacetic acid (EDTA), pH 8.0.
5M Sodium chloride (NaCl).

2M Tris—HCI, pH 6.8, pH 8.8.

0.2M Phenylmethylsulfonyl fluoride (PMSF) in isopropanol.
Store aliquots at —20°C.

1M Sodium metabisulfite, prepared as a 1.0M stock solution
at pH 7.5 and stored at —20°C.

Leupeptin is prepared as a 1 mg/ml stock solution in 50 mM
Tris—-HCI, pH 7.5, 2 mMEDTA, and stored at —20°C.

1M Dithiothreitol (DTT). Store aliquots at —20°C.
14 M 2-Mercaptoethanol (B-Me). Store at 4°C.

30% Polyacrylamide (29:1; acrylamide:bisacrylamide). Store
at 4°C.

10% Sodium dodecyl sulfate (SDS).
4X Resolving gel buffer: 1.5M Tris—-HCI, pH 8.8, 0.4% SDS.
4X Stacking gel bufter: 0.5M Tris-HCI, pH 6.8, 0.4% SDS.

5X SDS-PAGE running buffer: 0.125M Tris base, 0.95M
glycine, 0.5% SDS.

5X SDS-PAGE loading buffer: 50% glycerol, 2M Tris base,
0.25M DTT, 5% SDS, 0.1% bromophenol blue. Aliquots are
stored at —20°C.

10% Ammonium persulfate (APS).

TC-100 Insect cell culture medium and fetal bovine serum
(Life Technologies).

Amphotericin, penicillin-G, and streptomyocin (Sigma).
Insect cell transfection buffer and Grace’s medium
(PharMingen).

S. frugiperda (S£9) cells.

Baculoviruses encoding N- and C-terminally His-tagged
human mitochondrial helicase, obtained from Dr. Maria
Falkenberg (Karolinska Institute).



2.2. Human
Mitochondrial DNA
ATPase Assay

22.
23.

24.
25.
26.

27.

—
e

11.
12.
13.
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Phosphate-buftered saline, stored at 4°C.

Buftfer A: 50 mM Tris-HCl, pH 8.0, 0.6MNaCl, 10%
glycerol, 10 mAM2-mercaptoethanol.

Nickel-nitrilotriacetic acid agarose resin (Qiagen).
1M Imidazole, stored at 24°C.

Heparin Sepharose agarose resin (Amersham Pharmacia
Biotech).

Polyallomer tubes (14 x 89 mm, Beckman)

Recombinant human mitochondrial DNA helicase at approx.
200 pg/ml.

1M Tris—HCI, pH 7.5, stored at 24°C.

1M MgCl,, stored at 24°C.

0.29 mg/ml Bovine serum albumin (BSA, Sigma).

82 mMATP, store aliquots at 4°C.

1M Dithiothreitol (DTT). Store aliquots at —20°C.
[v-3*P]ATP.

2.0 mg/ml DNase I-activated calf thymus DNA.

0.5M Ethylenediaminetetraacetic acid (EDTA), pH 8.0.

Polygram polyethyleneimine cellulose paper (Brinkmann
Instruments, Inc.)

50 mM ADP/ATP, store aliquots at 4°C.
1M Formic acid.
0.5M Lithium chloride (LiCl).

3. Methods

3.1. Recombinant
Human Mitochondrial
DNA Helicase
Purification from S.
frugiperda Cells

3.1.1. sf9 Cell Growth and
Protein Over-expression

. Grow S. frugiperda cells (2.01) in TC-100 insect cell

culture media containing 10% (v/v) fetal bovine serum
at 27°C to a cell density of 2 x 10°, dilute to a cell
density of 1 x 10° with TC100 containing 10% fetal
bovine serum.

Infect with baculovirus encoding N- or C-terminally His-
tagged helicase (complete cDNA sequence lacking the mito-
chondrial presequence) at a multiplicity of infection of 5 at
27°C.

. Harvest cells at 72 h postinfection by centrifugation and wash

with an equal volume of cold phosphate-buffered saline twice.

Recentrifuge, discard supernatant, and freeze pellet in liquid
nitrogen. Store at —80°C.
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3.1.2. Soluble Cytoplasmic
Fraction Preparation

3.1.3. Nickel-Nitrilotriacetic
Acid Chromatography

3.1.4. Heparin Sepharose
Chromatography

3.1.5. Glycerol Gradient
Sedimentation

All buffers contain 1 mM PMSEFE, 10 mM sodium metabisulfite,
2 pg/ml leupeptin, and 10 mM 2-mercaptoethanol. Perform all
steps at 0—4°C.

1.

Thaw cells and resuspend in 1/45 volume of original cell
culture in 25 mM Tris—-HCI, pH 8.0. Allow cells to sit for
20 min.

Homogenize cells in a Dounce homogenizer using 20 strokes
with a tight pestle.

. Adjust homogenate to 1 M NaCl followed by centrifugation at

45,000 rpm for 27 min in a 60 Ti rotor. Use Buffer A to
balance.

. Extract supernatant (fraction I)

Dilute fraction I with an equal volume of Buffer A and load
onto a nickel-nitrilotriacetic acid column (2.5 ml resin/1 of
cells) equilibrated with Buffer A containing 10 mA/imidazole
at a flow rate of 12 ml/h.

. Wash the column with equilibration buffer at a flow rate of

20 ml/h.

. Elute the column with Buffer A containing steps of 25 mM,

250 mM, and 500 mM imidazole. Protein will elute with
bufter containing 250 mM imidazole.

. Analyze fractions by SDS-PAGE on 10% minigels followed by

silver staining, and pool fractions accordingly (fraction II)

. Dilute fraction II to an ionic equivalent of 150 mM NaCl and

load onto a Heparin Sepharose column (2.7 mg/ml resin)
equilibrated with bufter containing 20 mM Tris—-HCI, pH
7.5, 150 mM NaCl, 10% glycerol, 0.5 mM EDTA at a flow
rate of 3-5 ml/h (se¢ Note 1).

. Wash the column with equilibration buffer containing 200

mM NaCl at a flow rate of 9 ml/h.

Elute the column with equilibration buffer containing salt
steps of 0.6 and 1M NaCl. Protein will elute at 350-700
mM NaCl (see Note 2).

4. Adjust eluted fractions to 1.0 NaCl.

. Analyze fractions by SDS-PAGE on 10% minigels followed by

silver staining, and pool fractions accordingly (fraction I1I).

. Layer fraction I1I onto pre-formed 12-30% glycerol gradients

containing 35 mM Tris-HCI, pH 7.5, 330 mM NaCl, 1 mM
EDTA, prepared in polyallomer tubes for use in a Beckman
SW 41 rotor.

. Centrifuge at 140,000 x g for 37 h at 3°C, then fractionate

by collecting four-drop (200 pl) fractions.
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Analyze fractions by SDS-PAGE on 10% minigels followed by
silver staining, and pool fractions accordingly (fraction IV).
Freeze fraction IV in liquid nitrogen and store at —80°C.
Samples are analyzed by SDS-PAGE on 10% gels to evaluate
purity and yield (see Note 3).

3.2. ATPase Assay This assay measures the amount of ATP hydrolyzed to ADP +
inorganic phosphate by the human mtDNA helicase in a DNA-
independent and dependent manner.

1.

Each reaction (0.02 ml) contains 20 mM Tris—HCI, pH 7.5,
4 mM MgCl,, 0.1 mg/ml bovine serum albumin, 10% gly-
cerol, 0.5 mM ATP, 10 mM dithiothreitol, 4 pCi of
[y-3?P]ATP, 100 pM DNase I-activated calf thymus DNA,
and 0.05 pg N- and C- terminally His-tagged human mtDNA
helicase. Prepare the reaction mix with and without DNA in a
microcentrifuge tube on ice. Add the radioactivity last. Vortex
and centrifuge briefly in the microcentrifuge.

. Dispense the mix, 20 pl, to pre-chilled and numbered micro-

centrifuge tubes on ice.

. Add the enzyme, 0.25 pl, to each tube avoiding bubbles and

mix gently by flicking the tube three times.

4. Incubate the tubes for 15 min at 37°C.

. Stop the reactions with addition of EDTA to 20 mM and

transfer to ice.

