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Background: Most pathogenic human mitochondrial
DNA (mtDNA) mutations are heteroplasmic (i.e., mu-
tant and wild-type mtDNA coexist in the same individ-
ual) and are difficult to detect when their concentration
is a small proportion of that of wild-type mtDNA
molecules. We describe a simple methodology to detect
low proportions of the single base pair heteroplasmic
mutation, A3243G, that has been associated with the
disease mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes (MELAS) in total DNA
extracted from blood.
Methods: Three peptide nucleic acids (PNAs) were
designed to bind to the wild-type mtDNA in the region
of nucleotide position 3243, thus blocking PCR ampli-
fication of the wild-type mtDNA while permitting the
mutant DNA to become the dominant product and
readily discernable. DNA was obtained from both ap-
parently healthy and MELAS individuals. Optimum
PCR temperatures were based on the measured ultravi-

olet thermal stability of the DNA/PNA duplexes. The
presence or absence of the mutation was determined by
sequencing.
Results: In the absence of PNAs, the heteroplasmic
mutation was either difficult to detect or undetectable
by PCR and sequencing. Only PNA 3 successfully
inhibited amplification of the wild-type mtDNA while
allowing the mutant mtDNA to amplify. In the presence
of PNA 3, we were able to detect the heteroplasmic
mutation when its concentration was as low as 0.1% of
the concentration of the wild-type sequence.
Conclusion: This methodology permits easy detection
of low concentrations of the MELAS A3243G mutation
in blood by standard PCR and sequencing methods.

A multitude of human mitochondrial DNA (mtDNA)4

diseases have been correlated with single base pair mu-
tations, insertions, and deletions (1, 2). Most of these
diseases involve the neuromuscular system, but deafness,
diabetes, epilepsy, progressive dementia, hypoventila-
tion, cardiac insufficiency, renal dysfunction, and sudden
onset blindness are other symptoms that have been asso-
ciated with mtDNA mutations. Because each cell contains
multiple mitochondria and each mitochondrion usually
contains more than one mtDNA chromosome, hetero-
plasmy (i.e., the condition in which the mutant mtDNA
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and wild-type mtDNA coexist in the same individual) is
usually present in these disease states. Detection of these
heteroplasmies depends on the relative concentrations of
the heteroplasmic variations in the sample tissue. Tissues
that can be obtained in a noninvasive manner (e.g., blood,
hair, and buccal swabs) usually contain a lower percent-
age of the heteroplasmic mutant DNA than a more highly
metabolic tissue such as muscle (3 ).

Among mtDNA disorders, 80% of patients with mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes (MELAS) have the A3243G mutation, the
most common mtDNA point mutation detected in an
examination of �2000 patients suspected of having
mtDNA disorders (3, 4). [The numbering system used
here is the same as that of the Cambridge Reference
Sequence (5 )]. However, there are still cases where the
phenotypic symptoms are used to diagnose the disease
because the heteroplasmic mutation is not detectable by
PCR and sequencing (6 ). These phenotypic symptoms
include strokes between the ages of 5 and 15 years,
migraine headaches, seizures, ataxia, myoclonus, deaf-
ness, retinopathy, dementia, myopathy, kidney disease,
myalgia, ophthalmoplegia, cardiomyopathy, cardiac con-
duction defects, and/or type II diabetes mellitus (7 ).

Detection of low-frequency heteroplasmic mtDNA mu-
tations is difficult, and in many cases it is not possible to
distinguish between the absence of the mutation and the
inability of the analytical method to detect it in a given
tissue (8 ). Some investigators have reported the inability
to detect any mutant DNA in individuals known to have
the disease (9, 10).

Many laboratories use PCR amplification followed by
restriction enzyme analysis or an allele-specific oligonu-
cleotide approach to detect these mutations (3, 8). Prior
research in our laboratory, using PCR products that we
prepared containing a single base pair heteroplasmy
present at concentrations ranging from 1% to 50%,
showed that sequencing could detect a heteroplasmy
present at 20% but that 10% was indistinguishable from
background (11 ). With these prepared heteroplasmic
samples, the addition of a specially designed peptide
nucleic acid (PNA) (11–13) enabled us to detect the
heteroplasmy that was present at 5%. In our method, the
PNA interferes with extension elongation and, thus, am-
plification of the wild-type DNA, but allows amplification
of the DNA containing the single base pair heteroplasmic
mutation.

