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Abstract. Recent analyses have shown that non-
synonymous variation in human mitochondrial DNA
(mtDNA) contains nonneutral variants, suggesting
the presence of mildly deleterious mutations. Many
of the disease-causing mutations in mtDNA occur in
the genes encoding the tRNAs. Nucleotide sequence
variation in these genes has not been studied in hu-
man populations, nor have the structural conse-
quences of nucleotide substitutions in tRNA
molecules been examined. We therefore determined
the nucleotide sequences of the 22 tRNA genes in the
mtDNA of 477 Finns and, also, obtained 435 Euro-
pean sequences from the MitoKor database. No
differences in population polymorphism indices were
found between the two data sets. We assessed selec-
tive constraints against various tRNA domains by
comparing allele frequencies between these domains
and the synonymous and nonsynonymous sites,
respectively. All tRNA domains except the variable
loop were more conserved than synonymous sites,
and T stem and D stem were more conserved than the
respective loops. We also analyzed the energetic
consequences of the 96 polymorphisms recovered in
the two data sets or in the Mitomap database. The
minimum free energy (AG) was calculated using the
free energy rules as implemented in mfold version 3.1.
The AG’s were normally distributed among the 22
wild-type tRNA genes, whereas the 96 polymorphic
tRNAs departed significantly from a normal distri-
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bution. The largest differences in AG between the
wild-type and the polymorphic tRNAs in the Finnish
population tended to be in the polymorphisms that
were present at low frequencies. Allele frequency
distributions and minimum free energy calculations
both suggested that some polymorphisms in tRNA
genes are nonneutral.
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Introduction

The human mitochondrial genome (mtDNA) is a
double-stranded, circular molecule of 16 569 nucle-
otide pairs, and each mitochondrion contains several
identical copies of mtDNA. This genome is mater-
nally transmitted and does not undergo recombina-
tion that is detectable at a population level
(Piganeau and Eyre-Walker 2004). MtDNA encodes
13 of the more than 80 polypeptides in the mito-
chondrial respiratory-chain complexes and contains
genes for 2 rRNAs and 22 tRNAs required for
mitochondrial protein synthesis. There are several
copies of each tRNA gene in the nuclear DNA, but
there is only one copy of each tRNA gene in
mtDNA. The rate of new mutations in mtDNA is
approximately 10 to 17 times greater than that in
the nuclear genome (Neckelmann et al. 1987; Wal-
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lace et al. 1997), but the substitution rate in mtDNA
varies between regions, so that the tRNA genes, for
example, evolve much more slowly than synony-
mous sites (Pesole et al. 1999).

A comparative study of the tRNA genes in animal
mitochondrial and nuclear genomes has demon-
strated that the former accumulate nucleotide sub-
stitutions much more rapidly than do the latter, and
several lines of evidence are consistent with the idea
that the excess substitutions are mildly deleterious
mutations (Lynch 1996). Such mutations would give
rise to a class of haplotypes that are kept at low
frequency by their mildly deleterious effects but not
eliminated from the population immediately (Fry
1999). Mildly deleterious mutations would be com-
patible with life, but mitochondrial function would
decline with age in postmitotic tissues and lead to
OXPHOS deficiency and ultimately to clinical
symptoms (Wallace 1995). Many of the disease-
causing mutations in mtDNA occur in the genes
encoding tRNA, where the greatest number of
pathogenic mutations have been identified in the
MTTLI gene, encoding tRNA" VYR The hetero-
plasmic mutation 3243A > G in this gene, for exam-
ple, leads to a decrease in the synthesis of mtDNA-
encoded proteins and causes the MELAS syndrome
(mitochondrial encephalomyopathy with lactic aci-
dosis and stroke-like episodes).