Divide Polygram polyethyleneimine cellulose paper into
1 x 1 cm lanes.

. Spot 0.5 pl ADP /ATP marker in each 1-cm lane. Allow paper

to dry.

. Spot 2.0 pl reaction sample slowly while drying.

9. Develop Polygram CEL 300 PEI/UV paper in 1M for-

10.
11.

12.

mic acid and 0.5M lithium chloride for 30 min.
Allow paper to dry.

Visualize ADP and ATP spots under UV light and cut out
each band.

Count radioactivity in each band in scintillation fluid.

4, Notes

. Precipitate will form as ionic strength decreases to 150 mM

NaCl. As the sample loads onto the column, this precipitate
will accumulate on the resin bed.
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2. As the ionic strength increases during the elution, the pre-
cipitate will go back into solution.

3. The purity and yield of the final preparations are determined
by SDS-PAGE followed by silver staining. Figure 8.1 shows a
typical purification of the recombinant form of mtDNA

helicase.

mtDNA

helicase ~ |

Fig. 8.1. Baculovirus over-expression and purification of the human mtDNA helicase.
Protein fractions were denatured and electrophoresed in a 10% SDS-polyacrylamide gel.
Proteins were detected by silver staining. Lane 1:Hs mtDNA helicase (0.3 pg); lane 2:
whole cell fraction; lane 3: soluble extract (fraction I, 0.3 ng); lane 4: Nickel-NTA pool
(fraction II, 0.8 ng); lane 5: Heparin Sepharose pool (fraction Ill, 0.4 ug); lane 6: glycerol

gradient pool (fraction IV, 0.1 pg).
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Chapter 9

Methods for Studying Mitochondrial Transcription
Termination with Isolated Components

Paola Loguercio Polosa, Stefania Deceglie, Marina Roberti,
Maria Nicola Gadaleta, and Palmiro Cantatore

Abstract

Characterization of the basic transcription machinery of mammalian mitochondrial DNA has been greatly
supported by the availability of pure recombinant mitochondrial RNA polymerase (mtRNAP) and acces-
sory factors, which allowed to develop a reconstituted in vitro transcription system. This chapter outlines a
general strategy that makes use of a minimal promoter-independent transcription assay to study mito-
chondrial transcription termination in animal systems. We used such a system to investigate the transcrip-
tion termination properties of the sea urchin factor mtDBP, however, it is applicable to the study of
transcription termination in a variety of organisms, provided that the pure mtRNAP and the transcription
termination factor are available.

The assay here described contains the recombinant proteins mtRNAP and mtDBP, both expressed in
insect cells, and a template consisting of a 3'-tailed DNA construct bearing the sequence bound by mtDBP.
Transcription by the RNA polymerase produces run-oft and terminated molecules, the size of the latter
being consistent with RNA chain arrest in correspondence of the mtDBP-DNA complex. Transcription
termination is protein-dependent as addition of increasing amounts of mtDBP to the assay causes a
decrease in the intensity of the run-off and the gradual appearance of short-terminated molecules.
Furthermore, we report a method, based on pulse-chase experiments, which allows us to distinguish
between the true termination and the pausing events.

Key words: Transcription factors, transcription termination, sea urchin mtDBP, mtRNA polymerase,
termination assay, pulse-chase experiment.

1. Introduction

Animal mitochondrial DNA (mtDNA) is a circular, closed, dou-
ble-stranded molecule of 15-17 kb. It has a conserved gene con-
tent, lacks introns, and contains a main non-coding region
(D-loop region) that is the most variable part of the molecule,
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both in size and in sequence. This region hosts regulatory signals
for the replication and expression of the organelle genome. While
in vertebrates mtDNA has a conserved gene organization, in
invertebrates there are remarkable differences both with respect
to vertebrates and among invertebrates themselves. The different
gene organization is associated with distinct RNA synthesis
mechanisms: in vertebrates the transcription process is almost
invariant, whereas peculiar modes of RNA synthesis for each
organism take place in invertebrates. Vertebrate mtDNA is tran-
scribed by one L- and two H-strand transcription units. Transcrip-
tion of L-strand gives rise to one mRNA (ND6), eight tRNAs, and
the H-strand replication primer. Of the two H-strand transcrip-
tion units, one is responsible for the synthesis of the two 16S and
12S rRNAs, and of tRNA™™ and tRNAY? whereas the other
directs the synthesis of the remaining tRNAs and of 12 mRNAs.
Since mRNA genes are in most of the cases flanked by tRNA genes,
it has been proposed that the tRNA structure represents a recogni-
tion signal for an RNAseP-like processing enzyme which would
generate the mature transcripts (for review see Refs. (I, 2)). An
example of such enzyme may be the recently described Drosophila
RNase Z (3).

Studies on mitochondrial transcription in invertebrates have
been limited to a few experimental systems such as sea urchin,
Drosophila, and Artemin (4-7). In sea urchin the mtDNA is tran-
scribed by multiple and overlapping transcription units, probably
originating from AT-rich conserved sequences located in six dif-
ferent positions of the genome (4). In Drosophila the peculiar gene
organization, consisting of blocks of genes oriented in opposite
direction, argues for a mechanism based on the existence of dis-
tinct transcription initiation sites located at the beginning of each
block of genes (6).

Despite differences in the mechanism of transcription between
vertebrates and invertebrates, the mitochondrial transcription
apparatus appears rather conserved in all animals. Transcription
initiation depends on a single subunit, phage-like, mitochondrial
RNA polymerase (mtRNAP) and on three protein factors, namely
TEAM, TFB1M, and TFB2M. According to a recently proposed
model, the HMG-like protein TFAM binds DNA and causes a
conformational change, thus allowing TEB1M or TFB2M to bind
DNA, as well as the recruitment of the mtRNAP (2). It has been
recently reported that a further protein factor, named TERF3, acts
as a negative regulator of RNA initiation (8).

mtDNA transcription is also regulated at the level of transcrip-
tion termination. In particular it has been found that the factor
mTERF, which binds downstream of the 16 rRNA gene, is
involved in the termination of the ribosomal transcription unit
(9). It has been recently reported that mTERF, by interacting
also with the non-coding region, could regulate the differential
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expression of the two H-strand transcription units by means of a
looping mechanism (10). mTERF homologs have been described
also in sea urchin and in Drosophila. In the sea urchin Paracentro-
tus lividus the DNA-binding protein mtDBP functions as tran-
scription termination factor by binding two homologous
sequences located in the non-coding region and at the boundary
of oppositely transcribed ND5 and ND6 genes, respectively (11).
Furthermore, mtDBP has a contrahelicase activity that likely mod-
ulates mtDNA synthesis (12). In Drosophila the protein DmTTF
terminates transcription in vivo by binding two regions of” Droso-
phila mtDNA containing the converging ends of block of genes
coded by opposite strands (13-15).

Identification of mitochondrial transcription initiation sites
and characterization of the transcription apparatus were pur-
sued by different in vivo and in vitro experimental approaches.
Relevant insights into the mechanism of RNA synthesis in
human were obtained initially from in organello studies and,
later, from the reconstitution of in vitro transcription systems
using partially or completely purified components. The latter
approach, which permits the dissection of different steps in the
transcription pathway, is described in this report. Here we will
focus on the procedures that are used to study transcription
termination in sea urchin mitochondria; the described meth-
ods allowed us to map a protein-dependent transcription ter-
mination site and to establish whether the protein factor
mediates true transcription termination rather than RNA poly-
merase pausing.

2. Materials

2.1. Protein
Preparation

2.2. 3'-Tailed DNA
Template Preparation

1. mtDBP and mtRNAP cDNA cloning and protein purification
are described in detail in Ref. (16).

1. To produce the 98-bp 3'-tailed template, TermNCR(R),
bearing the mtDBP binding site in opposite orientation
with respect to the direction of transcription, two
complementary oligonucleotides are used, that are 98
and 114 nt long; the latter contains a 3’-tail of 16 dC
(see Notes 1-3).

2. Oligonucleotides are PAGE-purified; they are dissolved in
double-distilled water (see Note 4) at 10 pmol /pl and stored
at —20°C.

