Peptide Analyses of Transmembrane Proteins

however, the protease sensitivity increases under alkali
conditions (5, 34). These transmembrane peptide por-
tions, classified as “category 2, are shielded from the
lipid bilayer by other membrane peptide portions, and
peptide-peptide interactions occur (5, 6). These portions
are more flexible than typical transmembrane segments
that interact with lipids, and must be important for a
transporter mechanism induced by conformational changes
(85). Other chemical anion transport inhibitors that
attack Lys 851 (21, 22), Glu 681 (20} and His 834 (23) are
concentrated in category 2 peptide portions (34). Espe-
cially, His 834 play an essential role in the conforma-
tional change that occurs during band 3 mediated anion
transport (23). As discussed above, Lys 590 has a role in
regulating anion transport activity and allosteric interac-
tions with the anion binding site. These findings support
our idea that the “category 2" peptide portions, including
that containing Lys 590 in TM 6, play an important role
in the anion transport mechanism (5, 6, 35).

An interesting result was cbtained in the case of tryp-
tic peptides of the transmembrane domain of band 3
modified by SITS. Trypsin cleavable sites on band 3, Arg
384, Arg 387, Arg 388, Arg 389, Arg 432 and Lys 430,
were all susceptible to trypsin when band 3 was not mod-
ified by SITS (5, 34). When band 3 was covalently modi-
fied with SITS, all these trypsin cleavable sites became
resistant and a 22-kDa fragment (from Gly 361 to Lys
551) was recovered from the SITS-medified membranes
even though the membranes were extensively digested
with trypsin (see Fig. 2B, peak a in Fig. 6A and Table 3).
The same 22-kDa fragment peak (peak a in Fig. 6A) was
also recovered from SITS-modified membranes when the
membranes were digested with trypsin, chymotrypsin or
proteinase K (data not shown), indicating that a region of
band 3 including the 22-kDa fragment is resistant to pro-
teinases when band 3 is covalently modified by SITS. We
have shown that the N-terminal region of the transmem-
brane domain of band 3 is essential for the anion trans-
port activity (36}, and that the N-terminal region of the
membrane domain (from Gly 361 to Ala 408) interacts
with the lcop between TM 13 and TM 14 (34). These
regions are hidden from the cytoplasmic surface when
band 3 takes the outward conformation (Takazaki et al.,
unpublished data). It has been shown that DIDS stabi-
lizes the band 3 conformation (37) and that stilbene com-
pounds such as DIDS and SITS alter the band 3 confor-
mation from the inward to the outward conformation (38,
39). Previous studies have suggested that band 3 con-
tains subdomains comprising TM 1-5, TM 6-8, and TM
9-12 that interact with each other (5, 6, 34, 40). The
present results indicate that the 22-kDa fragment region
including TM 1-5 (from Ser 401 to Phe 544) forms a sub-
domain of band 3, and that the subdomain is resistant to
proteinases in sitz when SITS binds covalently to band 3.
Although DNFB also binds to the same Lys 539 as SITS,
DNFB does not stabilize the 22-kDa fragment region.

In conclusion, we present here an analytical method
for use with erythrocyte membrane proteins. The method
comprising amino acid sequencing, MALDI-TOF and LC/
ESI-MS is useful for the molecular study of band 3 and
other minor membrane proteins in erythrocyte mem-
branes. Furthermore we determined the important resi-
dues in band 3 for anion transport by identifying the
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chemically modified sites, and these residues play essen-
tial roles in anion transport mechanism. These findings
will promote a better understanding of membrane pro-
tein structure and function relationships.

This work was supported in part by Grants-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sports,
and Culture of Japan (N.H. and Y.A\}, and a grant from Kai-
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High-Sensitivity Detection of the A3243G
Mutation of Mitochondrial DNA by a Combination
of Allele-Specific PCR and Peptide Nucleic
Acid-Directed PCR Clamping
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Background: The A3243G mutation of mitochondrial
DNA (mtDNA) is involved in many common diseases,
including diabetes mellitus and mitochondrial encepha-
lomyopathy with lactic acidosis and stroke-like epi-
sodes (MELAS). For detection of this mutation, allele-
specific PCR is highly sensitive but requires strict
control of PCR conditions; it thus is not adequate for a
routine clinical test. We aimed to develop a routinely
available PCR method for quantitative detection of
low-level heteroplasmy of the A3243G mutation.
Methods: Quantitative allele-specific PCR for the
A3243G mutation was performed in the presence of
peptide nucleic acid (PNA), in which PNA is comple-
mentaty to the wild-type mtDNA, with one primer
having a 3' end matched to nucleotide position 3243 of
the mutant.

Results: With our method, amplification of wild-type
mtDNA was suppressed 7000-fold compared with am-
plification of the mutant mtDNA under a broad range of
conditions: DNA, 5-100 ng; annealing temperature, 61-
66 °C; and PNA, 1.5-3.5 pmol/L. Hence, 0.1% hetero-
plasmy of the A3243G mutation can be reliably quanti-
fied by this method. Blood samples form 40 healthy
volunteers showed <0.06% heteroplasmy, suggesting
that 0.1% is diagnostically significant.
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Conclusions: PNA maintains the specificity of allele-
specific PCR over a wide range of conditions, which is
important for routine clinical testing.

© 2004 American Association for Clinical Chemistry

All vertebrate mitochondria have semi-autonomously
replicating extranuclear genomes. Human mitochondrial
DNA (mtDNA)* encodes 13 subunits of the mitochondrial
respiratory chain, 22 tRNAs, and 2 rRNAs, all of which
are essential for assembly of the mitochondrial respiratory
chain that produces most of the cellular ATP. Inherited
mtDNA mutations have been associated with a variety of
neuromuscular disorders (1). More than 100 different
mtDNA mutations have been reported to be related to
various disorders, and that number is still increasing (1),
Because a cell may contain hundreds to thousands of
mtDNA molecules, heteroplasmy (coexistence of wild-
type and mutant mtDNA in a single cell) is usually
present in mitochondrial diseases. Disease symptoms
appear only when the percentage of mutant mtDNA
exceeds a particular value (threshold). It is therefore
common to find that affected tissues show a high percent-
age of the specific heteroplasmy, whereas other, appar-
ently unaffected cells in the same individual have much
lower percentages of the heteroplasmy or show no detect-
able mutations at that site.

Mitochondrial mutations are broadly classified into
two groups: rearrangements (deletions and duplications)
and point mutations. Among point mutations, an A-to-G

4 Nonstandard abbreviations: mtDNA, mitochondrial DNA; np, nucleotide
position; MELAS, mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes; DM, diabetes mellitus; RFLP, restriction fragment length
polymorphism; LMPCR, ligation-mediated PCR; PNA, peptide nucleic acid;
T, melting temperature; and SNP, single-nucleotide polymerphism.
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mutation at nucleotide position (np} 3243 in the human
mitochondrial tRNAY*(UUR) gene (A3243G) is the most
common. This particular mutation accounts for ~80% of
patients with mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes (MELAS) (2, 3).
The percentage of cells containing mtDNA with the
heteroplasmic A3243G mutation varies from tissue to
tissue as described above and may be highest in affected
tissues such as muscle and brain. However, samples that
may be easily attained in a noninvasive manner and
routinely used, such as blood or urinary cells, usually
show lower percentages of heteroplasmy. For example,
the A3243G mutation was detected in the blood of only 5
of 10 patients but was detected in the muscle of all 10
patients (4).

In addition to the classic mitochondrial encephalo-
myopathies such as MELAS, the A3243G mtDNA muta-
tion has been shown to be involved type Il diabetes
mellitus (DM) and aging (5). Normal ATP production in
mitochondria is critical, particularly for insulin secretion
from pancreatic beta cells (8). Consistent with this fact,
individuals with various types of MELAS often have
symptoms of diabetes (7, 8), and accumulation of the
mutation in pancreatic beta cells could cause adult-onset
DM. In fact, the mutation is also found in patients with
DM who were not previously diagnosed with MELAS (9).
Although many of these patients exhibit a variety of
neurclogic disorders, typically including deafness, the
A3243G mutation has also been found in DM patients
with few neuromuscular symptoms. Considering that the
heteroplasmy may be highest in affected tissues, the
pancreas may be a good source for examination of the
A3243G mutation in patients with diabetes (10); however,
pancreatic biopsy is not available for routine screening.
Instead, peripheral leukocytes and urinary epithelial cells,
which are obtained in a noninvasive manner, are com-
monly used in screening. The percentage of miDNA
mutations is usually higher in the latter than in the former
(11-13).

The A3243G mutation creates a new restriction site for
the restriction enzyme Apal; thus, this mutation is typi-
cally surveyed by a conventional PCR-restriction frag-
ment length polymorphism (RFLP) method in which a
region including np 3243 is PCR-amplified, digested with
Apal, and then stained with ethidium bromide after
agarose gel electrophoresis. This method can barely detect
the heteroplasmy at concentrations of 5-10% (14). Al-
though the prevalence of DM patients with the A3243G
mutation is estimated to be 1-2% of all DM patients (§), it
is highly likely that the A3243G mutation will be missed
in some DM patients by the RFLP method using periph-
eral blood cells (14, 15). To address this issue, we previ-
ously developed a sensitive ligation-mediated PCR-based
{LMPCR) method that is able to detect the A3243G
heteroplasmy present at a concentration of 0.01% (16).
With the LMPCR method, we were able to detect the
heteroplasmy present at 0.01-0.1% in approximately one-

Urata et al.: PNA-Assisted Allele-Specific PCR for mtDNA Mutation

half of 136 apparently healthy volunteers; no volunteer
had more than 0.1%. On the other hand, we found that the
heteroplasmy was present in concentrations >0.1% in the
leukocytes of 1% of 233 patients with type Il DM.