Many disease-causing point mutations have al-
ready been identified in mtDNA, but there is evi-
dence to suggest that the number of mutations and
polymorphisms is probably higher than is currently
known (Moilanen and Majamaa 2003). Nucleotide
sequence variation in the mtDNA tRNA genes has
not been studied in human populations, nor have
the significances of the various polymorphisms been
determined in terms of the energetic demands of
tRNA when folding into the secondary structure.
Furthermore, the effect of selection on sequence
variation in tRNA genes has not been examined in
detail. Selection on genome regions should affect
the respective allele frequency distributions, because
polymorphisms under negative selection tend to be
less frequent than neutral polymorphisms, whereas
the opposite is true for polymorphisms that are
subject to positive selection. These data would be
of great importance in the search for possible
pathogenic mutations and mildly deleterious poly-
morphisms in mtDNA. We therefore determined
the sequences of the mtDNA tRNA genes in 477
Finns, obtained 435 other European sequences
(Herrnstadt et al. 2002), and examined the variation
in these genes. Furthermore, we analyzed the
energetic consequences of the 96 polymorphisms
found in these two data sets or reported in the
Mitomap database.

Subjects and Methods

Subjects and Samples

A total of 477 blood samples from persons who reported that they
themselves and their mothers were free of diabetes mellitus, sen-
sorineural hearing impairment, and neurological ailments were
obtained at Finnish Red Cross offices in central and northern
Finland (Finnild et al. 1999; Meinild et al. 2001). After obtaining
informed consent, the samples were rendered anonymous. The
study was approved by the Ethics Committee of the Medical
Faculty, University of Oulu, and the Ethics Committee of the
Finnish Red Cross.

In addition, 435 European tRNA-encoding sequences (Her-
rnstadt et al. 2002) from population controls or patients with
neurodegenerative disease in the U.K. and U.S.A. were down-
loaded from the Mitokor Web site (http://www.mitokor.com/sci-
ence/560mtdnasrevision.php) in May 2003.

Molecular Methods

PCR for CSGE. Total DNA was isolated from the blood
cells using the QIAamp Blood Kit (Qiagen, Hilden, Germany),
and the mitochondrial tRNA genes were analyzed by confor-
mation-sensitive gel electrophoresis (CSGE). Thirteen pairs of
primers were designed for amplification of the mtDNA frag-
ments (size range, 261 bp to 428 bp) that harbored the 22
tRNA genes (Table 4). It is possible by CSGE to detect sub-
stitutions that are 44-50 nucleotides from the nearest end of the
fragment (Ganguly et al. 1993; Finnild et al. 2000). To confirm
that we had not failed to detect any substitutions, primers were
designed to amplify at least 56 extra nucleotides flanking the
tRNA genes.

The template DNA was amplified in a total volume of 50 pl
by PCR in 30 cycles of denaturation at 94°C for 1 min, annealing
at a temperature specific to the primer for 1 min, and extension at
72°C for 1 min, with a final extension at 72°C for 10 min. The
quality of the amplified fragment was estimated visually on a
1.5% agarose gel, after which a suitable amount of the PCR
product, usually 2-8 pl, was taken for heteroduplex formation.
This was allowed to occur autogenously, and each amplified
fragment was mixed with the corresponding fragment amplified
on a control template with a known sequence (Finnild et al.
2000). The amplified fragments were denatured at 95°C for 5 min
and the heteroduplexes were subsequently allowed to anneal at
68°C for 30 min.

CSGE was carried out as described previously (Korkko et al.
1998; Finnild et al. 2000). The heteroduplex samples were elec-
trophoresed through a polyacrylamide gel at a constant voltage
of 400 V overnight at room temperature. The bands in the gel
were stained with ethidium bromide and visualized under UV
light.

Sequencing. Differences in the mobility of PCR fragments
in CSGE were analyzed by automated sequencing (ABI PRISM
377 Sequencer using the DYEnamic ET terminator Cycle
Sequencing Kit, Amersham Pharmacia Biotech Inc., Piscataway,
NJ) after treatment with exonuclease 1 and shrimp alkaline
phosphatase (Werle et al. 1994). The primers used for sequencing
were the same as those used in the amplification reactions for
CSGE. Polymorphisms are reported relative to the revised Cam-
bridge Reference Sequence (rCRS) (Anderson et al. 1981; An-
drews et al. 1999).



Statistical Analysis

Sequence data on the mtDNA tRNAs were used to calculate
molecular diversity indices within populations by means of the
ARLEQUIN 2.0 software package (Schneider et al. 2000). An
analysis of molecular variance (AMOVA) was used to detect var-
iance among and within populations.

The paired-samples ¢ test was used to detect differences between
the wild-type tRNA minimum free energies and those of the variant
tRNAs, and the Kolmogorov—Smirnov test was used to examine
the distributions of variables for normality.