3. 2X Annealing buffer: 33.2 mM Tris—-HCL, pH 7.5, 13.2 mM
MgCl,, 0.1 M NaCl.
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2.2.1. Polyacrylamide Gel
Electrophoresis of the DNA
Template

2.3. Gel-Mobility
Shift Assay

2.4. In Vitro
Transcription Assay

. Handcast 10% polyacrylamide mini-gel (8.3 ¢cm width x

7.3 cm length x 0.75 mm thickness) in 1X TBE, run with
Mini-Protean Electrophoresis Cell (Bio-Rad).

. Thirty percent acrylamide /bis solution (29:1 with 3.3% C).

N, N, N, N’-Tetramethylethylenediamine, TEMED.

. Ammonium persulfate (APS): prepare 10% solution in dou-

ble-distilled water, store at +4°C for about 1 month.

. DNA size marker: GeneRuler 50-bp DNA ladder (Fermentas).

. 10X Binding buffer: 0.1 M Tris-HCI, pH 8.0, 3 M NaCl,

0.1 M MgCl,.
Bovine serum albumin (BSA) (1 mg/ml).

. Poly [d(I-C)] (Roche).

. 46mer double-stranded oligonucleotide containing mtDBP

binding site, labeled at its 5'-termini with [y->’P]ATP
(3,000 Ci/mmol, 10 pCi/pl).
Recombinant and purified mtDBP from baculovirus-infected

cells (see Ref. (16)).

1X Dilution bufter: 10 mM Tris-HCI, pH 8.0, 10 mM
MgCl,, 1 mM EDTA, 500 mM NaCl, 20% glycerol, 1 mM
DTT added prior to use.

7. 6X Loading dye (Fermentas)

10.
11.
12.

[\

50% Glycerol.

. Typhoon 8600 Phosphor Imaging System (Molecular

Dynamics).

Storage phosphor screen.
Gel dryer.

X-ray film.

. mtDBP and mtRNAP proteins (see Section 2.1).
. mtDBP dilution buffer for transcription assay: 20%

glycerol, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl,,
100 mM KCl, 0.1 mM EDTA, pH 8.0; add fresh DTT
to 1 mM.

DEPC-treated double-distilled water.

4. 5XTranscription buffer: 200 mM Tris—-HCI, pH 8.0, 125 mM

NaCl, 40 mM MgCl,, 10 mM spermidine (HCl)z (Sigma),
0.5 mg/ml BSA (Sigma). Make 5X transcription buffer in
DEPC-treated double-distilled water; store at —20°C.

. 25 mM DTT in DEPC-treated double-distilled water; store

at -20°C.
DNA template (see Section 2.2).



2.5. Transcription
Termination Assay

2.6. Gel Electrophoresis
of the Transcription
Products

11.
12.
13.

14.

15.
16.

[\

N o
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NTPs final concentration in the reaction mixture is
1 mM ATP, 0.3 mM CTP, 0.3 mM GTP, 0.0125 mM
UTP. Make a 25X NTP mixture in DEPC-treated dou-
ble-distilled water, dispense in small aliquots and store
at —20°C.

[0-*2P]UTP (800 Ci/mmol, 20 uCi/pl).

. RNaseOUT (Invitrogen).
10.

Stop bufter: 10 mM Tris-HCI, pH 7.4, 0.5% SDS, 0.2 M
NaCl, 10 mM EDTA, pH 8.0.

20 mg/ml Glycogen, RNA grade.
Cold ethanol.

Phenol extraction: mixture containing phenol (saturated
with Tris, pH 8.0, and stabilized with 0.1% hydroxyqui-
noline), chloroform, and isoamyl alcohol 25:24:1, v/v.
DNase bufter: 40 mM Tris-HCI, pH 7.5, 6.0 mM MgCl, in
DEPC-treated double-distilled water.

DNase 1.

Urea dye: 3.5 M urea, 0.5X TBE, 0.01% bromophenol blue,
0.01% xylene cyanol. Store the dye at —20°C.

. Materials as above (Section 2.4).

. Heat block at 95°C to denature the samples.
. Handcast 12% polyacrylamide/7 M urea mini-gel (8.3 cm

width x 7.3 cm length x 0.75 mm thickness) in 1X
TBE, prepared and run with Mini-Protean Electrophoresis
System.

10X TBE: 0.9 M Tris, 0.87 M boric acid, 25 mM EDTA, pH
8.3 with boric acid.

Ammonium persulfate, APS: see Step 4, Section 2.3.
Thirty percent acrylamide /bis solution (29:1 with 3.3% C).
N,N,N,N'-Tetramethyl-ethylenediamine, TEMED.

Labeled RNA size marker for small RNAs (Ambion Decade
Marker System). Prepare the labeled RNAs following
Ambion protocol, store it at —80°C. It is stable for up to
6 months.

. Storage phosphor screen.
. Phosphorimager.

10.
11.

Gel dryer.
X-ray film.
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2.7. Pulse-Chase
Transcription
Termination
Experiment

2.8. Gel Electrophoresis
Analysis

of Transcription
Products from

the Pulse-Chase
Experiment

1. Materials as in Section 2.4.

1. Materials as in Section 2.6.
2. X-ray film.
3. Laser densitometer (LKB Ultroscan XL).

3. Methods

The detailed understanding of the various steps of the transcrip-
tion process is based on the use of a pure in vitro system containing
a DNA template, the mtRNAP, and the individual factors involved
in the transcription machinery. A highly purified human transcrip-
tion system was developed by Falkenberg et al., suitable to study
transcription initiation (17). The system contains the recombinant
proteins mtRNAP, TFAM, TFBIM or TFB2M, and short
mtDNA fragments bearing the specific promoters HSP or LSP.
Studies of the transcription elongation properties of nuclear or
mitochondrial RNA polymerases, as well as their transcription
arrest, can be performed independently of initiation factors and
promoter recognition. This analysis is carried out by using non-
selective templates consisting of a double-stranded oligonucleo-
tide containing a short single-stranded sequence, needed for poly-
merase loading. Protein-dependent arrest of RNA polymerase can
be derived from true termination of transcription or from poly-
merase pausing. In the first case, both the enzyme and the RNA
dissociate from the template and the transcription event is defini-
tively interrupted; in the case of pausing, the termination factor
slows down the polymerase, which remains bound to the template
and is able to resume transcription afterward.

Below we describe the use of a minimal sea urchin mitochon-
drial transcription system that contains the recombinant proteins
mtRNAP and mtDBP, both expressed in insect cells and a non-
selective template bearing the mtDBP binding site. This system
allows one to detect a protein-mediated transcription termination
event and, furthermore, to distinguish between true transcription
termination and RNA polymerase pausing. The same procedure
can be used to study transcription termination by heterologous
RNA polymerases (se¢ Note 5).
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Preparation

3.3. Mobility-Shift
Titration of the
Amounts of mtDBP
for the Transcription
Termination Assay
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. mtRNAP and mtDBP are recombinant proteins lacking the

mitochondrial presequence; mtRNAP contains seven histi-
dines at the N-terminus. The ¢cDNAs for mtRNAP and
mtDBP were cloned in the BacPAK6 baculovirus vector
(Clontech). Each protein was purified from 400 ml of bacu-
lovirus-infected Sf9 insect cells. Chromatography fractions
were immediately snap-frozen in liquid nitrogen and stored
at —80°C. Positive fractions, as detected by immunoblotting,
gel-shift or transcription assay, were thawed on ice, gently
mixed by tipping the tube, dispensed into 50 pl aliquots,
snap-frozen in liquid nitrogen, and stored at —80°C. Details
of protein purification are reported in Ref. (16).

. In an Eppendorf tube combine 200 pmol of each oligonu-

cleotide (thatis, 20 pl each ofa 10 pmol /pl solution), 50 pl of
2X annealing buffer, and 10 pl of double-distilled water. Final
concentration of oligonucleotide should be 2 pmol/ul. Two
hundred picomoles of double-stranded DNA is sufficient for
gel electrophoresis analysis and for several transcription
reactions.

. Perform denaturation and annealing steps in a PCR thermo-

cycler as follows: denaturation for 10 min at 98°C, sequential
annealing steps for 1 min at temperatures that are 2 degrees
below the preceding, ranging from 98 to 20°C, final incuba-
tion for 5 min at 20°C. The annealed template is stored at —
20°C; it is stable for several weeks.