This LMPCR method is very specific and highly sensi-
tive, but it is only semiquantitative, in addition to being
somewhat laborious and time-consuming. Thus, it is not
an ideal routine clinical test, especially for large numbers
of samples. We developed a sensitive quantitative method
that combines peptide nucleic acid (PNA) and allele-
specific PCR (Fig. 1, bottom panel). This combination
increases the detection of the A3243 heteroplasmy by
approximately two orders of magnitude more than use of
PNA-directed PCR-clamping alone (Fig. 1, top panel).

Materials and Methods

BLOOD DONORS AND CELL LINES

Blood from 40 healthy donors who were mainly workers
in the Kyushu University Hospital was collected in tubes
containing 1.5 g/L disodium EDTA, The donors ranged in
age from their twenties to their fifties [mean (SD) age, 38.7
{11.9) years] and inciuded five males and five females in
each 10-year age group. Blood sampling was performed
after receipt of informed consent according to the ethics
guidelines of the Kyushu University Hospital. Two cybrid

[PNA-directed PCR-ctamping |

' 1 5
WT 5 UL, Lo 3
Jlommn T !
< 5
A3243G 5 G RN NN 3
| PNA-assisted allele-specific PCR |
C\———S'
3'IHI T III\5|
WT 5t A 3
3|_ T _5|
CTTTTS
A3243G 5 G 3

Fig. 1. Schemes for PNA-directed PCR clamping and PNA-assisted
allele-specific PCR.

The L-strand of miDNA around 3243 is shown as a thick black line, The 3243 site
is shown only by a nucleotide. Thin black and thick gray lines indicate a DNA
primer and PNA, respectively. The dotted arrow denotes newly synthesized DNA.
The PNA is designed to completely match a wild-type (WT) miDNA region including
np 3243 at its middle. In PNA-directed PCR-clamping (top panef), an antisense
primer DNA is designed to partly overlap the PNA-binding region but not to reach
np 3243. PNA usually binds to a DNA strand more strongly than does naturally
oceurring DNA; therefore, the PNA expefs the 3’ side of the primer from wild-type
mtONA and inhibits the amplification of wildtype mtDNA. In general, one
nucleotide mismatch makes the binding of PNA much weaker. Therefore, the
primer instead of the PNA binds to 3243 mutant mtDNA, leading to amplification
of the mutant mtDNA. In PNA-assisted allele-specific PCR {bottom panel), an
antisense primer is designed to end at np 3243 and to match to the 3243
mutant. Because of this 3’ mismatch, the amplification of wildtype mtDNA is
largely suppressed. In addition, because the PNA expels the 3’ side of the
primer, the amplification of wild-type mtDNA, is further inhibited. The PNA is more
efficiently detached from the 3243 mutant mtDNA in PNA-assisted allele-specific
PCR than in PNAdirected PCR clamping because the primer overfaps the PNA
region longer in the former than in the latter.

—82—



Clinical Chemistry 50, No. 11, 2004

cell lines carrying 100% wild-type and 100% A3243G
mutant mtDNA (25A and 25D, respectively) were made
by fusion of human mtDNA-deficient rho® 206 cells and
enucleated fibroblasts derived from a patient with
A3243G MELAS (17).

PREPARATION OF DNA

The total DNA of the cell lines and peripheral leukocytes
was extracted with QlAamp DNA extraction reagents
{QIAGEN). The DNA was treated with RNase A, ex-
tracted with phenol~chloroform (1:1 by volume), precip-
itated with ethanol, resolubilized in 20 pL of distilled
water, and quantified based on the absorbance at 260 nm.

PNA-ASSISTED ALLELE-SPECIFIC PCR

PNA (5'-ACCGGGCTCTGCCAT-3"), which was designed
to bind the L-strand, was obtained from FASMAC Co.,
Ltd. A sense primer, mtL1-1 (5'-CAT AAC ACA GCA
AGA CGA GAA GAC CCT ATG G-3"), and an antisense
primer, mt3243HC (5'-TTT TAT GCG ATT ACC GGG CC-
3"), were used. The standard PCR reaction mixture con-
sisted of 1X LightCycler mixture (LC-FastStart Reaction
Mix SYBR GREEN [; Roche) containing the DNA-binding
fluorescent dye SYBR Green I and Tag DNA polymerase,
25 pM PNA, 025 pM each primer, and 10 ng of total
DNA in 20 pL. Thermal cycling was conducted in a
LightCycler. The standard conditions were as follows: an
initial DNA denaturation step of 10 min at 94 °C and an
amplification step of 20 5 at 94 °C, 5 s at 77 °C, 5 5 at 70 °C,
10sat64°C, and 20s at 72°C. The 5s at 77 °C and 5 s at
70°C steps were inserted to slow the temperature de-
crease and allow binding of PNA to DNA. DNA amplifi-
cation was monitored in real time.

QUANTIFICATION oF mtDNA

An ~300-bp DNA fragment (np 16052-16361) was PCR-
amplified with sense primer 5mt16052 (5'-CCA C-
CC AAGTAT TGA CTC ACC C-3') and antisense primer
3mt339 (5'-CGA GAA GGG ATT TGA CTG TAA TG-3").
The PCR product was cloned into a TA vector, pQTmt.
The plasmid was quantified by the absorbance at 260 nm
and used as the calibrator for total mtDNA (wild-type and
the A3243G mutant) quantification. The PCR reaction
mixture for the quantification consisted of 1X LightCycler
mixture, 2.0 mM MgCl,, 0.5 pM each primer, and various
amounts of the pQTmt plasmid in 20 uL. Thermal cycling
was conducted in a LightCycler. The standard thermocy-
cling conditions were as follows: an initial DNA denatur-
ation step of 10 min at 95 °C and an amplification step of
155 at95°C, 5 s at 60 °C, and 15 s at 72 °C.

Similarly, an ~560-bp DNA fragment including the
A323G mutation (np 2703-3262) was PCR-amplified
with mtL1-1 and antisense primer mt3243HC (the same as
for the allele-specific PCR) and cloned into a TA vector;
we named this plasmid pQMmt and used it as the
calibrator for the A3243G mutant.
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Results and Discussion

DETERMINATION OF PCR CONDITIONS

We determined the optimum conditions for amplification
of the A3243G mutant mtDNA in two human cell lines,
25A and 25D, which carry 100% wild-type and 100%
A3243G mutant mtDNA, respectively. The two cell lines
contained essentially the same copy number of mtDNA
per total DNA (see the “Total” column in Table 1). When
we performed allele-specific PCR in the presence of PNA
using 10 ng of total DN'A in 20 uL of the reaction mixture,
the crossing point of 25D was ~15 cycles earlier than that
of 25A (Fig. 2A). The final fluorescent intensity of SYBR
Green I, which indicates the amount of double-stranded
DNA, was ~30% lower in 25A than in 2SD. We mixed the
two total DNAs at various ratios (from 0.1% to 10% 25D)
and found that 25A DNA with 0.1% 25D added could be
clearly distinguished from 100% 2SA (Fig. 2A). By con-
structing a calibration curve of crossing points vs percent-
age of 25D (100% to 0.1%; Fig. 2B), we could estimate a
25A concentration that corresponded to a mean (SD) of
0.014 (0.0008)% of 2SD (n = 3). Given that 2SA is 100%
wild type, the amplification of wild-type miDNA was
apparently suppressed ~7000-fold compared with the
A3243G mutant in this PNA-assisted allele-specific PCR.
The PCR products at the endpoint of the reaction (ie.,
after 50 cycles) are shown in Fig. 2C,

The PCR products for 25D were found at their antici-
pated band length of ~560 bp (Fig. 2C, lane 1). However,
in the case of 254, the 560-bp product was much less
prominent, and a lower band that may be derived from
the presence of “primer-dimers” was detected (Fig. 2C,
lane 5). The lower band was also observed in the absence
of mtDNA (Fig. 2C, lane 6). Notably, the lower primer-
dimer band was hardly seen even in 0.1% 25D (Fig. 2C,
lane 4), suggesting that the primer-dimer is formed only
when the amount of the mutant 3243 mtDNA is extremely
low or absent. From these results, the erroneous amplifi-
cation of wild-type mtDNA may actually be much lower
than that estimated by the fluorescence. As shown in the
melting curves of the PCR products (Fig. 2D), the 560-bp
product and the primer-dimer were readily distin-

Table 1, Estimation of 3243 heteroplasmy.”