Using this approach with the A3243G MELAS muta-
tion, we found that the single-nucleotide MELAS muta-
tion that is present in patients with very low to undetect-
able heteroplasmic concentrations (1–20%) becomes the
dominant product and readily discernable. Use of the
specifically designed PNA, primers, and information on
the optimal conditions described here will allow anyone
with PCR and sequencing capabilities to easily screen
suspected patients and their maternal relatives for the
A3243G MELAS mutation.

Materials and Methods
dna from melas patients and controls
The DNA from eight patients diagnosed with MELAS
was provided by Georgetown University Medical Center
(Washington, DC). The research done at NIST was
deemed exempt by the NIST Institutional Review Board
because the DNA samples were coded and untraceable to
the original donors. The DNA was extracted from periph-
eral blood leukocytes by the salting out method of Lahiri
and Nurnberger (14 ). DNA samples were reconstituted at
10 ng/�L in buffer (10 mmol/L Tris-HCl, 1 mmol/L
EDTA). Table 1 shows the percentage of the heteroplas-
mic mutation in the mtDNA from each patient’s blood
estimated by the restriction fragment length polymor-
phism (RFLP) procedure (15 ).

DNA extracted from three cell lines [9947A (from NIST
Standardized Reference Material 2392), GM03798 (from
Coriell Repository), and HL-60 (from American Type
Culture Collection)] that had only A at nucleotide posi-
tion (np) 3243 were used as wild-type controls. The HL-60
DNA was used to serially dilute (1:10, 1:100, and 1:1000;
for the 1:10 dilution, starting with equal concentrations of
the MELAS and HL-60 DNA, 2 �L of MELAS sample was
mixed with 18 �L of HL-60 DNA; 2 �L of the 1:10 dilution
was then diluted in 18 �L of HL-60 DNA for the 1:100
dilution; finally, 2 �L of the 1:100 dilution was then
diluted in 18 �L of HL-60 DNA for the 1:1000 dilution) the
DNA sample from the MELAS patient with the estimated
1% heteroplasmy to provide samples with even lower
proportions of the heteroplasmy to determine the limit of
detection.

PNAs
PNA oligomers are DNA analogs in which the ribose-
phosphate backbone is replaced by a neutral backbone
consisting of N-(2-aminoethyl)glycine units linked by
amide bonds (12 ). The four bases (A, C, G, and T) are
attached to the achiral peptide-like backbone with meth-
ylene carbonyl linkages. PNAs mimic DNA, binding to
complementary DNA strands but with greater specificity
and binding strength. Three PNAs were synthesized for
this study (Fig. 1). One pair of PNAs (PNAs 1 and 2; 9-bp
long) was designed to bind to both the sense and anti-

Table 1. Estimated percentage of the MELAS A3243G
mutation in the mtDNA from blood of eight patients.

Patient
no.

Percentage estimated
by RFLP

1 10
2 20
3 15
4 16
5 3
6 5
7 1
8 9
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sense strands of the wild-type mtDNA with only minimal
overlap around np 3243, the site of the MELAS mutation.
They were designed in this fashion so that the matched
PNA pair (PNAs 1 and 2) could be added at the same time
to the PCR mixture to prevent amplification of both
strands without binding to each other. PNA 3 (11-bp long)
was designed to match the sense sequence (light-strand)
and thereby bind to the antisense strand (heavy-strand)
with np 3243 in the middle. All of the PNAs were
designed to be complementary to the wild-type DNA, not
the mutant.

The PNA molecules were synthesized on an ABI 433A
Peptide Synthesizer (Applied Biosystems) using solid-
phase peptide synthesis protocols and tert-butoxycar-
bonyl (t-Boc) chemistry (16 ). The PNA oligomers were
synthesized from the COOH terminus to the NH2 termi-
nus with the carboxyl end of the first PNA monomer
being protected by an attachment to a polystyrene bead.
The first monomer was attached to the 4-methylbenzhy-
drylamine-HCl (MBHA) resin (Applied Biosystems) with
use of N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyr-
idino-1-ylmethylene]-N-methylmethanaminium hexaflu-
orophosphate N-oxide (HATU) as a coupling reagent and
capped with PNA cap solution (Applied Biosystems) (17 ).
Strand elongation was initiated by simply washing solu-
tions over the beads at appropriate times. The NH2