. Check that no single-stranded DNA is left in the mixture

by comparing the migration on a 10% polyacrylamide
mini-gel of about 5 pmol of annealed and single-stranded
oligonucleotides.

. The probe used in the gel-shift assay is a double-stranded

46mer oligonucleotide, containing the 25-bp mtDBP bind-
ing site.

. The probe is labeled at its 5'-termini with [v-3?P]ATP accord-

ing to standard procedure (see Ref. (18)).

. To set up the DNA-binding reaction, for each sample to be

tested, place an Eppendorf tube on ice, add 50 fmol of probe
labeled to a specific activity of about 3,400 cpm/fimol, 0.5 pg
of poly [d(I-C)], 2 ul of 10X binding buffer, 1 pg of BSA.

. Make serial dilutions of mtDBP with ice-cold dilution buffer;

we usually test 0.05, 0.5, 1.0, and 2.0 pmol of mtDBP by
adding to each sample not more than 5 pl of each dilution.

. Make up the final volume (20 pl) with double-distilled water.

6. Add the specific amount of protein, mix gently, incubate for

20 min at 25°C.
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3.4. In Vitro
Transcription Assay
with mtBNAP:
Preparation of Samples
and Reaction

7. Make a blank containing 2 pl of 50% glycerol and all the
reagents except the protein; incubate as before.

8. Pre-run the gel (16 cm width x 20 cm length x 1.5 mm
thickness, 6% polyacrylamide gel in 0.5X TBE) for 40 min at
200 V (constant current) in the cold room.

9. Add 2 pl of 6X loading dye only to the blank, load onto the
gel.

10. Run the gelat 300 V, for about 1 h, until the front dye, xylene
cyanol, reaches about 5 cm from the gel bottom.

11. Vacuum dry the gel and analyze by phosphorimaging.
Figure 9.1 shows a typical mobility-shift titration assay car-
ried out by incubating a constant amount of labeled probe
(50 fmol per reaction) with different amounts of mtDBP
(0.05, 0.25, 0.35, and 0.75 pmol) corresponding to a
DNA /protein ratio of 1:1, 1:5, 1:7, and 1:15. At ratio 1:15
the DNA is almost completely bound as very little free DNA is
present; therefore, for the termination assays, we chose a
DNA /protein ratio of up to 1:10.

DNA/mtDBP 1 1.5 17 LS

o b0

Fig. 9.1. Mobility-shift titration of recombinant mtDBP purified from baculovirus-
infected insect cells. The assay was performed with 50 fmol of the end-labeled double-
stranded 46mer oligonucleotide, bearing the mtDBP binding sequence, and 0.05, 0.25,
0.35, and 0.75 pmol of mtDBP (DNA/protein ratio is 1:1, 1:5, 1:7, and 1:15). Samples
were analyzed on a 6% polyacrylamide gel, followed by phosphorimaging analysis. At
1:15 the DNA is almost completely bound as very little free DNA is present.

1. A standard transcription reaction is carried out in a 25-pl
volume. All the components listed in the Materials section
(see Section 2.5) are made ready and placed on ice, except for
the protein fraction that is thawed just prior to addition.

2. In an Eppendort tube, placed on ice, combine 2 pmol (1 pl)
of DNA template, 5 pl of 5X transcription buffer, 1 pl of
25 mM DTT, 1 pl of 25X NTP mixture, 0.5 pl of [o-**P]JUTP
(corresponding to 10 pCi), 28 U of RNaseOUT (see Note 6).

3. The mixture is vortexed and briefly spun in an Eppendorf

microfuge; add the required volume of DEPC-treated water
and, finally, 5 pl of mtRNAP, corresponding to 0.15 pmol of
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the recombinant protein. The sample is gently mixed by tip-
ping the tube and incubated at 30°C in a water bath for
30 min.

. The reaction is stopped with 150 pl of Stop bufter, followed

by the addition of 0.12 mg/ml glycogen and one phenol
extraction.

. Nucleic acids are precipitated by adding 2.5 volumes of etha-

nol pre-chilled at =20 °C and keeping the samples at —80°C
for 2 h. Then, nucleic acids are pelleted by centrifuging at full
speed in a microfuge at 4°C for 20 min.

. Each pellet (no need to dry it) is dissolved in 150 pl of DNase

buffer by pipetting up and down with a Gilson micropipette
and incubated with 0.7 U of DNasel at 37°C for 10 min.
After adding 0.2 M NaCl, nucleic acids are ethanol precipi-
tated for 12 h (overnight) at —20°C. Alternatively, you may
keep at —=80°C for 2 h (see Note 7).

. Samples are set up as above (see Steps 1, 2, Section 3.4).
. Dilutions of mtDBP are made to have 6, 8, 16, and 20 pmol of

protein, possibly in a volume not greater than 5 pl. In the control
sample, which lacks mtDBP, dilution bufter is added that corre-
sponds to the highest volume of protein added to the assay.

. Add to the sample the required volume of double-distilled

water and the proper amount of mtDBP or an equivalent
volume of mtDBP-containing buffer. Incubation of the
DNA template with the termination factor is then performed
for 20 min at 23°C.

. Add 5 pl of mtRNAP (it does not need to be diluted), mix

gently.

. Follow Steps 3—6 of Section 3.4.

. Prepare a 0.75-mm thick, 12% polyacrylamide/7 M urea

mini-gel in 1X TBE, using the Mini-Protean Electrophoresis
Cell (Bio-Rad). The gel should polymerize in about 1 h.

. Carefully remove the comb, assemble the gel following

the Bio-Rad manual instructions, and thoroughly wash
the wells with running buffer using a syringe with a
proper needle.

. Prepare the sample of labeled Decade RNA marker: take 2 pl of

the labeled RNA and dilute to 200 ul with DEPC-treated water,
heat at 80°C for 10 min and transfer 5 pl to an Eppendorf tube
placed on ice (see below). Store the remaining at —-80°C.

. The final pellets from the last centrifugation (Step 6,

Section 3.4) are air-dried by keeping the tubes on ice, cap
opened, under the fume hood for a few minutes. Then pellets
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3.7. Pulse-Chase
Transcription
Termination
Experiment

3.8. Gel Electrophoresis
Analysis

of Transcription
Products from

the Pulse-Chase
Experiment

are dissolved in 12 pl of urea dye by brief vortexing, heated at
80°C for 10 min, and loaded onto the gel, alongside with the
Decade RNA marker.

. Run the gel at 125 V (constant current) for about 2 h until the

front dye, xylene cyanol, reaches 2 cm from the gel bottom.

. After the run, wash the gel twice with distilled water for

10 min, vacuum-dry for 1 h and analyze by phosphorimaging.
Alternatively vacuum-dry the gel using a gel dryer (for 60 min
at 80°C) and expose with an X-ray film for 12 h at -80°C in
the presence of an intensifying screen.

. The size of the reaction products is determined by using the

labeled Decade RNA marker (see also Note 8).

. Quantification of data can be done by densitometry scanning

of the digital signal or by laser densitometry of the X-ray film
(see below). An example of results produced by the transcrip-
tion termination experiment is shown in Fig. 9.2A,B. While
in the absence of mtDBP (lane 1) a run-oft product of about
100 nt is obtained, the addition of increasing amounts of the
termination factor (lanes 2-5) causes the decrease in the
intensity of the run-off band and the gradual appearance of
shorter transcripts. The size of these transcripts (between 50
and 55 nt) corresponds to that of molecules arrested at the
protein binding site.

. The reaction (see Section 3.4) is performed in a 100-pl

volume: the reaction mixture contains 8 pmol (4 pl) of
template, 20 pl of 5X transcription buffer, 4 pl of 25X
NTPs mixture, and 3.5 pl of [a-*2PJUTP corresponding to
70 pCi.

. After pre-incubation with 48 pmol of mtDBP for 15 min at

23°C, 20 pl of mtRNAP-containing fraction is added and
incubation is continued for 30 min at 30°C.

. Cold UTP is added to a final concentration of 2 mM, a

20-ul volume of each reaction is taken at 0, 30, 100,
200 min and immediately processed following Steps 4-6
of Section 3.4.

. Perform Steps 1-6 of Section 3.6.