Selection on genome regions should affect the respective allele
frequency distributions. Absence of recombination is a reasonable
assumption for mtDNA (Kraytsberg et al. 2004; Piganeau and
Eyre-Walker 2004), and therefore, it is possible to compare the
allele frequency distributions between mtDNA regions by using
simple nonparametric rank order tests when the comparisons are
being made in the same samples. If allele frequencies are lower in
one region than another, there is selection on at least one of the two
regions. Allele frequency distributions were compared between
genome regions by using nonparametric rank order tests as
implemented in R 1.8.1 (IThaka and Gentleman 1996).

Determination of tRNA Structures

The consensus secondary structures of the mitochondrial tRNA
molecules were first visualized using databank information
available from URL http://www.uni-bayreuth.de/departments/
biochemie/sprinzl/trna/index.html/ (Sprinzl et al. 1998). The mini-
mum free energy (AG) was calculated for all positions that har-
boured a polymorphism, using the latest free energy rules as
implemented in mfold version 3.1 (available from URL http://
www.bioinfo.rpi.edu/applications/mfold/old/rna/ [Zuker et al.
1999; Mathews et al. 1999]). Default settings were used for the
folding temperature (37°C) and ionic conditions (I M NaCl; no
divalent ions). The percent suboptimality number was 5 and the
upper bound on the number of computed foldings was 50. The
maximum distance between paired bases was unlimited. The cal-
culations were first carried out for the wild-type sequences. The
constraint options of the program were used to force the stems to a
consensus structure in which the amino acid acceptor stem was
7 bp, the D stem 4 bp, the anticodon stem 5 bp, and the T stem
5 bp (Helm et al. 2000). The anticodon loop was forced to contain
7 nt. In the case of 12 tRNA sequences (Leu" YR, Ile, GIn, Ala, Cys,
SerVeN, Asp, His, SerSY, Leu“YN, Thr, Pro) the algorithm sug-
gested base pairing in a loop, which was then prevented by using
the constraint options. Base pairing in a loop was accepted only in
cases where a polymorphism created an extension of the stem.
Unfolding of a stem was always accepted.

Results

Sequence Analysis of mt-tRNA Genes in 477 Finns

We determined the nucleotide sequences of the 22
tRNA genes in the mtDNA of 477 Finns. CSGE was
used to detect differences in the mobility of amplified
fragments, and the fragments showing differential
mobility were then sequenced. Sequence information
was thus obtained for 717,408 nucleotide positions.
We found 27 polymorphic sites in the tRNA genes,
with a total frequency of 314 polymorphisms among
the 477 subjects, giving frequencies of 0.66 poly-
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morphisms per subject and 0.438 x 107 per nucleo-
tide site (Table 1). Twelve of the 27 polymorphic sites
were located in the stems and 15 in the loops or other
non-base-paired domains (Fig. 1a). All the poly-
morphisms were transitions, and purine and pyrimi-
dine bases were equally affected, while thymidine and
adenine nucleotides were affected approximately
twice as often as cytosine and guanine nucleotides. A
heteroplasmic transition 14696A > G was identified,
whereas all the remaining polymorphisms were ho-
moplasmic. The highest number of polymorphic sites
was found in tRNA genes for Thr (five polymorphic
sites), Met (three polymorphic sites), Cys (three
polymorphic sites), and His (three polymorphic sites),
whereas no polymorphic sites were detected in eight
tRNA genes (Phe, Val, LeuVYR Tle, Asn, Tyr, Lys,
Pro). Haplogroup-specific polymorphisms were
found at positions 10034 (I), 10463 (T), 12308 (KU),
15904 (V), 15924 (1), and 15928 (T). Two polymor-
phisms, 10463T > C and 15924A > G, were found to
be homoplasic, i.e., they had occurred at least twice in
evolution. Haplotypes of the samples were then
constructed on the basis of the tRNA sequences. The
most common haplotype was the one that was iden-
tical to the rCRS, and the samples representing ha-
plogroups H, J, W, X, and Z belonged to this
haplotype.