terminus was temporarily protected by the t-Boc group
during the coupling steps. The synthesized PNA was
cleaved from the resin with a trifluoroacetic acid–triflu-
oromethanesulfonic acid reagent and precipitated with
ether. The products were characterized by matrix-assisted
laser desorption/ionization time-of-flight mass spectros-

copy (MALDI-TOF MS) (13 ). Analysis with a HPLC
(Waters Corp.) using a C18 column heated at 323 K to
minimize aggregation of the PNAs indicated that the
purity of the three PNA molecules was �90%. PNA
concentrations in the PCR buffer were determined by
ultraviolet absorbance measurements at 260 nm using
estimated extinction coefficients of 7.8 � 104, 8.9 � 104,
and 11.2 � 104 cm�1 M�1 for PNAs 1, 2, and 3, respec-
tively [the extinction coefficients were calculated with
information from Applied Biosystems (18 )].

ultraviolet thermal stability measurements of
pna/dna duplexes
Two 22-oligomer DNA molecules and their 22-oligomer
complements (Table 2) were synthesized by Invitrogen/
Gibco BRL (Rockville, MD) and used to prepare the
wild-type mtDNA/PNA and mutant mtDNA/PNA du-
plexes for the ultraviolet thermal stability measurements.
The total strand concentrations were in the range of 3–5
�mol/L, and the PNA/DNA duplexes were formed by
mixing equal concentrations of each strand. To determine
the optimum operating temperatures for PCR, the disso-
ciation, or “melting”, temperatures of these DNA/PNA
duplexes were determined by the increase in the absor-
bance (monitored at 260 nm with a PerkinElmer Lambda
4B Spectrophotometer) as the temperature of the duplex
solutions was increased. The sample cell containing the
duplex solution was heated at a rate of 1 K/min from 20
to 90 °C by means of a thermal electric heater while the
reference cell containing just the buffer solution was
maintained at room temperature. The results were ana-
lyzed by EXAM (19 ), a software program that normalizes
the absorbances to the total absorbance change and fits the
normalized data to a two-state transition model to deter-
mine the melting temperature (Tm) and dissociation van’t
Hoff enthalpy (�Hv) of the duplex at a known concentra-
tion (c) in solution. The Tms of the duplexes at lower
concentrations used in the PCR could be determined with
use of the known Tm at a given duplex concentration, the
�Hv, and the following equation:

d(lnc)
d(1/Tm)

� ��Hv/R

where d indicates the derivative, and R is the ideal gas
constant (8.31451 J mol�1 K�1).

Fig. 1. Binding sites of the PNAs to DNA and its complement.
np 3243 is underlined. (A), PNA 3 with the Cambridge Reference Sequence (CRS)
and its complement; (B), PNA 3 with the CRS mutant; (C), PNA pair 1 and 2 with
the CRS and its complement. In A, B, and C, the 22-oligomer segment of the CRS
used in the thermal stability studies and its complement are shown. In the actual
experiments, the PNAs were added to the PCR reaction mixture that produced a
586-bp amplicon containing np 3243.

Table 2. DNA oligomers used in ultraviolet thermal stability
measurements.

DNA oligomer Base sequencea

Wild type 5�-ATTACCGGGCTCTGCCATCTTA-3�

Wild-type complement 5�-TAAGATGGCAGAGCCCGGTAAT-3�

Mutant 5�-ATTACCGGGCCCTGCCATCTTA-3�

Mutant complement 5�-TAAGATGGCAGGGCCCGGTAAT-3�
a np 3243 is underlined and in bold.
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pcr with and without pna
The PCR primers were designed to amplify a 586-bp
region that included np 3243. They were the same as
primer set 12, which is used in NIST Standardized Refer-
ence Material 2392 for sequencing the entire human
mtDNA (20 ). Primer set 12 consists of a forward primer
that starts at np 2972 and is 21 oligomers long and a
reverse primer that starts at np 3557 and is 20 oligomers
long (Table 3).