. To measure the ratio between the terminated and the run-off

transcripts, we performed quantitative analysis of the digital
signal using phosphorimaging or we scanned the X-ray film
with a laser densitometer equipped with gel evaluation soft-
ware. An example of the results of the pulse-chase transcrip-
tion experiment is shown in Fig. 9.3. If pausing of the
mtRNAP occurred, then the ratio between the terminated
and the run-oft transcripts would decrease progressively with
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TermNCR(R) 3 HHEEE?EEMEEES&JI |
Run-off (~100 nt)
DBPTerm (~50-55 ot)
B TermNCR(R)

- 6 8 16 20 mtDBP (pmol)

1 2 3 4 5

Fig. 9.2. Transcription termination assays with recombinant mtRNAP and mtDBP.
(A) Scheme of the 98-bp 3'-tailed DNA TermNCR(R) construct, used in the transcription
assays. The filled boxes indicate the 38 bp of the non-coding region of P. /ividus mtDNA
(the sequence and nucleotide position are shown); the mtDBP binding site, as from
DNasel footprinting analysis (77), is underlined. The arrow enclosed in the boxes marks
the orientation of mtDBP target site with respect to transcription direction. The open
boxes represent the flanking sequences (41 and 19 bp, respectively), which are
unrelated to sea urchin mtDNA; the thin line refers to the 3'-tail. Run-off and terminated
transcripts are indicated by arrowed lines. (B) Transcription termination assay. Tran-
scription reactions were performed in the presence of about 0.15 pmol of recombinant
mtRNAP, 2 pmol of the template, and the indicated amounts of mtDBP, corresponding to
a DNA/protein ratio of 1:3, 1:4, 1:8, and 1:10. DBPTerm refers to the terminated products
generated by mtDBP. Positions of the RNA markers corresponding to the *P-5' end
labeled RNA ladder, Decade Markers (Ambion), are shown on the left. Samples were
analyzed on a 12% polyacrylamide/7 M urea mini-gel, followed by phosphorimaging
analysis. The figure shows that, while in the absence of mtDBP a run-off product of about
100 nt is obtained (lane 1), the addition of increasing amounts of the protein factor (lanes
2-5) causes the progressive decrease in the intensity of the run-off band and the gradual
appearance of shorter transcripts. The size of these transcripts (between 50 and 55 nt)
corresponds to that of molecules arrested at the protein binding site (modified from
Ref. (16) with permission).

time, due to resumption of elongation by the stalled enzyme.
In the case of transcription termination, which involves dis-
sociation of the enzyme and RNA from the template, the
above ratio should not change with time. Quantification of
the run-off and the terminated bands indicates that the tran-
script ratio remains constant, with the shorter transcript per-
sisting for up to 200 min of incubation, a time longer than the
half-life of the mtDBP-DNA complex (150 min, Ref. (11)).
Therefore we conclude that mtDBP promotes true transcrip-
tion termination rather than polymerase pausing.
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mn 0 30 100 200 M
RO—» . -

Ratio /RO 2.18 2.17 2.18 2.09

Fig. 9.3. Pulse-chase of transcription elongation by mtRNAP in the presence of
mtDBP. After a pulse-label of 15 min with [o->2P]UTP, the reaction was chased with an
excess of unlabeled UTP. Samples (20 pl) were taken at the indicated time-points and
analyzed on a 12% polyacrylamide/7 M urea mini-gel, followed by phosphorimaging
analysis. Values below the picture of the gel indicate the ratio of the labeling of the
terminated (T) to run-off (RO) transcripts for each time-point. The ratio does not change
appreciably, with the shorter transcript persisting for up to 200 min of incubation. This
implies that mtDBP promotes real transcription termination rather than pausing (mod-
ified from Ref. (76) with permission).

4. Notes

1. When you construct the template for transcription termina-
tion assay, make sure that the predicted relative size of termi-
nated and run-off transcripts is such that they do not migrate
too closely in the gel.

2. Usually, dC is preferred to other nucleotides to make the
template tail, as it increases the transcription activity of the
RNA polymerase II (19), and, presumably, of the mitochon-
drial enzyme. Concerning the length of the 3’-overhang,
15-16 nt (preferably not less, for an efficient initiation) are
as good as 100 nt; however, if you employ oligonucleotides,
15 or 16 nt long tails are obviously more convenient than
longer tails, given the difficulties and costs of long oligonu-
cleotide synthesis.

3/-tailed templates may also be prepared by adding the
poly(dC) tail to a double-stranded DNA fragment obtained
by PCR. Tailing can be performed by a C-tailing reaction in
the presence of Terminal deoxynucleotidyl Transferase
(TdT). Methods for the dC-tailing reaction with TdT are
reported in many manuals (see Ref. (18)). Since it is known
that the TdT reaction produces tails of variable length that
could affect the transcription efficiency, it is important to
optimize the reaction conditions in order that the size of the
dC tails varies between about 20 and 500 nt, with the average
tail length being around 100 nt. The length and heterogene-
ity of poly(dC) extensions are checked by comparing ona 10%
polyacrylamide gel the migration of tailed and untailed DNA:
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the untailed product should run as a tight band whereas the
tailed fragment should migrate more slowly and form a slight
smear. Heterogeneity of the extensions does not affect the
size of the transcription products since transcription on tailed
templates has been shown to initiate at sites that are three to
six residues outside the tail-duplex junction, independently of
the length of the tail (19).

. To allow complete annealing of the oligonucleotides, design,
if possible, sequences that do not form strong secondary
structures.

. All solutions are prepared in water that has a resistivity of
18.2 MQ cm. This is referred as “double-distilled water” in
the text.

. Termination experiments could be also performed with het-
erologous polymerases (e.g., human mtRNAP or bacterioph-
age T3 or T7 RNAP), if you wish to investigate the ability of a
termination factor to arrest the elongation by heterologous
polymerases. Such an assay can be performed either with non-
selective templates or with templates containing the specific
promoter, provided that they all contain the target site of the
termination factor. An experiment of this type was carried out
to demonstrate the termination role of the Drosophila factor
DmTTF (15).

. In vitro transcription reactions with purified mitochondrial
RNA polymerases are performed in excess of DNA template.
Therefore the optimal ratio of enzyme to template in the
transcription reaction should be determined. This is per-
formed by preliminary experiments in the presence of a fixed
amount of enzyme and variable amounts of template. RNA
polymerase should not be saturating to prevent the possibility
that large amounts of enzyme are stalling at the end of the
linear template and blocking subsequent enzyme molecules.

. Nucleic acids precipitation is effective at —20°C, even at very
low concentrations. In the case of RNA transcripts formed
during a transcription reaction, the use of co-precipitant
(purified RNase-free glycogen) is essential for effective RNA
precipitation. In this case the 2-h incubation at —-80°C gives at
least 90% recovery.