Comparison of tRNA Sequences Between the Finns
and Other Europeans

Complete mtDNA coding region sequences have
been reported for 435 Europeans in British or U.S.
populations (Herrnstadt et al. 2002). There were 52
polymorphic sites in the 22 tRNA genes including 49
transitions, 2 transversions, and 1 insertion (Fig. 1b).
In total, there were 331 polymorphisms among the
435 subjects, giving frequencies of 0.76 polymor-
phisms per subject and 0.506 x 10 per nucleotide
site (Table 2). Each tRNA molecule except that for
proline harbored at least one polymorphic site, and
the highest number of sites was found in the tRNA
gene for threonine with eight polymorphic sites. Eight
polymorphisms were homoplasic (positions 593,
5773, 7581, 10410, 10463, 15924, 15928, and 15930).

The standard indices of genetic heterogeneity were
quite similar in the Finns and the Europeans (Table 3).
The most common haplotype in the two groups was
one belonging to haplogroup H, with a frequency of
42% among the Finns and 51% among the Europeans,
and the second most common belonged to haplogroup
U and had a frequency of 30% among the Finns and
13% among the Europeans. In total, 13 haplotypes
were common to the Finns and the Europeans, and
some 87% of the samples in both populations belonged
to these haplotypes. The frequency of private haplo-
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Table 1. Polymorphic sites found in the mitochondrial tRNA genes of the Finns

Number of
Nucleotide nucleotide Number of
tRNA changes in tRNA®® Position® changes Haplogroup® MITOMAP¢
Phe 577-647 - - - - -
Val 1602-1670 - - - - - -
LeuYYR 3230-3304 - - - - - -
Ile 4263-4331 - - - - - -
Gin 4329-4400 4336T>C 66 Amino acid stem 3 H +
Met 4402-4469 4418T>C 17 DHU loop 1 H -
4452T>C 55 TyC loop 32 H -
4454T > C 57 TyC loop 1 J -
Trp 5512-5579 S5568A > G 62 T stem 1 z -
Ala 5587-5655 5633C>T 26 Connector 2 3 J +
Asn 5657-5729 - - - - - -
Cys 5761-5826 57713A>G 61 T stem 1 K -
5785T>C 48 Variable loop 1 H -
5824G> A 3 Amino acid stem 4 H +
Tyr 5826-5891 - - - - - -
SerVCN 7446-7514 7476C>T 4 Anticodon stem 7 J +
Asp 75187585 7562A > G 49 T stem 1 H -
Lys 8295-8364 - - - - - -
Gly 9991-10058 10034T>C 48 Variable loop 14 1 +
10044A > G 58 TYC loop 5 H +
Arg 10405-10469 10463T>C 67 Amino acid stem 13 H (1), T (12) +
His 12138-12206 12172A>G 38 Anticodon loop 1 U -
12188T>C 55 TyC loop 1 H -
12192G > A 59 TVC loop 13 H +
SerSY 12207-12265 12238C>T ell Variable loop 1 §) -
12246C>T 55 TVC loop 1 H +
Leu“"™ 12266-12336 12308A > G 44 Variable loop 148 K (13), U (135) +
Glu 14674-14742 14687A > G 60 TVC loop 1 T -
h14696A > G 51 T stem 1 W -
Thr 15888-15953 15904C>T 19 DHU loop 29 X (1), V (28) +
15907A > G 22 D stem 2 U +
15924A>G 39 Anticodon stem 16 U(l), W(l), I (14) +
15927G > A 42 Anticodon stem 1 X +
15928G > A 43 Anticodon stem 12 T +

Pro 15956-16023

“Numbering of nucleotides in tRNA according to Sprinzl et al. (1998).

®See Fig. 1.

“Haplogroups are defined as the major branches of the phylogenetic tree for human mtDNA and designated by alphabets (Torroni et al.

1996).
dhttp://www.mitomap.org/.

types was fairly low within the two populations (Ta-
ble 3), and a total of 50 haplotypes were private in the
populations. AMOVA suggested that 97.5% of the
variance was due to within-population variation and
2.5% was due to variation among populations.