Mean (SD) mtDNA copy
number/ng total DNA

Total Mutant Heteroplasmy, %
100% 250 19.1 (1.4} x 10" 18.6(3.4) x 10* 97.3(10.4)
10% 25D i7.5 (1.6} x 10 1.7 {0.5) X 10* 9.7(1.7)
100% 2SA 18.6 (1.6) x 10* 31.3(11.6) 0.013 (0.005)

® Conditions were as follows: 2.5 pM PNA, 10 ng of total DNA, and an
annealing temperature of 64 °C. The copy numbers of total mtDNA and mutant
MONA were measured as described in the Materials and Methods. Three
independent experiments were performed, with each experiment containing
three measuring points. The means in each experiment were averaged, and the
result is presented as the mean (SD). The heteroplasmy was detenmined by
mean values of total and mutant copy numbers in each independent experiment,
and then those values were averaged.
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(A), total DNA from 28D {100% mutant) and 25A {100% wild type) ceils was mixed and used for quantitative PCR of mtDNA carrying A3243G. The combined amount
of DNA was 10 ng in the reaction mixture. The PNA concentration was 2.5 uM, and the annealing temperature was 64 °C. Each value below the horizontal ling indicates
the percentage of 25D DNA, such that O (zero) indicates 100% 28A. H,0 indicates that the PCR was done In the absence of DNA. Arrows indicate crossing peints. (B},
calibration curve for the crossing points against percentage of 25D, {C), PCR products after 50 cycles were electrophoresed on a 1.0% agarose gel and stained with
ethidium bromide, Lane MW, molecular markers. (D), melting curves of PCR products after 50 cycles. The fluorescence of PCR products is differentiated on the y axis
(dF/d T) with respect to temperature. H,Q and 2SD showed a peak at 80 and 86 °C, respectively, whereas 25A showed peaks at both of these temperatures.

guished, with the former having a higher melting temper-
ature (T,,) than the latter (Fig. 2D).

We also examined whether this 15-cycle difference is
maintained at different concentrations of total DNA. We
varied the DNA amount from 1 to 100 ng. The 15-cycle
difference was maintained between 5 and 100 ng (see
Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.
org/content/vol50/issuell/). In addition, we changed
the annealing temperatures from 60°C to €68°C. The
15-cycle difference was not affected much between 61 and
66 °C (Table 2 in the online Data Supplement). It is
striking that the allele-specific PCR allows such a broad
range of annealing temperatures because usually strict
control of annealing temperatures is critical for assuring
high specificity, particularly in cases with heteroplasmy
<1%. Finally, we examined the effect of the PNA concen-
tration. Without PNA, allele-specific PCR revealed an

~10-cycle difference between 25A and 25D, whereas the
presence of PINA increased the difference by ~5 cycles
(Table 3 in the online Data Supplement). These results
suggest that allele-specific PCR plus PNA increases the
specificity of amplification of the A3243G mutant by two
orders of magnitude more than does PNA alone. The
15-cycle difference was observed with PNA concentra-
tions between 1.5 and 3.5 pmol/L (Table 3 in the online
Data Supplement).

DETERMINATION OF mtDNA coPY NUMBER

To quantitatively estimate the heteroplasmy, we deter-
mined the copy numbers of the mutant and total mtDNA.
For the former, plasmid pOMmt, which includes a DNA
fragment (np 2703-3262) containing the A3243G mutation
was constructed and used as the copy number calibrator
for the mutant mtDNA. We also added PNA in the PCR
reaction mixtures for the calibration curve to adjust the
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amplification efficiency of the mutant mtDNA. For the
latter, plasmid pQTmt, which includes a DNA fragment
{np 16052-16361), was constructed and used as the cali-
brator for determining copy number. Using these two
plasmids, we measured the copy numbers of mutant and
total mtDNA in 25A and 2SD cells and then calculated the
heteroplasmy. The heteroplasmy of 25D cells was 97.3%,
which is close to 100% (Table 1). The value for 2SA
(0.013%) is consistent with the estimate that was obtained
by mixing 25A and 25D (Fig. 2) and suggests that ~0.02%
heteroplasmy is a background in this measurement sys-
tem. The mixture of 25A and 25D DNA exhibited
amounts of heteroplasmy close to the mixing ratio (Table
1).

We next measured the heteroplasmy in blood samples
from 40 apparently healthy volunteers. When examining
the specimens from the volunteers, we always measured
25D in parallel. The obtained heteroplasmy value of the
25D sample was divided by a factor and adjusted to 100%.
For example, when the assay found 95% heteroplasmy for
25D from the measured copy numbers of mutant and
wild-type mtDNA, we divided the 95% by a factor of 0.95,
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and the same factor was applied to the values for the
specimens to minimize measurement errors. When we
used these techniques, no volunteer had more than 0.06%
heteroplasmy [mean (SD), 0.03 (0.01)%]. We therefore
concluded that finding 0.1% heteroplasmy is a reliable
indication of the presence of the mutation.

We then tested this method with two MELAS patients,
P1 and P2 (80% and 20% heteroplasmy, respectively,
according to our method; Fig. 3A). The results of conven-
tional PCR-RFLP analysis of those samples are shown
in Fig. 3B. The results for patient P2 were markedly
different from those for 2SA in the PNA-assisted allele-
specific PCR assay (Fig. 3A), but the Apal-cleaved bands
in the sample from patient P2 were only weakly visible in
the PCR-RFLP gel (Fig. 3B). The DNA from patient P1 was
diluted 8-, 80-, and 800-fold with DNA of a healthy
individual to make 10%, 1%, and 0.1% heteroplasmy, and
the resulting theoretical 0.1% heteroplasmy was clearly
distinguished from the DNA of a healthy volunteer (Fig.
3C). These results suggest that this new method is simi-
larly sensitive for DNA extracted from peripheral blood
cells from MELAS patients. We also examined 50 patients

28D 28A Pl P2 N
Apal - + - + - + -

+

+
- -ioo

'

1 2 345 678 9 10

Fig. 3. PNA-assisted allele-specific PCR for DNA in periph-
eral blood celis.

(4), total DNA (10 ng) extracted from peripheral blood cefls from two
MELAS patients (PI and P2) was used for PNA-assisted aflele-
specific PCR. As controls, 23A and 238D were run in parallel, {8),

PCR-RFLP analysis. The region between np 3132 and np 3464 was
PCR-amplified using the total DNA, and the resulting PCR products
were treated without {fanes 1, 3, 5, 7, and 9) or with Apal (Janes 2,
4, 6, and 10). N, healthy volunteer. (C), DNA from patient P1 was
diluted with DNA from a healthy volunteer (N). The theoretical
heteroplasmy is shown as an underlined number.
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with type Il DM and found 2 positive individuals, with
20% and 40% heteroplasmy, respectively (results not
shown).

Murdock et al. (18) have reported that 0.1% hetero-
plasmy of the A3243G mutation is detected by a PNA-
directed PCR-clamping method. However, in their report,
the PCR product for the mutation was barely detectable at
a 1% concentration when wild-type and mutant DNA
were mixed at 100:1. Thus, they needed to perform a
second round of PCR to make the signals visible. In
addition, digestion of the second-round PCR products
with a restriction enzyme was required to confirm the
presence of the mutation because wild-type mtDNA was
significantly amplified even at 1% in their system. Han-
cock et al. (19) also reported detection of 0.1% hetero-
plasmy by PNA-directed PCR clamping. Similarly, they
needed to sequence the PCR products to confirm the
A3243G mutation and to ensure that no other mutation
interfered with the PNA binding to the wild type. Ini-
tially, we also attempted simple PNA-directed PCR
clamping under many conditions, but we never suc-
ceeded in completely selectively amplifying the mutant
mtDNA, even at 1%; i.e., wild-type mtDNA was always
significantly amplified. Thus, under the present condi-
tions, it seems to be impossible to completely suppress the
amplification of wild-type mtDNA with PNA alone when
the heteroplasmy is 1% and the wild type is 99%. An
advantage to using a primer that does hot overlap the
3243 site (Fig. 1, top panel) is that amplification of the
mutant mtDNA can be definitively confirmed by enzyme
digestion or sequencing (18, 19). However, in our PNA-
assisted allele-specific PCR (Fig. 1, bottom panel), we did
not take this approach because we wished to develop a
simple but quantitative method that can be performed in
a typical clinical laboratory. Our method provides high
specificity over a broad range of PCR conditions. Espe-
cially striking is that selective amplification is maintained
over a wide range of annealing temperatures. This is
particularly important from the point of view of routine
clinical tests because we frequently encounter the prob-
lem of undesirable amplification by allele-specific PCR as
a result of small fluctuations in the annealing temperature
in PCR instruments, particularly when we are trying to
detect very low percentages of heteroplasmy. We believe
that the simple addition of PNA to any allele-specific PCR
may generally improve the stability of allele-specific am-
plification.

The T,, of PNA/DNA is usually reduced by one base
mismatch much more than is that of wild-type DNA/
DNA. The PNA-directed PCR clamping is strongly based
on this principle. However, this strong dependence on
base matching could create an adverse situation if there is
single-nucleotide polymerphism (SNP) in the region of
PNA clamping, such that the wild-type genome is falsely
amplified. This is also true for our PNA-assisted allele-
specific PCR, although it is not totally dependent on the
T, of PNA. Fortunately, we did not find any SNPs from

Urata et al.: PNA-Assisted Allele-Specific PCR for mtDNA Mutation

np 3236 to np 3250, the clamping region of our PNA, in
the databases of Ingman et al. (76 persons) (20), Finnila et
al. (192 persons) (21), Kong et al. (43 persons) (22), or
Herrnstadt et al. (560 persons) (23). No SNPs in this
region are found in the Japanese database for ~1000
Japanese (24) or in the US database (1). Thus, this region
is well conserved, and SNPs in the region may be ex-
tremely rare. Two cases with Kearns-Sayre syndrome are
reported to harbor mutations at 3249 and 3250, respec-
tively (1). For these cases, a false positive may be better
than a false negative. A patient who has a false-positive
result for A3243G would then receive further examination
for confirmation.