The PCR reaction mixture contained 1 �L of DNA, 0.5
�L of 5 U/�L AmpliTaq GoldTM DNA polymerase (final
concentration, 2.5 U; Applied Biosystems), 5 �L of Gene-
Amp 10� PCR Buffer (Applied Biosystems), 1 �L of 10
mM deoxynucleoside triphosphate (dNTP) mixture (final
concentration, 0.2 mM each; Invitrogen), 1 �L each of the
forward and reverse 10 �M primers (final concentration,
0.2 �M each), 200 �M PNA (in various amounts to
examine the effect of PNA concentration; final concentra-
tions ranged from 0.4 to 24 �M), plus H2O to a final
volume of 50 �L. The 10� buffer (pH 8.3) contained 100
mM Tris-HCl, 15 mM MgCl2, and 500 mM KCl. To
examine the effect of DNA concentration, the DNA con-
centrations were varied from 0.1 to 10 ng/�L.

Thermal cycling was conducted in a PerkinElmer
Model 9700 thermocycler. Multiple thermocycle condi-
tions were examined depending on which combination of
DNA/PNA was being tested. The most successful com-
bination was DNA/PNA 3 and consisted of an initial
incubation step of 95 °C for 10 min (required for Ampli-
Taq Gold activation), followed by 35 cycles of 15 s at 94 °C
(denaturation), 20 s at 77 °C, ramping at 0.6 °C/s (20%
rate) to 70 °C for 10 s (annealing PNA to wild-type DNA),
ramping at 0.9 °C/s (30% rate) to 56 °C for 70 s (primer
annealing and extension), and ending with a final exten-
sion of 7 min at 56 °C.

A sample of the amplified DNA was examined by
electrophoresis in a 2% agarose gel and stained with
ethidium bromide to assess the purity and size of the PCR
product. The size of the product was estimated by com-
parison with the gel marker ladder (Research Genetics).
Before sequencing, the PCR products were purified with a
QIAquick PCR Purification Kit (QIAGEN Inc.).

sequencing
PCR products were sequenced in both the forward and
reverse directions with the same primers as those used for
the PCR. Cycle sequencing with fluorescent dye-labeled
terminators was performed using an ABI PRISM® BigDye
Terminator Cycle Sequencing Ready Reaction Kit with
AmpliTaq® DNA Polymerase FS (Applied Biosystems).
Samples were prepared using 1 �L of primer (initial

concentration, 10 �mol/L), 1 �L of DNA, 8 �L of the
mixture from the BigDye Terminator Cycle Sequencing
Ready Reaction Kit, and 10 �L of distilled water. Thermal
cycling was conducted in a PerkinElmer Model 9700
thermocycler and started with 1 min at 96 °C. The reaction
then underwent 25 cycles of 96 °C for 15 s (denaturation),
50 °C for 5 s (annealing), and 60 °C for 2 min (extension).
The DNA product was purified using Edge Gel Filtration
Cartridges (Edge Biosystems). The samples were dried on
a RC10.10 Centrifugal Evaporator (Jouan) and reconsti-
tuted in 20 �L of Template Suppression Reagent (Applied
Biosystems).

Sequencing of the fluorescently labeled purified DNA
was performed with a ABI PRISM 310 Genetic Analyzer
(Applied Biosystems) and a 47 cm � 50 �m capillary
column. Data analysis was executed with the Sequence
Analysis and Sequence Navigator software packages (Ap-
plied Biosystems).

estimation of the heteroplasmy concentration
by rflp
The percentage of the A3243G heteroplasmic concentra-
tion was estimated by RFLP. Primers homologous to
heavy-strand np 3116–3134 and light-strand np 3353–3333
of the mtDNA were used for PCR amplification of the
region containing the A3243G mutation and yielded a
PCR product of 238 bp. Digestion of this product with the
HaeIII restriction enzyme produced DNA fragments of
169, 37, and 32 bp. The presence of the A3243G mutation
generates an additional HaeIII restriction site by cleaving
the 168-bp fragment into 97- and 72-bp fragments. The
DNA fragments were separated by 12% polyacrylamide
gel electrophoresis, and the percentage of the heteroplas-
mic mutation was estimated by densitometer scanning.