. Usually, the pattern of the transcription products obtained
with a termination assay is quite simple as it shows only two
prominent bands (sez Fig. 9.2B): the higher molecular
weight band, corresponding to the run-oft, and the shorter
product whose size corresponds to that of a molecule ending
at the protein—-DNA complex. A protein-dependent termina-
tion event is characterized by the fact that the intensity of the
shorter band varies proportionally with the amount of the
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added termination factor, whereas that of the run-oft bands
decreases (see Fig. 9.2B). In some cases, however, it can be
desirable to map exactly the terminated molecules. This is done
by S1 protection analysis of the labeled transcripts in the pre-
sence of a complementary riboprobe. S1-resistant products are
then separated on a 5% polyacrylamide/7 M urea gel. The
procedure to perform this assay is reported in Ref. (20).
Acknowledgments
This work was supported by grants from M.I.U.R.-COFIN PRIN
2005 and “Universita di Bari”: Progetto di Ricerca di Ateneo
2006, and by a Short-Term Fellowship from Federation of Eur-
opean Biochemical Societies (FEBS) to P.L.D.
References
1. Montoya J, Lopez Perez M]J, Ruiz-Pesini E crustacean Artemia franciscana. Eur. J. Bio-
(2006) Mitochondrial DNA transcription chem. 250, 514-523.
an('i disc.:ase: past present and future. Bio- 8. Park CB, Asin-Cayuela J, Camara Y, Shi Y,
chim. Biophys. Acta 1757,11179-1189. Pellegrini M, Gaspari M, Wibom R, Hul-
2. Falkenberg M, Larsson NG, Gustafsson CM tenby K, Erdjument-Bromage H, Tempst
(2007) DNA replication and transcription P, Falkenberg M, Gustafsson CM, Larsson
in mammalian mitochondria. Annu. Rev. NG (2007) MTERF3 is a negative regulator
Biochem. 76, 679-699. of mammalian mtDNA transcription. Cell.
3. Dubrovsky EB, Dubrovskaya VA, Levinger 130,273-285.
L, Schiffer S, Marchfelder A (2004) Droso- 9. Kruse B, Narashiman N, Attardi G (1989)
phila RNase Z processes mitochondrial and Termination of transcription in human
nuclear pre-tRNA 3’ ends in vivo. Nucleic mitochondria: identification and purifica-
Acids Res. 32,255-262. tion of a DNA binding protein that pro-
4. Cantatore P, Roberti M, Loguercio Polosa motes termination. Cell. 58, 391-397.
P, Mustich A, Gadaleta MN (1990) Map- 10. Martin M, Cho J, Cesare AJ, Griffith JD,
ping and characterization of Paracentrotus Attardi G (2005) Termination factor-
lividus mitochondrial transcripts: multiple mediated DNA loop between termination
and overlapping transcription units. Curr. and initiation sites drives mitochondrial
Genet. 17, 235-245. rRNA synthesis. Cell. 123, 1227-1240
5. Berthier F, Reanaud M, Alziari S, Durand R 11. Loguercio Polosa P, Roberti M, Musicco C,
(1986) RNA mapping on Drosophila mito- Gadaleta, MN, Quagliaricllo E, Cantatore P
chondrial DNA: precursors and template (1999) Cloning and characterisation of
strands. Nucleic Acids Res. 14,4519-4533 mtDBP, a DNA-binding protein which binds
6. Roberti M, Loguercio Polosa P, Bruni F, two distinct regions of sea urchin mitochondrial
Musicco C, Gadaleta MN, Cantatore P DNA. Nucleic Acids Res., 27, 1890-1899.
(2003) DmTTEF, a novel mitochondrial 12. Loguercio Polosa P, Deceglie S, Roberti M,
transcription termination factor that recog- Gadaleta MN, Cantatore P (2005) Contra-
nizes two sequences of Drosophila melano- helicase activity of the mitochondrial tran-
gastermitochondrial DNA, Nucleic Acids scription  termination  factor mtDBP.
Res. 31, 1597-1604. Nucleic Acids Res. 33, 3812-3820.
7. Carrodeguas JA, Vallejo CG (1997) Mito- 13. Roberti M, Bruni F, Loguercio Polosa D,

chondrial transcription initiation in the

Gadaleta MN, Cantatore P (2006) The



14.

15.

16.

Drosophila termination factor DmTTF reg-
ulates in vivo mitochondrial transcription.
Nucleic Acids Res. 34,2109-2116.

Roberti M, Fernandez-Silva P, Loguercio
Polosa P, Fernandez Vizarra E, Bruni F,
Deceglie S, Montoya J, Gadaleta MN, Can-
tatore P (2005) In vitro transcription termi-
nation activity of the Drosophila
mitochondrial ~ DNA-binding  protein
DmTTF, Biochem. Biophys. Res. Commun.
331, 357-362.

Roberti M, Bruni F, Loguercio Polosa P,
Manzari C, Gadaleta MN, Cantatore P
(2006). The Drosophila termination factor
DmTTF regulates in vivo mitochondrial tran-
scription. Nucleic Acids Res. 34,2109-2116.
Loguercio Polosa P, Deceglie S, Falkenberg
M, Roberti M, Di Ponzio B, Gadaleta MN,
Cantatore P (2007) Cloning of the sea
urchin mitochondrial RNA polymerase

17.

18.

19.

20.

Mitochondrial Transcription 141

and reconstitution of the transcription
termination system. Nucleic Acids Res. 35,
2413-2427.

Falkenberg M, Gaspari M, Rantanen A, Tri-
funovic A, Larsson NG, Gustafsson CM
(2002) Mitochondrial transcription factors
Bl and B2 activate transcription of human
mtDNA. Nat. Genet. 31, 289-294.
Sambrook J, Russel DW (2001) Molecular
Cloning. A Laboratory Manual. Cold
Spring Harbor Laboratory Press. Cold
Spring Harbor New York.

Dedrick RL, Chamberlin MJ (1985) Studies
on transcription of 3’-extended templates by
mammalian RNA polymerase II. Parameters
that affect the initiation and elongation reac-
tions. Biochemistry, 24, 2245-2253.

Micol V, Fernandez-Silva P, Attardi G
(1996) Methods Enzymol. Academic Press
264, 158-173.



Chapter 10

Oxidative Phosphorylation: Synthesis of Mitochondrially
Encoded Proteins and Assembly of Individual Structural
Subunits into Functional Holoenzyme Complexes

Scot C. Leary and Florin Sasarman

Abstract

The bulk of ATP consumed by various cellular processes in higher eukaryotes is normally produced by five
multimeric protein complexes (I-V) embedded within the inner mitochondrial membrane, in a process
known as oxidative phosphorylation (OXPHOS). Maintenance of energy homeostasis under most phy-
siological conditions is therefore contingent upon the ability of OXPHOS to meet cellular changes in
bioenergetic demand, with a chronic failure to do so being a frequent cause of human disease. With the
exception of Complex II, the structural subunits of OXPHOS complexes are encoded by both the nuclear
and the mitochondrial genomes. The physical separation of the two genomes necessitates that the
expression of the 13 mitochondrially encoded polypeptides be co-ordinated with that of relevant
nuclear-encoded partners in order to assemble functional holoenzyme complexes. Complex biogenesis is
a highly ordered process, and several nuclear-encoded factors that function at distinct stages in the
assembly of individual OXPHOS complexes have been identified.

Key words: Mitochondria, oxidative phosphorylation mtDNA, pulse-chase labeling, mitochondrial
translation, holoenzyme assembly, blue native PAGE.

1. Introduction

The mitochondrial content of most eukaryotic cells is largely a
reflection of their bioenergetic requirements. Transient increases in
cellular ATP demand can generally be met by the existing population
of mitochondria, because the abundance of the five multimeric
protein complexes (I-V) that catalyze oxidative phosphorylation
(OXPHOS) is in slight excess of that required to maintain energy
homeostasis under normal conditions (1); however, chronic
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bioenergetic shortfalls resulting from either genetic perturbations or
environmental and physiological stimuli trigger an adaptive
response, in which the mitochondrial content of the cell is increased
in an attempt to restore energy homeostasis (2, 3).

Both the maintenance of existing levels of OXPHOS com-
plexes and the adaptive increases in their abundance that accom-
pany mitochondrial biogenesis require the de novo synthesis of
individual structural subunits. Thirteen proteins critical to the
biogenesis of Complexes I, III, IV, and V are encoded by mito-
chondrial DNA (mtDNA), and a large number of nuclear-encoded
accessory factors regulate their expression at either the transcrip-
tional or the translational level (4). The stability of newly synthe-
sized mitochondrial proteins is dependent upon their insertion
into the inner mitochondrial membrane and subsequent assembly
with relevant nuclear partners to form functional holoenzyme
complexes, a process that is frequently facilitated by one or more
nuclear-encoded assembly factors. The apparent interdependence
of the biogenesis of some OXPHOS complexes may be explained
by their eventual organization into higher order structures termed
supercomplexes (5).

Changes in both the synthesis and the stability of mitochond-
rially encoded proteins can be readily quantified in cultured cells by
labeling with radioactive (**S) methionine in the presence of the
appropriate inhibitors of cytoplasmic translation. Differences in
the absolute levels of the holoenzymes themselves can be assessed
by blue-native polyacrylamide gel electrophoresis (BN-PAGE),
followed by conventional immunoblotting with commercially
available antibodies. Both of these techniques are straightforward
and may provide considerable mechanistic insight into the mole-
cular genetic basis of not only human disease but also physiological
adaptation to a range of intrinsic and extrinsic stimuli.