In conclusion, we show that 0.1% heteroplasmy is reliably
and quantitatively detected by PNA-assisted allele-spe-
cific PCR and that the value 0.1% is not simply the lower
limit of detection. When we previously measured hetero-
plasmy by LMPCR, we detected 0.01% heteroplasmy in
peripheral blood cells from approximately one half of the
healthy individuals and DM patients, but no healthy
individuals had >0.1% heteroplasmy (16). This observa-
tion was confirmed by the method presented in this
report. Murdock et al. (18) also reported that the A3243G
mutation does not typically accumulate above 0.1% with
age, even in muscle or brain. Therefore, the presence of
heteroplasmy >0.1% may be diagnostically significant. It
is well established that healthy people typically harbor
very low concentrations of the A3243G heteroplasmy
{18, 25). Recently, the authors of a case study reported
that the concentration of the 3243 mutation in peripheral
blood cells of a patient with mitochondrial diabetes was
0.102% (26). Thus, the quantitative detection of 0.1%
heteroplasmy appears to be a required and sufficient
prerequisite for a practical clinical test for the A3243G
mutation. Our method feasibly satisfies this condition and
thus may be suitable for a routine clinical test. Because
collecting urine samples is less invasive than collecting
blood and the concentration of mtDNA mutations is
usually much higher in urine samples than in blood
samples (11-13), application of this method to urine
samples may be even more useful as a routine clinical test.

We extend special thanks to an anonymous reviewer for
kind and extensive editing of the manuscript. This work
was supported in part by the Uehara Memorial Founda-
tion, the Naito Foundation, and Grants-in-Aid for Scien-
tific Research from the Ministry of Education, Science,
Technology, Sports, and Culture of Japan.
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Mitochondrial transcription factor A (TFAM), a transcription factor for mitochondrial DNA (mtDNA) that
also possesses the property of nonspecific DNA binding, is essential for maintenance of mtDNA, To clarify the
role of TFAM, we repressed the expression of endogenous TFAM in HeLa cells by RNA interference. The
amount of TFAM decreased maximally to about 15% of the normal level at day 3 after RNA interference and
then recovered gradually. The amount of mtI’NA changed closely in parallel with the daily change in TFAM
while in organello transcription of miDNA at day 3 was maintained at about 50% of the normal level. TFAM
lacking its C-terminal 25 amino acids (TFAM-AC) marginally activated transcription in vitro. When
TFAM-AC was expressed at levels comparable to those of endogenous TFAM in HeLa cells, mtDNA increased
twofold, suggesting that TFAM-AC is as competent in maintaining m{DNA as endogenous TFAM under these
conditions, The in organello transcription of TFAM-AC-expressing cells was no more than that in the control.
Thus, the mtDNA amount is finely correlated with the amount of TFAM but not with the transcription level.
We discuss an architectural role for TFAM in the maintenance of mtDNA in addition to its role in transcription

activation.

Human mitochondrial DNA (mtDNA) is a 16.5-kb double-
stranded circular molecule that encodes 13 essential protein
components of the mitochondrial oxidative phosphorylation
complexes. The maintenance of mtDNA integrity is essential
for normal function of the respiratory chain that is responsible
for aerobic ATP production, There are hundreds to thousands
of copies of mtDNA in one cell. Because the level of mf{DNA
transcripts largely depends on the copy number of mtDINA, the
regulation of its copy number is important for maintaining
mitochondrial ATP production. However, the regulation of
mtDNA copy number is still poorly understood.

Mitochondrial transcription factor A (TFAM) (11, 30), a
transcription factor for mtDNA, enhances mtDNA transcrip-
tion in a promoter-specific fashion in the presence of mito-
chondrial RNA polymerase and transcription factor B {TFB1
M or TFB2 M) (10, 23). TFAM is a member of the high-
mobility group (HMG) proteins because it contains two HMG
boxes. TFAM possesses DNA-binding properties regardless of
sequence specificity, although it shows a higher affinity for the
light- and heavy-strand promoters (L.SP and HSP, respectively)
{11, 30). In addition to these two HMG boxes, human TFAM
has a linker region between the two HMG boxes and a car-
boxyl-terminal tail region {C-tail) composed of 27 and 25 res-
idues, respectively (6).

* Corresponding author. Mailing address: Department of Clinical
Chemistry and Laboratory Medicine, Kyushu University Graduate
School of Medical Sciences, 3-1-1 Maidashi, Higashi-ku, Fukuoka 8§12-
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kang@mailserver.med kyushu-u.ac.jp.
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According to the strand-coupled model (4, 16, 38), replica-
tion of the L-strand, i.e., lagging-strand replication, occurs
simultaneously with that of the H-strand. On the other hand, in
another mtDNA replication model, the strand displacement
model (34), replication of the nascent H-strand proceeds and
displaces the parental H-strand until a replication origin of the
L-strand, Oy, is exposed on a single strand. The process of
mtDNA replication begins with the initiation of transcription
at LSP. The transcript initiated from LSP forms an RNA-DNA
hybrid at a replication origin for the H-strand, Oy The RNA-
DNA hybrid is processed to generate an RNA primer utilized
by mitochondrial DNA polymerase y (20). Thus, in the latter
model, the replication of mammalian mtDNA is proposed to
be coupled with transcription, and therefore TFAM is thought
to be essential for replication of mtDNA (34). The role of
transcription in the former model has not yet been clarified.

Abf2p, a TFAM homolog in Saccharomyces cerevisiae, has
two HMG boxes and a short linker region between them, but
unlike TFAM, it does not have a C-tail (12). Abf2p is abundant
in mitochondria, with one Abf2p polypeptide present for every
15 bp of mtDNA (8). Disruption of the ABF2 gene leads to a
loss of mtDNA and a resultant loss of respiratory competence
when cells are grown in the presence of glucose. Expression of
human TFAM in the S. cerevisiae abf2 strain rescued the phe-
notype, implying a potential functional homology between hu-
man TFAM and Abf2p (30). However, unlike mammalian
TFAM, Abf2p is not required for the initiation of transcription
in yeast mtDNA (8). An in vitro transcription assay demon-
strated that Abf2p or C-tail-deleted TFAM does not activate
transcription, whereas a chimeric Abf2p containing the C-tail
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does (6), suggesting that the C-tail of TFAM is necessary for
transcriptional activation. This notion is also supported by a
recent report that the C-tail of TFAM is necessary to bind
mitochondrial transcription factor B (TFBM) and that this
binding is required for transcription activation (24). In agree-
ment with this, the import of full-length TFAM into isolated
mitochondria increases transcription, but import of TFAM
lacking the C-tail does not (14), Thus, the C-tail of TFAM is
considered essential for the activation of transcription.

The mitochondrial nuclecids, protein-mtDNA complexes,
have been studied extensively in the lower eukaryotes S. cer-
evisiaze (17, 26) and Physarum polycephalum (32). In §. cerevi-
sige Abf2p is detected as a main component of the nucleoid
and appears to function to maintain mtDNA and the nucleoid
structure (17). In P. polycephaturm, Glom, which also has two
HMG boxes, shows a strong DNA-packaging activity (32).
Both of these HMG family proteins can be functionally re-
placed by an Escherichia coli histone-like protein, HU (25, 32),
implying that Abf2p and Glom package mtDNA.

There are several reports that mtDNA in higher eukaryotes
is somewhat naked except for the D-loop region {2, 7, 29, 31),
while the mtDNA of Xenopus laevis is reported to be packaged
into regular beaded structures (3). These conflicting results on
whether animal mtDNA takes on a higher nucleosome- or
chromatin-like structure (mitochondrial nucleoid or mitochro-
matin/mitochendrial chromosome) are not fully resolved. Re-
cent reports also suggest the existence of such a higher mtDNA
structure in mammals (1, 13, 35). Because the amount of hu-
man TFAM is sufficient to cover the entire region of mtDNA
(36) and because most TFAM molecules indeed bind to
mtDNA (1), TFAM has been proposed to be one of the main
components of the human mtDNA higher structure.

Homozygous gene disruption of Tfam is lethal in both
mouse and chicken cells, at least in part due to mtDNA de-
pletion and resultant loss of oxidative phosphorylation capacity
(19, 22). In heterozygous cells, the expression of mouse and
chicken TFAM was reduced by about 50% and the amount of
mtDNA also decreased by about half (19, 22). These results
suggest that TFAM is necessary to maintain mtDNA. There
are two possibilities to explain mtDNA maintenance by
TFAM. One is that, given that the replication of mtDNA is
coupled to transcription (34), TFAM affects the replication of
mtDNA directly. The other is that TFAM binds and stabilizes
mtDNA, as do other HMG family proteins (5, 8, 12, 32, 39).

There have been no reports demonstrating overexpression
of TFAM in mammalian cells, We established stable and in-
ducible human cell lines overexpressing TFAM for the first
time with a tetracycline-regulated gene expression system. In
this study, with these TFAM-overexpressing cell lines and
RNA interference {(RNAI), we manipulated the amount of
human TFAM in human HelLa cell lines and then analyzed
mtDNA and mitochondrial transcription. We found that the
amount of TFAM but not the transcription level is correlated
to the amount of mtDNA.