Results
PNAs
Three different PNAs were designed to bind to the
wild-type DNA in the region surrounding np 3243, the
site of the low-frequency heteroplasmic mtDNA MELAS
mutation (Fig. 1). One set of PNA pairs was designed to
bind to both the heavy and light mtDNA strands and
overlap only around np 3243. Because this pair of PNAs
was offset and not complementary to each other, we were
hoping that it would inhibit the amplification of both
strands of the wild-type mtDNA but not bind to each
other. The thermal Tm measurements of the 22-oligomer
segment of the wild-type or the mutant DNA bound to
the various PNAs indicated that PNA pair 1 and 2 and
PNA 3 were good candidates for further study.

Determination of the thermal Tms for the PNA/wild-
type mtDNA and PNA/mutant mtDNA as well as the
optimal conditions for amplification and sequencing was
necessary for success. The thermal melting dissociation
curves for the successful PNA 3/wild-type mtDNA and
PNA 3/mutant mtDNA duplexes are shown in Fig. 2.
Table 4 shows the thermal Tms that were found for each

Table 3. Primers used in this study.
Primer Base sequence

F2972 5�-ATAGGGTTTACGACCTCGATG-3�

R3557 5�-AGAAGAGCGATGGTGAGAGC-3�
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PNA/DNA duplex used in the final experiments and the
dissociation �Hv values needed for the determination of
the Tms of the duplexes at the lower concentrations used
in the PCR reactions (see Materials and Methods).

pcr
PCR reactions were conducted in the presence of PNA
pair 1 and 2 or PNA 3, using thermocycler conditions
tailored to each (the Materials and Methods provides only
those conditions that were successful). Reactions were
performed with concentrations of 0, 0.4, 1, 2, 4, 8, 16, and
24 �mol/L of each PNA. Two percent agarose gels of the
PCR products with and without the PNAs in the PCR
reaction mixture showed single strong bands of the ex-
pected amplicon size. Fig. 3A shows the agarose gel bands
after electrophoresis of the PCR products from a repre-
sentative MELAS sample over the range of PNA concen-
trations.

PCR reactions were also performed on the control
DNA samples under conditions identical to those used for
the MELAS samples. Fig. 3B shows the agarose gel of the
PCR products from the control HL-60 DNA over the same
range of PNA concentrations as above. The concentration
effect of PNA (which was designed to inhibit the wild-
type nucleotide) is clearly indicated and shows a maxi-
mum inhibition of the PCR at 4 �mol/L.

sequence analysis of pcr products
Subsequent sequencing of the PCR products indicated
that regardless of PNA concentration or a wide range of
thermocycle conditions, the presence of PNA pair 1 and 2
during PCR had little or no effect on the wild-type/
mutant ratio seen in the absence of PNA. However, PNA
3, which was designed to bind to the heavy strand with
np 3243 in the middle, successfully inhibited the amplifi-
cation of wild-type mtDNA while allowing the mutant
mtDNA to amplify. Both the forward and reverse se-
quences of the PCR products generated in the presence of
PNA 3 (0.4–24 �mol/L) showed that the MELAS G
mutation (reverse C) at np 3243 was now the dominant
species over the entire range of PNA concentrations.
However, we found that a PNA concentration of �2
�mol/L was optimal for the greatest suppression of the
adenine nucleotide (the wild-type mtDNA; Fig. 4).

As seen in Fig. 5, in the absence of PNA, it was difficult
if not impossible to detect the presence of the mutation
because it appeared to be totally absent or indistinguish-

Fig. 2. Ultraviolet melting measurements on PNA3/DNA (Mutant) and
on PNA 3/DNA (WT).
Note the increase in the thermal stability of the PNA3/DNA (wild-type) duplex
(Tm � 77 °C; �Hv � 1101 kJ/mol) relative to the PNA3/DNA (mutant) duplex
(Tm � 68 °C; �Hv � 875 kJ/mol). The total strand concentration in both samples
was 3 �mol/L.

Table 4. PNA/DNA Tms and dissociation enthalpy values.