2. Materials

2.1. Pulse-Chase
Labeling of the
Mitochondrial
Translation Products

2.1.1. Labeling of
Mitochondrially
Synthesized Proteins with
Radioactive (*°S)
Methionine and Cysteine

1. Labeling medium: Dulbecco’s Modified Eagle’s Medium
(DMEM) without methionine and cysteine (Gibco — Invitro-
gen Corp., Carlsbad, CA), supplemented with 10% dialyzed
fetal bovine serum (FBS), 1X glutamax and 110 mg/1 sodium
pyruvate (see Note 1). Store at 4°C.

2. Regular DMEM supplemented with 10% FBS. Store at 4°C.

3. Phosphate-buffered saline (PBS) reconstituted from tablets
and sterilized by autoclaving. Store at room temperature.

4. Inhibitors of cytoplasmic translation: emetine (Sigma—Aldrich,
St. Louis, MO) for pulse-labeling or anisomycin (Sigma-Aldrich)



2.1.2. Sample Preparation

2.1.3. SDS-Polyacrylamide
Gel Electrophoresis (SDS-
PAGE)

2.1.4. Generation and
Analysis of the Data
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for chase-labeling. In each case, prepare a 2 mg/ml solu-
tion in PBS, and sterilize by passing through a 0.2-um
syringe filter (Sarstedt, Newton, NC). Make fresh as
required.

. Pro-Mix L-(*®S) in vitro cell-labeling mix, >1,000 Ci/mmol

(EasyTag, PerkinElmer Life and Analytical Sciences, Wood-
bridge, ON ) (see Note 2). Store at 4°C. Observe handling
and storage conditions required for this particular radioactive
isotope.

. Chloramphenicol (CAP, Sigma—Aldrich) for chase-labeling.

Prepare a 1 mg/ml solution in regular DMEM without serum
(see Note 3), then sterilize by passing through a 0.2-pm
syringe filter. Stable at 4°C for up to 1 week.

. Cell lifters (Corning, Inc. Life Sciences, Lowell, MA).

. Gel loading buffer (2X): 186 mM Tris—-HCI, pH 6.7 — 6.8,

15% glycerol, 2% sodium dodecyl sulfate (SDS), 0.5 mg,/ml
bromophenol blue, 6% B-mercaptoethanol (B-ME). Store at
room temperature. Add B-ME just before use.

. Micro-BCA™ Protein Assay Kit (Pierce Biotechnology,

Rockford, IL).

. High Intensity Ultrasonic Processor (Sonics & Materials,

Inc., Danbury, CT).

. Separating buffer (4X): 1.5 M Tris—-HCI (pH 8.8), 8 mM

EDTA-Na,, 0.4% SDS. Store at room temperature.

. Stacking buffer (4X): 0.5 M Tris—-HCI (pH 6.8), 8 mM

EDTA-Na,, 0.4% SDS. Store at room temperature.

. Thirty percent acrylamide/bisacrylamide solution (37.5:1)

(Bioshop Canada, Burlington, ON, Canada). Avoid exposure
to unpolymerized solution, as it is a neurotoxin. Store at 4°C.

. N,N,N,N-Tetramethylethylenediamine (TEMED, Bioshop,

Canada). Store at 4°C.

. Ammonium persulfate (APS): prepare a 10% solution in dou-

ble-distilled water. Make fresh as required.

.- Running buffer (1X): To 3 1 double-distilled water (total volume

required for one run), add 9.08 g Tris base, 43.25 g glycine, and
3.0 g SDS. Do not pH. Store at room temperature.

. Molecular weight markers: Page Ruler™ Pre-stained Protein

Ladder (Fermentas, Glenburnie, MD).

. WIZ Peristaltic Pump (Teledyne Isco, Lincoln, NE).

. SGD2000 Digital Slab Gel Dryer (Thermo Fisher Scientific,

Waltham, MA).
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2
2.2. Blue Native 1.
Polyacrylamide Gel
Electrophoresis (BN- 2
PAGE)

3
2.2.1. Cell Culture and
Sample Preparation

4.

5

0.

7.
2.2.2. BN-PAGE 1.

. Storm 840 Gel and Blot Imaging System (GE Healthcare).

PBS and DMEM supplemented with 10% FBS, prepared and
stored as described in Section 2.1.1.

. Trypsin solution (0.05% final in PBS) (Gibco — Invitrogen

Corp.). Store at 4°C.

. Bovine serum albumin (BSA) diluted to 1 mg/ml in dou-

ble-distilled water and Bradford reagent (Bio-Rad, Her-
cules, CA).

Digitonin (EM Biosciences, San Diego, CA) resuspended at
4 mg/ml in PBS (sec Note 4).

. Blue native (BN) sample bufter: 0.5 ml 3X gel buffer (1.5 M

aminocaproic acid [Sigma—Aldrich], 150 mM Bis-tris [Bio-
shop, Canada], pH 7.0), 0.5 ml 2 M aminocaproic acid, and
4 ul 500 mM EDTA (see Note 5). Stable for 6-12 months
when stored at 4°C.

Lauryl maltoside (Roche) as a 10% solution in double-dis-
tilled water (see Note 6).
Coomassie Brilliant Blue G-250 (SBG) (Bio-Rad) as a 5%

solution in 0.75 mM aminocaproic acid (se¢ Note 7). Store
indefinitely at 4°C.

Acrylamide /bisacrylamide (AB) mix: 48% acrylamide, 1.5%
bisacrylamide [99.5%T, 3%C] (Bioshop, Canada) (see Note
8). Store for 6-12 months at 4°C.

2. 3X Gel bufter (see Section 2.2.1).

2.2.3. Western Blotting and 1.

Immunodetection 2

87% Glycerol (EM Biosciences) stock solution (in water).
Store indefinitely at room temperature.

Colorless cathode bufter: 15 mM Bis-tris, 50 mM Tricine
(EM Biosciences), pH 7.0.

. Blue cathode bufter: colorless cathode buffer containing

0.02% SBG.
Anode bufter: 50 mM Bis-tris, pH 7.0 (see Note 9).

APS and TEMED, prepared and stored as described in
Section 2.1.3.

. Protein standards: high molecular weight native marker kit

(Pharmacia) (see Note 10).

Trans-blot SD semi-dry transfer cell (Bio-Rad).

. Transfer buffer: To 1 | double-distilled water, add 5.8 g Tris

base, 2.93 g glycine, 0.75 g SDS, and 200 ml methanol. Do
not pH. Store at room temperature.
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3. Nitrocellulose (Pall Corporation, Mississauga, ON,
Canada) and Whatman 3 M paper (Schleicher & Schuell,
New Jersey, NJ).

4. Tris-buffered saline (TBS) (10X): To 2 1 of double-distilled
water, add 48.4 g Tris base, 160 g NaCl. Do not pH
(see Note 11). Store indefinitely at room temperature.

5. Barnstead Lab Line Maxi Rotator (VWR scientific, Missis-
sauga, ON; Canada).

6. Blocking solution: 5% BSA dissolved in 1X TBS supplemen-
ted with 0.1% Tween-20 (TBS-T).

7. Primary and secondary antibody solution: TBS-T supplemen-
ted with 2% BSA.

8. Primary antibodies (Mitosciences, Eugene, OR) for Com-
plexes I (anti-39 kDa), II (anti-SDHA), III (anti-core 1), IV
(anti-COX I or anti-COX IV), and V (anti-ATPase «).

9. Secondary antibody: anti-mouse IgG conjugated to horse-
radish peroxidase (Cedarlane Laboratories, Burlington, ON,
Canada). Enhanced chemiluminescent (ECL) reagents (Cell
Signaling Technology, Danvers, MA) and Hyclone CL film
(Denville Scientific, Inc., Metuchen, NJ).

10. Stripping solution: To 0.5 1 of double-distilled water, add
31.5 ml Tris=HCI (pH 7.5), 10 g SDS, and 3.9 ml B-ME
(see Note 12).