MATERIALS AND METHODS

Antibodies. Antibodies to human TFAM, prohibitin, and BAP37 were pro-
duced by immunizing rabbits with recombinant glutathione S-transferase-human
TFAM (28), glutathione S-transferase-prohibitin, and glutathione $-trans-
ferase-BAP37 proteins, respectively, Antibodies to cytochrome & and complex 11
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were produced by immunizing rabbits with peptides of the C-terminal eight
amino acids of cytochreme b and the C-terminal nine amine acids of the complex
1I iron sulfur protein, respectively (1). An antibody 10 human mitochondrial
single-stranded DNA-binding protein (mtSSB) was described previously (36) as
was an antibody to P32 (27). Antibodies against the hemagglutinin (HA) HA.I1
epitope lag, cytochrome ¢, and calnexin were obtained from Covance, Stressgen,
and Santa Cruz Biotechnology, respectively.

Preparation of tetracycline-regulated TFAM-overexpressing cell lines. To
avoid suppression by RNAI, we introduced silent mutations in a human TFAM
¢DNA corresponding to the RNA target in advance (from GTCTTGGCAAGT
TGTCCAAAGAAACCTGTAAGTTCT to  GTCTTAGCAAGTTGCCCTA
AAAAGCCTGTAAGCTCT; the encoded amino acid sequence for both is
VLASCPKKPVSS {amino acids 45 to 56]; sites where silent mutations have been
introduced are in boldface) and named it pmod-TFAM. A DNA fragment
encoding human TFAM lacking the C-terminal 25 amino acids (human TFAM-
AC), iie., it Tetained amino acids 1 to 221, was amplified with pMod-TFAM as a
template. The sense primer contained a BamHI site, the Kozak sequence (18),
and ATG for a first methionine in that order; the antisense primer contained an
Spel site, A DNA fragment specifying an HA tag was prepared by annealing the
complementary synthesized oligonucleotides, which included, in order, the se-
quences for an Spel restriction site, an HA epitope tag {11 amino acids), a stop
codon, and an Nhel site,

The DNA fragments for human TFAM and the HA tag were digested with
appropriale restriction enzymes and inserted between the BamHI and Nhel sites
of vector pTRE2hyg (Clontech), This vector encodes the precursor human
TFAM-AC with the HA tag at its C terminus and was named ph-TFAM-AC-HA.
We aliso amplified a DNA fragment encoding precursor mouse TFAM {(amino
acids 1 to 243) by PCR, with a mouse ¢DNA library as a template with a sense
primer (containing, in order, a BamHI site, the Kozak sequence [18], and ATG
for a first methionine) and an antisense primer (containing an Spel site). The
mouse TFAM DNA fragment and the HA tag DNA fragment were inserted into
the pTRE2hyg vector in the same way as the human construct (pm-TFAM-HA).

A HeLa Tet-Off cell line was obtained from Clontech. The cells were grown in
Dulbecco’s modified Eagle's medium (DMEM) with 10% fetal bovine serum
{Gibco) and 100 pg of G418 per ml (Sigma). We transfected Hela Tet-Of cells
with our plasmids with the FuGene 6 rcagent (Roche Molecular Biochemicals)
and selected cells bearing the transgenes in the presence of G418 (400 pg/ml)
(Wako), hygromycin B (200 pg/ml) (Wako), and doxycycline, a tetracycline
derivative (1 pg/ml) (ICN Bicmedicals). We isolated hygromycin-resistant
clones, cultured them with or without doxycycline for about 10 days, and then
examined the expression of recombinant proteins by Western blotting. These
mouse and human TFAM-overexpressing cell lines were designated MTF
(mouse TFAM full-length) and HAC (human C-tail-deleted TFAM), respec-
tively.

Suppression of human TFAM by RNAL, Hela cells were grown in DMEM
with 10% fetal bovine serum and antibiotics (100 pg of G418 per ml for control
HelLa Tet-Off cells; 100 peg of G418 and 100 g of hygromycin B per ml for MTF
and HAC cells) in 3.5-cm dishes. When the cells were about 50% confluent, the
culture medium was replaced by 2 ml of DMEM containing 10% fetal bovine
serum with and without doxycycline (1 pg/ml). The sequences of short interfering
RNA (siRNA)} duplexes were 5-GUUGUCCAAAGAAACCUGUATIT-3'
(sense SiRNA) and 5-ACAGGUUUCUUUGGACAACITAT-3' (antisense
siRNA) {obtained from Qiagen); 12 pl of 20 wM siRNA duplexes was mixed with
200 l of Opti-MEM (Gibco) in one tube; 12 pt of Oligofectamine {Iavitrogen)
was mixed with 48 pl of Opti-MEM in the other tube. The two mixtures were
incubated for 10 min at room temperature and thea combined and mixed gently
by pipetting. The combined mixture was allowed to stand for another 20 min at
room temperature. The siRNA-Cligofectamine mixture was then added to the
cultured cells. After 24 h, the culture medium was replaced by new DMEM with
19% felal bovine serum and appropriate antibiotics. When the cells were almost
confluent, they were reseeded in two 3.5-cm dishes.

Western blotting. The cells from a 3.5-cm dish were collected in 1 ml of
phosphate-buffered saline (PBS), and half of them were solubilized with 100 pl
of sadium doedecyl sulfate (SDS) denaturing buffer consisting of (.5% SDS and
1% 2-mercaptoethanol (the other half was used for mtDNA quantification [see
below]). The mixture was briefly sonicated immediately after soluhilization, Pro-
teins were separated on an SDS-12% polyacrylamide ge! by patyacrylamide gel
electrophoresis (PAGE) and subsequently detected by immunoblotting. The
signals were visualized with horseradish peroxidase-labeled anti-rabbit immuno-
globulin G (Biosource} and ECL reagents {Amersham Biosciences). The chemi-
luminescence was recorded and quantified with a chilled charge-coupled device
camera, LAS1000plus (Fuji),
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FIG. 1. Immunofluorescent images of Hela cells treated by RNAI. Human TFAM in HeLa cells was identified with anti-human TFAM
antibodies (B and E). Mitochondria were stained with MitoTracker Red (A and D). Panels C and F are merged images of panels A plus B and

D plus E, respectively.
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tative daily changes in the relative amounts of human TFAM (¢) and
mtDNA (4},

Quantification of mtDNA. From the remaining half of the cells, total DNA was
extracted with a DNeasy tissue kit {Qiagen). The total DNA was quantified with
a PicoGreen double-stranded DNA quantitation kit (Molecular Probes). The
relative amount of mtDNA was quantified by quantitative PCR with a LightCy-
cler {(Roche). The PCR mixture contained 2 ng of the totat DNA (for a standard
curve, 8, 4, 2, 1, and 0.5 ng of the total DINA were used), 10 pmol each of primers
(5'-CCACCCAAGTATTGACTCACCC-3" [nucleotides 16052 to 16073] and
5'-CGAGAAGGGATTTGACTGTAATG-3" [nucleotides 16339 to 16361]) and
3 mM MgCl, in 20 pl. To estimate the amount of genomic DNA as an internal
standard, a genomic beta-globin gene was amplified in a 20-p) reaction mixture
containing 16 ng of the total DNA (for a standard curve, 64, 32, 16, 8, and 4 ng
of the total DNA were used), 10 pmol each of primers (5'-CTGCCCTGTGGG
GCAAGGTGAACGTGGATG-3" and 5'-CAGGTGAGCCAGGCCATCACT
AAAGGCACC-3), and 3 mM MgCl,. The amount of mtDNA was adjusted to
the amount of genomic DNA,

Immunofluorescent imaging of HeLa cells. Cells were incubated in the pres-
ence of 100 nM MitoTracker Red CMXRos (Molecular Probes) for 20 min.
After washing with PBS three times, the cells were fixed with acetone-methanol
(50:50, volfvol} for 5 min. After washing with PBS three times, the fixed cells were
blocked with bovine serum albumin-PBS (1% bovine serum albumin in PBS) for
30 min, then incubated with 250-fold-diluted anti-human TFAM antiserum or
anti-HA antibody in bovine serum albumin-PBS for 1 h. After washing the cells
with wash buffer (0.1 Tween 20 in PBS) three times, cells were incubated with
250-fold-diluted Alexa Fluor 488 goat anti-rabbit immunoglobulin G (Molecular
Probes) for 30 min. Fluorescence images were taken with a confocal laser
microscope (Bio-Rad Laborateries).

Isolation of mitochondria from HeLa cells. All procedures were done at 4°C,
HeLa cells cultured in 10-cm dishes were scraped with a cell lifter {Costar) into
3 ml of PBS, pellcted by centrifugation, and washed with homogenization buffer
(10 mM HEPES-KCH, pH 7.4, and (.25 M sucrose). The cetls were suspended
in 4 volumes of the buffer and homogenized with a Potter-Elvehjem homoge-
nizer. The homogenate was centrifuged at 900 X g for 10 min to remove the
unbroken cells and nuclei. The supernatant was centrifuged at 10,000 X g for 6
min. The pellet was collected as a crude mitochondrial fraction and vsed for in
organello transcription assays or for preparing Nonidet P-40-insoluble fractions.