PNA
no. Base sequence

PNA/wild-type
mtDNA

PNA/mutant
mtDNA

Tm, °C
�HV,

kJ/mol Tm, °C
�HV,

kJ/mol

1 5�-CTCTGCCAT-3� 76 2295 29 1168
2 5�-GAGCCCGGT-3� 71 1365 43 856
3 5�-GGCAGAGCCCG-3� 77 1101 68 875

Fig. 3. Representative 2% agarose gels of PCR products with various
PNA 3 concentrations (0–24 �mol/L).
The Gel Marker Ladder (lane S) indicates that the size of the products is
consistent with the expected size of 586 bp. The negative control (lane C)
contains no DNA. (A), DNA from a MELAS blood sample showing successful
amplification at all PNA concentrations. (B), DNA from a control wild-type blood
sample (no MELAS mutation) showing inhibition of amplification at all PNA
concentrations with the greatest inhibition at �4 �mol/L PNA.
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able from the baseline noise in our MELAS samples
obtained from blood. But, as seen in Fig. 4, in the presence
of PNA 3, the mutant peak becomes the predominant
peak in the mtDNA. This was true for all eight MELAS
patients.

determination of lowest detectable
heteroplasmy
The MELAS sample estimated to have the lowest percent-
age of the mutant heteroplasmy (1%) was diluted 10-,
100-, and 1000-fold with control DNA from HL-60 and
amplified in the presence of PNA concentrations of 0, 0.4,
1, 2, 4, 8, 16, and 24 �mol/L. The guanine heteroplasmy
was clearly visible in the samples diluted to a final

heteroplasmic concentration of 0.1% and amplified in the
presence of PNA, although it was no longer the dominant
peak (Fig. 6). At the greater dilutions, the heteroplasmic
mutation was not visible regardless of the concentration
of PNA.

effect of dna concentration
In addition to varying the concentration of PNA added to
the PCR reaction, we varied the amount of DNA added to
the PCR reaction by 100-fold (0.1, 1, or 10 ng/�L; final
concentrations, 2, 20, or 200 �mol/L) to assure that the
results of our PCR-PNA reactions were not sensitive to the
DNA concentration. Regardless of whether the final concen-
tration was 2, 20, or 200 �mol/L DNA in the PCR reaction

Fig. 4. Sequence analysis of a representative MELAS sample amplified
with no PNA or various concentrations of PNA 3 (0.4, 1, 2, 4, 8, 16, or
24 �mol/L).
In the absence of PNA 3, the MELAS (G) mutation is barely visible above
the baseline noise and the wild type (A) is the dominant species. In the
presence of PNA 3, the MELAS (G) mutation at np 3243 is preferentially
amplified and is the dominant species at all PNA concentrations, although the
optimal concentration to suppress the amplification of the wild-type A was 2
�mol/L.

Fig. 5. Sequence electropherograms of two MELAS patient samples
amplified in the absence of PNA, showing the difficulty of detecting the
A3243G mutation.
(a), representative sample of six of the eight samples shows a small heteroplas-
mic guanine mutant peak (G), barely distinguishable from baseline noise. (b),
representative sample of two of eight patient samples in which no guanine
mutant peak was detectable.

Fig. 6. Sequence showing the MELAS heteroplasmic mutation, after
PCR in the presence of 2 �mol/L PNA, of the patient’s mtDNA that was
diluted 10-fold with control DNA.
Fig. 6 indicates that the limit of detection of the heteroplasmy under these
conditions in the presence of PNA 3 is 0.1%. The heteroplasmy is clearly visible
but no longer the dominant peak.
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mixture, the results were the same: PNA 3 effectively
blocked amplification of the wild type while allowing am-
plification of the mutant species (data not shown).

Discussion
MELAS is a devastating disease that causes seizures,
ataxia, psychomotor regression, hemiparesis/hemi-
anopia, cortical blindness, migraine-like headaches, dys-
tonia, muscle weakness, exercise intolerance, sensorineu-
ral hearing loss, lactic acidosis, ragged-red fibers in the
muscles, and short stature (21 ). Some patients also exhibit
myoclonus, peripheral neuropathy, cardiac conduction
defects, cardiomyopathy, and Fanconi syndrome. Some
diabetes mellitus patients also have the same mtDNA
A3243G mutation found in MELAS patients (21 ).

The A3243G mutation occurs in the dihydrouridine
loop in tRNALeu(UUR) (7 ). The finding that this mutation is
also in the middle of the transcription terminator binding
site and may perturb transcription has been proposed as
a possible mechanism for the multiple symptoms associ-
ated with MELAS. Wallace et al. (7 ) discussed the evi-
dence that both support and refute this proposed mech-
anism. However, the finding that 10 other single base pair
mutations (6 of which are found outside the transcription
terminator binding site, and of those, 2 have been associ-
ated with MELAS) are also in this tRNA and have been
correlated with seven different mitochondrial diseases
indicates that there probably are additional factors that
need to considered in deciphering the mechanism
whereby this mutation causes MELAS.