11. Sciera shaking water bath (Bellco Biotechnology, Vineland,
NJ).

3. Methods

Pulse-labeling of mitochondrial translation products allows for an
assessment of both the expression of individual proteins and the
global rate of mitochondrial protein synthesis. Chase-labeling
further permits for an evaluation of the stability of mitochondrially
encoded proteins, and by extension, their assembly into the multi-
meric holoenzyme complexes of OXPHOS. In both cases, cells are
exposed to a mixture of radiolabeled methionine and cysteine in
the presence of an inhibitor of cytoplasmic translation, which
allows for the specific radiolabeling of mitochondrially encoded
proteins. There are, however, three main differences between
pulse- and chase-labeling: first, the length of the chase, defined
as the incubation time in regular, “cold” medium following
removal of the radiolabel; second, the type of inhibition of cyto-
plasmic translation (i.e., irreversible versus reversible); and third,



148

Leary and Sasarman

exposure to chloramphenicol, a reversible inhibitor of mitochon-
drial translation that is only used for chase-labeling. With pulse-
labeling, the short duration of the chase (i.e., 10 min) allows for
the use of an irreversible inhibitor of cytoplasmic translation such
as emetine. In contrast, a reversible inhibitor of cytoplasmic trans-
lation is required when chase-labeling, because cells are main-
tained in culture for a period of time that is sufficient (up to
17 h) to quantify the rate of degradation of radiolabeled proteins.
For this purpose, we use anisomycin, although several other
groups prefer cycloheximide (6, 7). Finally, in chase-labeling,
cells are exposed to chloramphenicol prior to incubation with the
radioisotope. This results in the accumulation of'a pool of nuclear-
encoded structural subunits within the mitochondria, an event
which facilitates the assembly of nascent OXPHOS complexes
subsequent to the radiolabeling of mitochondrially encoded sub-
units (8).

As outlined in this chapter, the pulse-chase labeling procedure
can be applied to all types of adherent cells, independent of either
the species of origin or their proliferative state (i.c., dividing versus
terminally differentiated) and regardless of whether they are trans-
formed, primary, or immortalized. It is important to recognize,
however, that the characteristic pattern of mitochondrial transla-
tion is unique to each individual species, even when the identical
cell type is being considered. Variation across both the individuals
and the tissues within a single species is also possible. This variation
can be qualitative, with differences in the electrophoretic mobility
of a specific protein (6, 7) or quantitative, with differences in the
overall abundance of mitochondrial translation products (also see
Fig. 10.1). Such qualitative differences can be due to neutral
polymorphisms, while quantitative differences likely reflect differ-
ent energetic requirements across cell types. Itis therefore essential
that all of the appropriate controls be included in each experiment.

Pioneered in the early 1990s by Schagger and colleagues (9,
10), BN-PAGE has emerged as the technique of choice to examine
the assembly and abundance of OXPHOS complexes within the
inner mitochondrial membrane. In its original form, Coomassie
dyes were used to impart the charge shift necessary for detergent
solubilized proteins to be fractionated by size in a non-ionic gel
and butfter system. The technique has since been refined to permit
studies of the organization of OXPHOS complexes into higher
order structures known as supercomplexes (11); however, it is
described here in its simplest form, which results in the release of
OXPHOS complexes from the inner mitochondrial membrane in
either their monomeric (Complexes I, I, IV, and V) or dimeric
forms (Complex III). Detailed instructions are provided for using
digitonin to prepare an enriched mitoplast fraction starting from
whole cells (12), an approach we favor because much smaller
amounts of starting material are required for downstream analyses.
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Fig. 10.1. In vivo analysis of mitochondrial translation by pulse-chase labeling. Panel A: Typical pattern of pulse-labeled
mitochondrial translation products in human cultured cells, shown here for immortalized myoblasts. The 13 mitochond-
rially synthesized proteins are indicated at the left of the panel: ND, subunits of Complex I; CO, subunits of Complex IV; ATP,
subunits of Complex V; and cyt b, subunit of Complex Ill. Panel B: Pulse- (1,2) and chase- (3,4) labeling of two lines of
immortalized human fibroblasts. Note that in chase-labeling the two Complex V subunits are preferentially stabilized, a
characteristic event resulting from the addition of CAP. Panel C: Increased levels of mitochondrial translation products in
the transformed cell line HEK293 (2), when compared to a line of immortalized myotubes (1). The two lanes are part of the
same gel and have been placed side-by-side to facilitate comparison. Panel D: Different migration of the ND1 subunit
(most likely due to a neutral polymorphism) in two different lines of immortalized human fibroblasts analyzed by pulse-
labeling. Panel E: Difference between human and mouse cultured cells in the overall pattern of pulse-labeled mitochon-
drial translation products, shown here for the human osteosarcoma line 143B (1) and the mouse myeloma line A9 (2). In all
panels, each lane contains 50 pg of total cellular protein.
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3.1. Pulse-Chase
Labeling of the
Mitochondrial
Translation Products

3.1.1. Labeling of
Mitochondrially
Synthesized Proteins with
Radioactive (*°S)
Methionine and Cysteine

If the starting material is either abundant or prevents the
use of such an approach (e.g., autopsy/biopsy material), mito-
chondria may be isolated by differential centrifugation prior to
solubilization in lauryl maltoside. It is also important to note that
although we focus on the analysis of cultured human cell lines,
BN-PAGE can also be used to study OXPHOS complexes in a
range of tissues and cell types derived from both model organisms
and non-traditional species. The primary limitation when extend-
ing this methodology to investigate non-traditional paradigms,
however, is the availability of primary antibodies that will recog-
nize structural subunits of the various OXPHOS complexes. While
some commercially available antisera against human proteins do
crossreact with their homologues in other species (13), these must
be tested empirically.

1. One 60-mm tissue culture plate is required for each cell
line to be labeled. Split dividing cells such that on the day
of the experiment, they are between 75 and 90% confluent
(see Note 13).

2. If cells will be chase-labeled, prepare the CAP solution.

3. For chase-labeling only, aspirate growth medium from each
plate 22-24 h prior to the start of the labeling procedure, and
add 4.8 ml fresh growth medium and 200 pl CAP solution (total
volume of 5 ml/plate, final CAP concentration of 40 pug/ml).

4. At least 30 min before the start of the labeling procedure,
pipette the total volumes of labeling medium (2 ml/plate)
and of DMEM+10% FBS (5 ml/plate) that are required for
the entire experiment into two separate tissue culture plates,
and place them in the incubator. This step will allow the
media to equilibrate to 5% CO, and 37°C (see Note 14).

5. For each plate to be labeled, aspirate the growth medium and
wash twice with 3 ml PBS.

6. Add 2 ml equilibrated labeling medium /plate, and incubate
for 30 min (se¢e Note 15). During this time, prepare and
sterilize a 2 mg/ml solution of either emetine (pulse-labeling)
or anisomycin (chase-labeling).

7. Add 100 pl of the appropriate inhibitor of cytoplasmic trans-
lation (final concentration of 100 pg,/ml) to each plate and
incubate for 5 min.

8. Add 400 pCi of EasyTag labeling mixture to each plate (final
concentration of 200 pnCi/ml) and incubate for 60 min.

9. Remove labeling mixture from cells and dispose oft'it accord-
ing to University guidelines for the handling of radioisotopes.
For pulse-labeling, add 5 ml of equilibrated DMEM+10%
FBS /plate and return to the incubator for 10 min. For chase-



3.1.2. Sample Preparation

3.1.3. SDS-PAGE

10.
11.

12.
13.
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labeling, wash cells once with either DMEM+10% EBS or
with PBS, and chase in DMEM+10% FBS (5 ml/plate) for up
to 17.5 h (see Note 16).

Wash cells three times with PBS (see Note 17).

Using the cell lifter, scrape cells in 0.7-0.8 ml ice-cold PBS and
then use a pipette to transfer the entire volume to an Eppen-
dort tube. Repeat with an additional 0.7-0.8 ml ice-cold PBS
to collect cells remaining on the plate, and transfer to the same
Eppendort tube (total volume of ~1.5 ml) (se¢e Note 18).

Collect cells by centrifugation at 1,500 x g for 10 min at 4°C.

Aspirate PBS and resuspend the pellet in 200 pl ice-cold PBS.
From this point onward, keep cells on ice until they are
resuspended in gel loading buffer. Samples may now be
stored at —80°C for later use or the procedure may be con-
tinued (see Note 19).

. Use the Micro-BCA™ Protein Assay Kit to determine the

protein concentration of each sample. Duplicates of 5 and
10 pl are used, and the protein concentration for each of the
duplicates must be within 10-15% of each other, otherwise
the measuremen