In vitro transcription assay, The cDNA coding for mature human TFAM
(amino acid residues 42 to 246) and mature human TFAM-AC-HA (amino acid
residues 42 to 221 and C-terminal HA tag) were inserted into the pProEXHTD
vector {Gibco). The recombinant His-human TFAM and His-human TFAM-
AC-HA were expressed in Escherichia coli BL21 cells and purified NiZ*-bound
chelating Sepharose resin (Amersham Biosciences) as described previously (28,
36). In vitro transcription reactions were performed with a cloned DNA frag-
ments corresponding to nucleotides 1 to 477 of human mtDNA as previously
described (10).
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In organello transcription assay. In organello transcription was measured by
the method of Enriquez et al. with slight modifications (9). The mitochondrial
fraction was resuspended in transcription buffer (10 mM Tris-HCl [pH 7.4], 25
mM sucrose, 75 mM sorbitol, 100 mM KCl, 10 mM K,HPO,, 50 pM EDTA, 5
mM MgCl,, 1 mM ATP, 1 mg of bovine serum albumin per ml). Mitochendria
(200 pg of protein) were incubated in 300 pl of the transcription buffer contain-
ing 10 wCi of [a-*2PJUTP (Amersham Biosciences) at 37°C for 30 min. After the
incubation, the mitochondria were petleted at 15,000 X g for 1 min and then
washed with nuclease buffer (0.25 M sucrose, 19 mM Tris-HCE [pH 8.0], 1 mM
CaCl,). The mitochondria were resuspended in 400 pl of nuclease buffer with
100 units of nuclease §7 (Roche Molecular Biochemicals) and incubated at room
temperature for 20 min. The mitochondria were then pelleted at 15,000 X g for
1 min and washed with TES buffer (10 mM Tris-HCl [pH 7.4}, 1 mM EDTA, 0.25
M sucrose). The mitochondriai pellet was solubilized in 100 i of lysis buffer (50
mM Tris-HCI [pH 8.0}, 20 mM NaCl, 1 mM EDTA, 1% SDS) containing 20 pg
of protease K (Gibco) and incubated at room temperature for 15 min. After
addition of 100 pl of a phenol-<chloroform-isoamyl alcohol mixture (25:25:1,
volivol/vol) and vortexing for 1 min, the mixture was centrifuged at 20,000 X g for
5 min, and 80 pl of the aqueous phase was transferred to a clean tube. Then 1
wl of Peller Paint (Novagen), 80 pl of 3 M sodium acetate {pH 5.2), and 300 pl
of ethanol were added, and the mitochondrial nucleic acids were precipitated.
The pellets were solubilized with sample buffer (99% formamide, 1 mM EDTA,
and bromphenol blue) and incubated at 95°C for 3 min. DINA size makers
(100-bp DNA ladder and }-kb DNA ladder, New England BioLabs) were
[¥+*?P]ATP labeled with Ready-To-Go T4 polynucleotide kinase (Amersham
Biosciences). Samples were separated on an 8 M urea—4% polyacrylamide gel by
electrophoresis and analyzed with a BAS-2500 (Fuji). The isolated mitochondria
(5 wg) were analyzed by Western blotting to check the amount of mitochondria
and efficiency of RNAI

Separation of mitechondrial NP-40-soluble and -insoluble fractions. The mi-
tochondria were resuspended in TES buffer containing 0.5% NP-40 and 1 mM
dithiothreitol (0.5 mg of protein/ml} and incubated for 30 min on ice with
intermittent mixing. The mitochondria were centrifuged at 20,000 X g for 30 min
and separated into a pellet {P1} and a supernatant (S1). The P1 fraction (10 pg
of protein} was resuspended with 20 pl of nuclease buffer (10 mM Tris-HCL [pH
7.4], 0.25 M sucrose, 1 mM dithiothreitol, 2.5 mM CaCly, and 0.5% NP-40) and
incubated for 3¢ min on ice with 2.5 U of nuclease S7 or 0.5 pg of RNase A
{DNase free; Wako). After centrifugation at 20,00 X g for 30 min, the sample
was separated into a pellet (P2) and a supernatant (52). Proteins from each
fraction were separated by SDS-PAGE and subsequently analyzed by Western
blotting with appropriate primary antibodies.

mtDNA, in the P1 and S} fractions was detected by PCR as described previ-
ously (1). Briefly, total mitochondria, P1, and St {frem 10 pg of mitochendria)
were incubated at 95°C for 30 min with 0.5 g of protease K (Gibco) and diluted
in 200 pl of distilled water. With 1 pl each of the diluted samples, a fragment of
miDNA was amplified with PCR primers (nucleotides 16052 to 16073 and nu-
cleotides 16339 to 16361} and Ex-tag DNA polymerase {Takara). The number of
amplification cycies was 25, and the PCR products were separated on a 1%
agarose gel.

RESULTS

Reduced expression of human TFAM by RNAI. To observe
a dose effect of TFAM, we downregulated the expression of
human TFAM by RNAI in HeLa cells. Three days after RNAI
treatment, human TFAM was barely detectable on immuno-
fluorescent images with anti-human TFAM antibodies (com-
pare Fig. 1B and E). To monitor the change in the levels of
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human TFAM and other mitochondrial proteins, cells were
collected daily between days 2 and 7 and analyzed by Western
blotting (Fig. 2A). The amount of human TFAM was de-
creased maximally at days 3 and 4 and then gradually increased
again (Fig. 2A, third panel). The amounts of calpexin, a mi-
crosomal protein, and cytochrome ¢, a nucleus-encoded mito-
¢hondrial protein, did not change (Fig. 2A, top and bottom
panels). The amounts of several other nucleus-encoded mito-
chondrial proteins {prohibitin, BAP37, and VDAC) were not
affected by this RNAI {data not shown), confirming the spec-
ificity of the RNAI treatment. The reduction in ¢ytochrome &,
an mtDNA-encoded protein (Fig. 2A, second panel), probably
resulted from a decrease in mtDNA (Fig. 2B). We measured
the relative amount of mtDNA by quantitative PCR and found
that the amount fell and rose in paralle! with that of human
TFAM (Fig. 2B). The levels of human TFAM and mtDNA
were 0.141 * 0.052 and 0.132 = 0.061 (n = 4) of those of
control cells at day 3. Thus, the amount of mtDNA was
strongly correlated with the amount of TFAM in vivo.

Preparation of tetracycline-regulated TFAM-overexpressing
cell lines. Conversely, to see whether an increase in TFAM
would affect the amount of mtDNA, we created TFAM-over-
expressing cell lines. We made two kinds of Tet-Off gene ex-
pression vectors, ph-TFAM-AC-HA and pm-TFAM-HA, in
order to express C-tail-deleted human TFAM with an HA tag
and mouse full-length TFAM with an HA tag, respectively
(Fig. 3A). To produce the stable TFAM-expressing cell lines,
we transfected Hela Tet-Off cells with each vector and cul-
tured them with hygromycin for selection and with doxycycline
to suppress expression. We isolated hygromycin-resistant col-
onies and checked the expression of TFAM by Western blot-
ting after culturing for 10 days without doxycycline. Fourteen
of 24 hygromycin-resistant ph-TFAM-AC-HA-transfected
clones expressed high levels of human TFAM-AC-HA (about
50 to 120% compared with the amount of endogenous human
TFAM). Thirteen of 24 hygromycin-resistant pm-TFAM-HA-
transfected clones expressed high levels of mouse TFAM-HA
{about 50 to 140% compared with the amount of endogenous
human TFAM). These mouse TFAM- and human TFAM-AC-
overexpressing cell lines were designated MTF (mouse TFAM
full-length) and HAC (human C-tail-deleted TFAM), respec-
tively.

When cultured without doxycycline, immunofluorescent im-
aging of MTF cells with anti-HA antibodies showed granular
fluorescence. This pattern colocalized with that of Mito-
Tracker Red, a mitochondrion-staining fluorescent dye (Fig.
3B, panels d to f), indicating that the expressed exogenous
TFAM localized to mitochondria, while the cells cultured with
doxycycline showed almost no fluorescence with anti-HA an-

FIG. 3. Tetracycline-regulated expression of TFAM. (A} The scheme of recombinant TFAM molecules. Human and mouse TFAM have two
HMG boxes (white square) and a C-tail region (gray bar). An HA.11 epitope tag is indicated hy a gray square. The position of the RNAI target
is indicated by a dotted line. {(B) MTF cells and HAC cells were cultured with doxycyeline [tet (+)] or without doxycycline [tet {—)]. Mitochondria
were stained with MitoTracker Red (panels a, d, and g), and recombinant TFAM was stained with anti-HA antibodies (panels b, €, and h). The
merged images are shown in panels ¢, £, and i. {C) Western blotting analysis of TFAM molecules. Total cell lysates were used for Western blotting.
BAP37 (arrow) is shown as an internal standard for the amount of protein applied in the samples. Antibodies for BAP-37 and human TFAM werc
added together for detecting the two proteins (wpper panel). Then the membrane was reprobed with anti-HA antibody (lower panct). Endogenous
human TFAM (arrowhead), exogenous mouse TFAM-HA (double arrowheads), and exogenous human TFAM-AC-HA (triple arrowheads) are

indicated.
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tibodies (Fig. 3B, panel b). HAC cells showed the same pattern
as the MTF cells (Fig. 3B, panels g to i). With Western blots,
mouse TFAM-HA was detected by anti-HA antibodies in me-
divm without doxycycline (double arrowheads), whereas there
was no signal in medium containing doxycycline (Fig. 3C, com-
pate lanes 2 and 3 in the lower panel). Anti-human TFAM did
not react with mouse TFAM (Fig. 3C, lane 3; notice their
molecular sizes). Similarly, human TFAM-AC-HA (triple ar-
rowheads) was detected by both anti-human TFAM and an-
ti-HA antibodies only in medium without doxycycline (Fig. 3C,
lanes 4 and 5 in the upper and lower panels). Thus, expression
of the recombinant proteins was completely regulated by doxy-
cycline. Endogenous human TFAM (single arrowhead) was
not affected by the overexpression of exogenous TFAM (Fig.
3C, upper panel). The amount of BAP37 (arrow), an inner
membrane protein, was not altered (Fig. 3C, upper panel),
indicating that the amount applied was essentially the same
among all samples.