Eighty percent of MELAS patients have the heteroplas-
mic mtDNA A3243G mutation in which adenine is the
wild-type base and guanine is the mutation associated
with the disease. This mutation is usually present in low
amounts compared with the wild type, especially in
tissues that are obtained in a relatively noninvasive man-
ner (e.g., blood, hair, or buccal swabs; Fig. 5). The question
arises as to whether the 20% of the MELAS patients
without a detectable mutation actually have the mutation
but at a concentration that is not detectable in that
particular tissue with current technologies. There have
been cases reported in which a single heteroplasmic base
pair mutation was readily found in muscle but was
undetectable in blood (22, 23), or where the A3243G
mutation was detected in muscle and hair follicles in 10
individuals but detected in the blood of only 5 of those
individuals (24 ). These 10 patients ranged in age from 23
to 73 years, and the mutation was found in the blood of
the younger patients (23, 28, 38, 41, and 45 years of age),
but not in the older patients (47, 58, 62, 62, and 73 years of
age). Weber et al. (23 ), however, took muscle biopsies
over a 12-year period and found that the mutation in-
creased with time and that the increase correlated with an
increase in clinical symptoms. Other investigators have
also found that this mutation decreases in the blood after
birth at a mean rate estimated at �0.69% � 0.61% per year
(25 ) or 1.4% per year (26 ). A recent study used PNAs to

examine specific mtDNA mutations in brain and muscle
tissue from various age groups and found that the
MELAS and MERRF mutations did not accumulate with
age, but mutations at np 414 adjacent to the control region
promoters did accumulate with age in muscle but not in
brain (27 ). Therefore, mutations seem to increase in the
muscle but decrease in the blood over time, a circum-
stance that may make the detection of heteroplasmic
mutations in blood samples more difficult in the elderly.

PNAs have been used to detect polymorphisms and
mutations primarily by preventing primer annealing dur-
ing PCR (27–30). Some investigators have used free
solution capillary electrophoresis in which PNA/DNA
duplexes are analyzed at high temperatures in the pres-
ence of denaturants (31, 32). This analysis requires sepa-
rate runs to distinguish the mutant and wild type. In these
types of experiments, buffer composition and increased
column temperatures are important in controlling the
hybridization, and the PNA/DNA duplexes are noted by
the shift in mobility from the unhybridized oligonucleo-
tide. In these cases, the investigators were examining
mutations in nuclear DNA so that heteroplasmy was not
an issue, although Perry-O’Keefe et al. (32 ) were able to
detect an individual known to be heterozygous for the
cystic fibrosis mutation. Butler et al. (13 ) showed that
MALDI-TOF MS could be used to characterize PNA
oligomers, and Ross et al. (33 ) made PNA probes that
were hybridized to single-stranded PCR biotinylated
DNA products that were immobilized on streptavidin-
coated magnetic beads. The biotinylated PCR product
was constructed by labeling the reverse primer with 5�
biotin. These immobilized complexes were analyzed by
MALDI-TOF MS. These experiments were designed to
recognize homoplasmic polymorphisms, but not hetero-
plasmic polymorphisms or low-frequency heteroplasmic
mutations.

Therefore, based on previous work (11 ) in our labora-
tory that showed that specifically designed PNAs could
interfere with PCR of the wild-type DNA while allowing
amplification of the heteroplasmic mutant DNA, we have
developed an easy method for the unequivocal detection
of the specific MELAS A3243G mutation when it is
present in blood samples at �0.1% and at proportions that
are not detectable by typical DNA sequencing (�20%).
The question arose as to what would happen if there were
a polymorphism other than or in addition to np 3243 in
the PNA binding area. If the other polymorphism were a
low-frequency heteroplasmic mutation, the PNA would
still bind to the wild-type DNA, preventing its amplifica-
tion, and the other mutation would be detectable when
the amplicon was sequenced. If the polymorphism existed
along with the np 3243 mutation, then both should
become detectable when sequenced. Only if another poly-
morphism or mutation existed in the PNA binding region
and were homoplasmic (all the mtDNA contains the
change), then the PNA would not bind and the low-
frequency heteroplasmy at np 3243 would be as difficult
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to detect as it currently is. However, if the polymorphism
was homoplasmic or a high-frequency heteroplasmy, it
should not be difficult to detect by PCR and sequencing.
Therefore, if one detects a homoplasmic polymorphism or
a high-frequency heteroplasmy within the PNA binding
site (np 3238–3248), it should alert the investigator that
further studies are needed to detect whether the low-
frequency MELAS mutation exists. In addition, a search of
the MITOMAP web site (34 ) indicated that their extensive
literature search of mtDNA polymorphisms has not de-
tected any polymorphisms (other than np 3243) at any of
the nucleotide sites covered by this PNA (np 3238–3248).
We therefore believe that this will be a rare problem, if a
problem at all.