Analysis of Allele Frequency Distributions in tRNA
Genes

Comparisons of allele frequency distributions re-
vealed significant differences between tRNA domains
(Fig. 3A) and between synonymous sites and tRNA
domains (Fig. 3B). Allele frequency distributions
differed between the nine tRNA domains among 912
tRNA sequences (p = 2.7 x 107°) (Fig. 3A). T and D
stems were more conserved than their loop counter-

parts (T stem vs. TYC loop, p = 0.0048; D stem vs.
DHU loop, p = 0.021). The distributions differed
between the four loops (p = 0.033) but not between
the four stems (p = 0.71). The anticodon loop was
more conserved than the variable loop (p = 0.0014).
The proportion of segregating sites was lowest in the
anticodon stem, but the frequencies of the derived
alleles in these sites were higher in the anticodon stem
than in other tRNA domains (anticodon stem vs.
variable loop, p = 0.012; anticodon stem vs. TyC
loop, p = 0.014; anticodon stem vs. DHU
loop, p = 0.0047; anticodon stem vs. amino acid
stem, p = 0.017; anticodon stem vs. anticodon loop,
p = 0.0090; anticodon stem vs. connectors,
p = 0.079; anticodon stem vs. D stem, p = 0.027;
anticodon stem vs. T stem, p = 0.0090).
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Fig. 1. Secondary structure of human mitochondrial tRNA showing distribution of polymorphic sites among (a) 477 Finnish sequences
and (b) 435 European sequences. 12311insA, 3’ to position 48, is not shown. The nucleotide positions are coded according to the number of
different polymorphisms that hit the site, and the legend in the inset shows the frequencies, con 1, connector 1; con 2, connector 2.
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Fig. 2. The difference AG(wt) — AG(pmf) as a function of the
frequency of the polymorphism in the Finnish population. Black
square, seven polymorphisms with AG(wt) equal to AG(pmf) and
with a population frequency of 0.21%.

The allele frequencies within the various tRNA
domains and those at synonymous and nonsynony-
mous sites were examined in the 627 sequences that
included the coding region (Fig. 3B). In comparison
to synonymous sites, the allele frequencies were lower
in nonsynonymous sites (p < 2 x 107'%) and in each
of the tRNA domains except the variable loop (syn-
onymous vs. variable loop, p = 0.22; synonymous
vs. TYC loop, p = 0.0031; synonymous vs. DHU
loop, p = 0.0041; synonymous vs. amino acid stem,
p = 3.0 x 107°; synonymous vs. anticodon loop,
p =22 x 107 synonymous vs. connectors,
p = 0.0032; synonymous vs. T stem, p = 2.5x 107%;
synonymous vs. D stem, p = 2.3 x 107%; synonymous
vs. anticodon stem, p = 3.1 x 107%). Differences be-
tween nonsynonymous sites and tRNA domains were
not significant, except for the variable loop

(p = 0.00026). The allele frequencies at the segre-
gating sites in the anticodon stem were higher than
those at the synonymous sites (p = 0.0012).

tRNA Structure

We calculated the free energies for the wild-type
tRNA molecules (AG(wt)) and for the 96 polymor-
phic tRNA molecules (AG(pmf)) that were detected
among the 477 Finns or in the 435 European se-
quences in the MitoKor dataset or had been reported
as mtDNA coding region sequence polymorphisms in
the Mitomap (URL: http://mitomap.org). The cal-
culations were performed using the latest free energy
rules as implemented in mfold version 3.1 (Zuker
et al. 1999; Mathews et al. 1999). The algorithm did
not allow single base pairs in the stem, and conse-
quently 4 of the wild-type tRNAs and 10 tRNAs
harboring a polymorphism differed in their secondary
structures from those suggested previously (Sprinzl et
al. 1998) even after the application of constraints that
forced a double-helical structure in the stems and an
unpaired structure in the loops.

The minimum free energy was identical in 47 pairs
of wild-type tRNA and polymorphic tRNA, more
negative in the polymorphic tRNA in 26 pairs, and
less negative in the polymorphic tRNA in 23 pairs.
The minimum free energies were normally distributed
among the 22 wild-type tRNAs, whereas those of the
96 polymorphic tRNAs departed from a normal dis-
tribution (p = 0.008, Kolmogorov—Smirnov test).
The minimum free energies were then estimated sep-
arately for each domain of the tRNAs, and the dif-
ference in AG(wt) — AG(pmf) was calculated. The four
helices were found to differ from each other
(p = 0.003) in AG(Wt) — AG(pmf). The mean differ-
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Table 2. Polymorphic sites found in the mitochondrial tRNA genes of the Europeans (Herrnstadt et al. 2002)