Overexpression of mouse TFAM-HA or human TFAM-
AC-HA increases the amount of mtDNA. Because it takes
about 10 days to stably express exogenous mouse TFAM-HA
or human TFAM-AC-HA after removal of doxycycline (data
not shown), we did experiments at least 14 days after removal
of doxycycline. In medium without doxycycline, the amounts of
mouse TFAM-HA and human TFAM-AC-HA were 0.77 £
0.17 (mean = standard deviation) and 1.05 = (.11, respec-
tively, of that of endogenous human TFAM; ie., the total
amount of TFAM was 1.77 and 2.05, respectively, that of cells
grown in medium with doxycycline (Fig. 4B). Overexpression
of total TFAM by a factor of 1.77 (in MTF ceils) and 2.05 (in
HAC cells) increased the amount of mtDNA by a factor of 1.89
% 0.22 and 1.99 * 0.18, respectively (Fig. 4B). Neither nucleus-
encoded mitochondrial proteins {prohibitin and cytochrome )
nor an mtDNA-encoded protein, cytochrome b, was affected
by the overexpression of TFAM (Fig. 4A). Thus, the amount of
TFAM led the change in mtDNA levels in parallel.

Both mouse TFAM-HA and human TFAM-AC-HA can
maintain the amount of mtDNA. mtDNA was increased by the
overexpression of C-tail-deleted human TFAM, which is con-
sidered not to activate transcription (6), raising the possibility
that the increase in mtDNA does not require the upregulation
of transcription. In order to clarify this point, we performed
RNAI in the TFAM-overexpressing cells. To avoid suppression
of recombinant human TFAM by the RNAI treatment, silent
mutations were introduced into a cDNA of human TFAM (see
Methods). In medium with doxycycline, MTF cells and HAC
cells expressed little or no mouse TFAM-HA (Fig. 5A, double
arrowheads; lanes 1 and 2) and human TFAM-AC-HA (Fig.
5A, triple arrowheads; lanes 5 and 6), respectively. However,
In medium without doxycycline, the exogenous TFAM pro-
teins were overexpressed (Fig. 5A, bottom panel, lanes 3, 4, 7,
and 8). The RNAI treatment (i.€., 3 days after RNAI) sup-
pressed the endogenous TFAM (Fig. 5A, fourth panel, lanes 2,
4,6, and B), but exogenous TFAMs werc not affected (Fig. 5A,
bottom panel, lanes 4 and 8; double and triple arrowheads),
showing selective downregulation of endogenous human
TFAM.

In MTF cells in which mouse TFAM is not yet expressed but
endogenous TFAM is repressed by RNAI (Fig. 5B), mtDNA
was reduced compared to that in the MTF cells in which
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FIG. 4. Amount of mitochondrial proteins and mtDNA in MTF
and HAC cells. (A) Total cell lysates of cells cultured with doxycycline
[tet (+)] or without doxycycline [tet (—)] were used for Western
blotting. Prohibitin and cytochrome ¢ are mitochondrial proteins en-
coded by the nuclear genome. Cytochrome b is a mitochondrial protein
encoded by mtDNA. Endogenous human TFAM (arrowhead), mouse
TFAM-HA (double arrowheads), and human TFAM-AC-HA (triple
arrowheads) are indicated. Calnexin, a microsomal protein, is shown as
an internal standard. {B) Quantification of relative amounts of TFAM
(black bar) and mtDNA (gray bar). Signal intensities on the Western
blots were measured for estimating the number of TFAM molecules,
endogenous TFAM, and exogenous TFAM. The amount of mtDNA
was measured by quantitative PCR. Error bars indicate +1 standard
deviation from the mean of three independent experiments.

endogenous TFAM is not repressed (Fig. 5B). In MTF cells in
which mouse TFAM is expressed but endogenous TFAM is
not repressed (Fig. 5B), mtDNA was almost doubled with the
twofold increase in total TFAM. mtDNA was reduced to the
control level by the RNAi treatment in the mouse TFAM-
expressing cells (Fig. 5B). The reduced amount of mtDNA by
RNAIi in medium without doxycycline roughly equaled that in
medium with doxycycline {compare the difference between
RNAi with and without doxycycline) (Fig. 5B). A similar pat-
tern was observed in HAC cells (Fig. 5C). These results suggest
that both exogenous TEAMSs are as competent in the mainte-
nance of mtDNA as endogenous human TFAM under ¢ondi-
tions in which endogenous human TFAM remains at about
15%% of the control level,
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FIG. 5. (A) MTF and HAC cells were cultured with doxycycline [tet (+)] or without doxycycline [tet (~}]. Three days after RNAI treatment
{RNAi +) or without RNAI treatment (RNAJ —), the cells were collected and analyzed. The expression of proteins in MTF and HAC cells was
analyzed by Western blotting. Endogenous human TFAM {arrowhead), exogenous mouse TFAM-HA (double arrowheads), and exogenous human
TFAM-AC-HA (triple arrowheads) are indicated. {B and C} The amount of mtDNA was measured in cells with and without doxycycline and RNAi
treatments, as indicated. Error bars indicate * 1 standard deviation from the mean of three independent experiments.

In vitro and in organello transcription. The C-tail of TFAM
is considered essential for initiation of transcription from LSP
(6). To confirm that the HA tag does not function like the
C-tail, we performed an in vitro transcription assay for human
LSP. Human TFAM-AC without an HA tag was about 100-fold
less active than full-length human TFAM (unpublished data).
As expected, a transcript from LSP in the presence of His-
human TFAM-AC-HA was about 100-fold less than that in the
presence of His-human TFAM (Fig. 6A), indicating that LSP-
dependent transcription is not increased by adding the HA tag
to human TFAM-AC.

With the isolated mitochondria from HAC cells cultured
with and without doxycycline and with and without RNAi
treatment, we measured transcription in organello by measur-
ing newly synthesized transcripts. The newly synthesized tran-
scripts were labeled with [**P]JUTP for 30 min in mitochondria
and analyzed by urea-polyacrylamide ge! electrophoresis (Fig.
6B). The transcripts were not detected in mitochondria from

Rho” 206 cells (data not shown), excluding any background
contribution from genomic transcription. Between the 3,000-
and 700-base size markers, the signals for transcription were
seen as bands, although the bands were not identified (right
panel). In addition to these bands, a smearing background was
seen, When human TFAM-AC-HA was overexpressed, this
smearing background was about 1.6-fold higher (left panel,
lane 3) than in the control (lane 1). This nonspecific back-
ground was reduced by RNAI treatment (lane 2; by about
60%) and returned to the control level with expression of
human TFAM-AC-HA (lane 4). The level of the nonspecific
smear appeared to be correlated with the amount of mtDNA.
The background might reflect nonspecific LSP/HSP-indepen-
dent transcription or highly heterogeneous RNA processing of
LSP/HSP-specific transcription. Another possibility may be
RNA primers remaining in nascent mtDNA strands that initi-
ated at diverse sites according to the strand-coupled replica-
tion model.
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FIG. 6. Invitro and in organello transcription assays. {(A) TFAM lacking its C-terminal tail only supports low levels of transcription from 1.SP.
A template containing the light-strand promoter (LSP, 85 fmol) of human mtDNA was used for in vitro runoff transcription assays. The reactions
were performed with the following pure recombinant proteins: human mitochondrial RNA polymerase (250 fmol), human TFB2 M (500 fmol),
and wild-type human TFAM with an N-terminal His tag or hurnan AC-tail TFAM with an N-terminal His tag and C-terminal HA tag (human
TFAM-AC-HA) in increasing amounts (0.02, 0.05, 0.2, 0.5, 1.6, 5, and 15 pmol). {(B) A representative image of five independent experiments is
shown. The HAC cells were cultured with and without doxycycline and treated or not by RNAI, and mitochondria were isolated from these cells
3 days after RNAI treatment. The newly synthesized transcripts were labeled with [«-**P]JUTP for 30 min in mitochondria and analyzed by
urea-polyacrylamide gel electrophoresis. The approximate size of nucleotides is shown based on the [y-**P]ATP-labeled DNA size markers (left
panel). The part showing bands larger than 600 bases was enlarged (right upper panel}. The asterisks indicate measured bands used for estimation.
The isolated mitochondria (§ pg of protein) were analyzed by Western blotting to check the protein amount (anti-BAP37 antibody, right lower
panel) and the efficiency of RNAI (anti-human TFAM antibody, right middle panel}.

Because processed transcripts of mtDNA are distributed
mainly between bases 2000 and 700 according to their expected
lengths, we hypothesized that the bands found between bases
2000 and 700 are promoter-dependent transcripts (bands
marked by asterisks, right panel). The signal intensities were
corrected by subtracting the background. When human
TFAM-AC-HA was overexpressed (lane 3), the specific signals
were not changed or somewhat decreased (61 to 113%; aver-
age, 77%) in spite of the twofold increase in the amount of
mtDNA. This inhibition may be caused by competition be-
tween TFAM-AC-HA and endogenous TFAM for the promot-
ers. When wild-type human TFAM was reduced by RNA, the
specific signals were reduced to about 46% (41 to 53%) and
49% (44 to 74%) of the control in control and human TFAM-
AC-HA-overexpressing cells, respectively (lanes 2 and 4), while
the amount of mtDNA was about 0.2 and 1 times that of the
control cells, respectively {Fig. 5C). Compensatory upregula-
tion of the transcription seems to occur in the former situation.
The decrease in the latter may also be due to the competition.
Thus, the amount of mtDNA was not correlated with the
transcription level.