In this study, sequencing of mtDNA samples from
eight MELAS patients showed the presence of a minor
heteroplasmic guanine component at np 3243 at concen-
trations that were nearly indistinguishable from the back-
ground noise in six of the samples and that were not
observable at all in two of the samples (Fig. 5). The
method presented here, PCR under the described thermal
cycling conditions in the presence and in absence of our
specific PNA, followed by mtDNA sequence analysis,
provided definitive evidence for the presence of the
MELAS (A3243G) heteroplasmy. This method is sensitive
enough to detect the heteroplasmy in blood samples at
0.1% so that investigators do not have to perform more
invasive and painful muscle or other tissue biopsies. It is
hoped that the enhanced detection method described here
will enable investigators to find the MELAS mutation in
both asymptomatic carriers and symptomatic patients in
whom the mutation without the presence of PNA is not
detectable. Because MELAS and many mtDNA diseases
are age-dependent (with increasing age, the mutant
mtDNA reaches a threshold and the disease becomes
symptomatic), we hope that sometime in the future the
ability to detect the mutation in asymptomatic carriers
may permit therapeutic intervention before the disease
reaches threshold values.

This PNA binding method will also be helpful in
prenatal diagnosis and preimplantation genetic diagnosis.
The problem today is that the difficulty in detecting the
mutation can interfere with obtaining an accurate diagno-
sis, providing correct genetic counseling, and devising the
correct therapeutic approach. One option currently avail-
able to prevent the genetic transmission of mtDNA mu-
tations is the use of donor oocytes. A future option may be
transfer of the nucleus of the mother to a donor oocyte
with wild-type mtDNA (35 ). Thorburn and Dahl (35 )
caution not to use a maternal relative as the oocyte donor
because her oocytes may carry the mutation although her
blood has no detectable mutant mtDNA. The method
described here will allow investigators to feel confident
that the blood is providing the correct result.

PNAs have been used to detect mutations in several
other studies. However, in contrast to most of this re-
search using PNA to detect mutations (27–30), our PNA

binding site is in the middle of the amplicon and distant
from both the forward and reverse primers. Taylor et al.
(36, 37) and Chinnery et al. (38 ) are examining the possi-
ble use of PNAs to inhibit the mutant mtDNA in diseased
individuals and allow only the wild-type DNA to repli-
cate. If successful, this approach could lead to a therapeu-
tic solution. However, there are many obstacles to over-
come, e.g., getting the PNA into the tissues, cells, and
mitochondria; binding the PNA to the mtDNA; and
inhibiting the replication of the mutant but not the wild-
type mtDNA. There has been some success in delivery of
the PNAs to cells grown in culture (38 ), but it has not been
shown that this approach alters the proportions of the
active mutation.

Because this same mutation, A3243G, is the most
common mtDNA mutation associated with type II diabe-
tes mellitus, we are extending our studies to determine
whether this sensitive method will allow enhanced detec-
tion of the mutation in diabetic patients as well. The
methodology described here concerning a specifically
designed PNA, primers, and the optimal conditions for
PCR and sequencing will allow investigators to detect the
A3243G mutation associated with the human mitochon-
drial disease MELAS even when the heteroplasmic muta-
tion is present in such low concentrations as to be unde-
tectable by other methods. If we determine that this PNA
will also detect the previously undetectable mutation in
diabetic patients and their maternal relatives, then this
methodology may also be useful to the clinical commu-
nity trying to diagnose type II diabetes mellitus and
provide counseling to potential genetic carriers of the
disease.
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