Both mouse TFAM-HA and TFAM-AC-HA are components
of the mitochondrial nucleoid. We have previously demon-
strated that mtDNA and human TFAM were mostly included
in the NP-40-insoluble fraction but that other mitochondrial
matrix proteins, P32 and mtSSB, were mostly recovered from
the soluble fraction, while part of mtSSB was bound to mtDNA
as a component of the mitochondrial nuclecid {1). To examine
whether overexpressed TFAM is bound to miDNA, we pre-
pared mitochondria from MTF and HAC cells cultured with-
out doxycycline and then separated them into NP-40-insoluble
(P1) and -soluble (81) fractions (Fig. 7, lanes 2 to 3 and 11 to
12). As reported previously (1), most of the endogenous hu-
man TFAM (arrowhead) was recovered from the P1 fraction
(Fig. 7, lanes 2 and 11), whereas most of the p32 and mtSSB

were recovered from the S1 fraction (Fig. 7, lanes 3 and 12).
Mitochondrial DNA was detected only in the P1 fraction by
PCR (lanes 2 and 11). Both mouse TFAM-HA (double arrow-
heads) and human TFAM-AC-HA (triple arrowheads) were
also mostly recovered from the Pl fraction (Fig. 7, compare
lane 2 with 3 and lane 11 with 12).

The P1 fractions were treated with nuclease 37 or DNase-
free RNase A and then separated into insoluble (P2) and
soluble (S2) fractions. After treatment with nuclease S7, most
of the endogenous human TFAM, exogenous mouse TFAM-
HA, and human TFAM-AC-HA were recovered from the sol-
uble fractions (52) (lanes 7 and 16). However, after the RNase
A treatment, the TFAMs were recovered from insoluble frac-
tions (P2) (lanes 8 and 17). These findings suggest that both
endogenous and exogenous TFAM molecules are bound to
mtDNA as mitochondrial nucleoid components.

DISCUSSION

We showed that the amounts of TFAM and mtDNA were
reduced in parallel {Fig. 2B). There are already two reports on
suppression of TFAM in vertebrate cells: heterozygous tar-
geted disruption of the Tfam gene in mice (19) and in chicken
DT40 cells (22). In both cases, both TFAM and mtDNA were
decreased by about 50%. These reports, however, showed only
steady-state values a long time after the 50% decrease in
TFAM, whereas we measured the daily change in the amount
of TFAM and mtDNA after the start of RNAi treatment. In
the present study, we first showed that the amount of mtDNA
was strongly correlated to that of TFAM on a time scale that
appears to be less than 1 day. Taking into account that the
changes in TFAM and mtDNA were nearly the same at each
day, mtDNA levels may reach the corresponding levels of
TFAM within hours,

— 05—



VoL. 24, 2004 REGULATION OF mtDNA AMOUNT BY TFAM 9831

HAC cells
HAC cells

Tot+ + - - Tet+ + - -
WRIEIC BNAL - o+ -
DNA e

Ll SR
R L e

i hTFAMp== > G e 44 h-TFAM-AC-HA

e e W

= 0 BAPS7 wemmwswn

1234

DAL T T

FIG. 6—Continued



9832 KANKI ET AL.

MoL. CELL. BioL.

A MTF cells

Nuclease S7 - - + -
RNase - - - <+
total P1S1 |P2S2 [ P2S2 | P282
m-TFAM-HA p) liragn e eup ~ - gy -
h-TFAM ) GEIDGED ww G - o O

Pl2ame  aemw 4 5 6 7 8 9

Mt-SSB W - -

PCR fragment of -
miDNA

i 2

B HAC cells

Nuclease S7 -
RNase -
total P1 81
h-TFAM .
h-TFAM-AC-HA
P32 s -uy
mt-SSB -

— 4.

- + -
- -]+
P2 S2 |P2 S2|P2 82

~ ey
13 14 15 16 17 18

PCR fragment of _

miDNA

10 11 12
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and then separated again into pellet (P2) and supernatant (52). Each sample was analyzed by Western blotting with anti-human TFAM, anti-P32,
anti-mt3SB, and anti-HA antibodies. mtDNA in total, P1, and §1 were detected by PCR. Human TFAM (arrowhead), mouse TFAM-HA (double
arrowheads), and human TFAM-AC-HA (triple arrowheads) are indicated.

The replication of mammalian mtDNA is coupled with tran-
scription according to the strand displacement model (34).
Thus, one possible mechanism by which mtDNA decreases or
increases with the decrease or increase in TFAM is that rep-
lication of mtDNA is down- or upregulated due to the down-
or upregulation of TFAM-activated transcription. However,
we found that the transcription level was not correlated with
the amount of mtDNA (Fig. 5C and 6B). On the other hand,
we noticed a striking correlation between the levels of TFAM
and mtDNA. TFAM is a transcription factor (10, 11, 23, 30),
but it is also an HMG protein having DNA-binding properties
regardless of DNA sequence (11, 30). TFAM molecules are

abundant enough to cover mtDNA entirely, and indeed most
of them bind mtDNA, suggesting that mtDNA is packaged
with TFAM (1, 36) and TFAM is in functional excess (33).
Such a nucleoid structure may also be required for the sta-
bility of mtDNA. In agreement with this notion, mouse TFAM
and human TFAM-AC were as active in the maintenance of
mtDNA as wild-type TFAM, at least under ¢conditions in which
promoter-specific transcription was maintained at a certain
level (Fig. 5C and 6B). About 85% of full-length TFAM could
be replaced without reduction in mtDNA by TFAM-AC-HA,
which has only 1% of the LSP-dependent transcription activity
of full-length TFAM (Fig. 5A and C). If the majority of TFAM
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molecules maintained mtDNA through transcription-coupled
replication, the amount of mtDNA would decrease. Therefore,
this result raises the possibility that the majority of TFAM
molecules participate architecturally in maintenance.

The overexpressed recombinant TFAM was mostly recov-
ered from the insoluble fraction together with mtDNA, (Fig. 7,
lanes 2 and 11). Nuclease $7 treatment but not RNase A
treatment released recombinant TFAM as well as endogenous
TFAM to the soluble fraction (Fig, 7, lanes 6 to 9 and 15 to 18},
supporting the idea of TFAM-mtDNA binding. Taken to-
gether with the fact that the level of mtDNA rapidly and finely
corresponds to the level of TFAM (Fig. 2), one likely expla-
nation is that the vast majority of TFAM molecules are bound
to mtDNA and that only mtDNA covered with TFAM can be
maintained. According to this model, the mass but not the copy
number of mtDNA would be titrated by TFAM, consistent
with a finding by Tang et al. that the total mass but not the copy
number of mtDNA is constant among cells harboring wild-
type, deleted, and partially duplicated mtDNAs (37). Con-
versely, when mtDNA was depleted with ethidium bromide in
Hela cells, TFAM was reduced to the same extent as mtDNA
{33). TFAM and mtDNA may thus stabilize each other when
bound together.

We presume that TFAM exists abundantly and that the ma-
jority of TFAM molecules are bound to sites other than the
promoter regions for packaging mtDNA. Goto et al. reported
that TFAM levels can be substantially reduced by RNAi without
significant inhibition of transcription per miDNA in insect cells
(15). Here we also showed that transcription per mtDNA was not
decreased but rather upregulated by RNAi-induced suppression
of TFAM (see Fig. 5C and Fig. 6B, lane 2). These observations
suggest that the amount of TFAM can be reduced without low-
ering the transcription level per mtDNA if the amount of TFAM
is manipulated within a cell. In contrast, Garstka et al. reported
that import of TFAM into isolated mitochondria significantly
enhances transcription in organello (14).

The reason for these apparently contradictory observations
is currently unknown. However, the differences may reflect
differences in the experimental systems. Garstka et al. manip-
ulated the amount of TFAM with isolated mitochondria, while
we in the present study and Goto et al. did 5o in living cells. A
possible but hypothetical explanation is to assume that TFAM
preferentially binds to promoters with a higher affinity but can
also be preferentially displaced from the promoters by an un-
known mechanism. In a cell, continuous input of TFAM would
compensate for this selective displacement. However, in iso-
lated mitochondria, there is no input of TFAM unless TFAM
is imported artificially, as done by Garstka et al. When the
promoter regions are selectively vacant at a certain level, a
small amount of TFAM could enhance transcription because
TFAM has a higher affinity for the promoters. A human Lon
protease homologue is one candidate for such selective dis-
placement, because the homologue was recently reported to
bind preferentially to the GT-rich sequence overlapping the
LSP of human mtDNA (21).

TFAM is essential for transcription of mtDNA, and TFAM-
enabled transcription may be involved in the replication of
miDNA. However, we propose that TFAM may have a dual
role in the maintenance of mtDNA, transcription and nucleoid
formation. It is probable that the majority of TFAM molecules
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are involved in architecturally maintaining the higher structure
of mtDNA, because at any time most TFAM molecules should
be bound to nonpromoter regions. The higher structure is
called nucleoid in general. However, it might be more appro-
priately described as a mitochondrial chromosome or mito-
chromosome when based on the whole structure of mtDNA.
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