Number of
change
Nucleotide nucleotide Number of
tRNA change in tRNA*® Position® changes Haplogroup MITOMAP®
Phe 577-647 593T>C 17 DHU loop 3 J(1),K () -
Val 1602-1670 1618A>G 18 DHU loop 1 H -
LeuYYR 3230-3304 3277G > A 46 Variable loop 2 H -
Ile 42634331 4295A>G 37 Anticodon loop 4 K +
4310A>G 52 T stem 2 H -
Gln 4329-4400 4336T>C 66 Amino acid stem 10 H -
4386T>C 15 DHU loop 1 H +
Met 4402-4469 4435A>G 37 Anticodon loop 1 J -
Trp 5512-5579 S516A>G 5 Amino acid stem 1 H -
5554C> A 44 Variable loop 1 U +
5563G>A 55 TyC loop 1 H -
Ala 5587-5655 5633C>T 26 Connector 2 3 J +
5634A>G 25 D stem 1 H -
Asn 5657-5729 STIIA>G 20 DHU loop 1 K -
5715A>G 15 DHU loop 1 1 -
Cys 5761-5826 57713G>A 61 T stem 2 H (1), J (1) -
5788T>C 44 Variable loop 1 H -
5806T>C 26 Connector 2 1 H -
5821G>A 6 Amino acid stem 1 H +
Tyr 5826-5891 5843A>G 55 TYC loop 1 T -
Ser"N 7446-7514 7476G > A 42 Anticodon stem 6 J +
Asp 7518-7585 7559A>G 45 Variable loop 1 K -
7561T>C 48 Variable loop 1 H -
7581T>C 69 Amino acid stem 2 H (1), U (1) +
Lys 8295-8364 8308A>G 14 DHU loop 1 H +
8343A>G 54 TYC loop 1 H -
Gly 9991-10058 10034T>C 48 Variable loop 12 I +
10044A > G 58 TYC loop 5 H -
Arg 10405-10469 10410T>C 6 Amino acid stem 3 H (2), W (1) +
10423A>G 22 D stem 1 J -
10448T>C 48 Variable loop 1 H -
10463T >C 67 Amino acid stem 47 T (46),J (1) +
His 12138-12206 12171A>G 37 Anticodon loop 1 T +
12172A>G 38 Anticodon loop 2 H -
12189T>C 56 TVC loop 1 K -
12200A > G 67 Amino acid stem 1 T -
Ser*SY 12207-12265 12239C>T el2 Variable loop 1 J -
12258C> A 66 Amino acid stem 1 H -
Leu“"N 12266-12336 12285T>C 21 DHU loop 1 U +
12308A> G 44 Variable loop 89 K (47), U (42) +
12311insA 48-9 Variable loop 1 H -
12331A>G 68 Amino acid stem 1 U -
Glu 14674-14742 14687A>G 60 TyC loop 8 T -
14709T > C 37 Anticodon loop 1 T -
Thr 15888-15953 15900T > C 13 D stem 1 U -
15904C>T 19 DHU loop 8 \% +
15907A>G 22 D stem 7 U +
15924G > A 39 Anticodon stem 29 H 3), 1(11),7J (1), +
K (11), U (2), W (1)
15927G > A 42 Anticodon stem S X +
15928G > A 43 Anticodon stem 47 H (1), T (46) +
15930G > A 45 Variable loop 3 H (2), U (1) -
15946C>T 66 Amino acid stem 3 K +

Pro 15956-16023

“Numbering of nucleotides in tRNA according to Sprinzl et al. (1998).

®See Fig. 1.

“http://www.mitomap.org.



Table 3. Sequence diversity in mtDNA-encoded tRNA genes among the Finns and Europeans

Samples with

MtDNA Samples Lineages private Variable Gene

% of private

Population segment (n) (n) lineages (n)  sites (n) diversity 0, (SD) O (95% CI) O (SD) lineages
Finns tRNA 477 28 16 27 0.726 + 0.014 1.10 (0.80) 6.35 (4.20-9.36) 4.00 (1.06) 3.4
Europeans® tRNA 435 58 38 51 0.713 + 0.022 1.37 (0.94) 17.8 (13.1-23.7) 7.67(1.79) 8.7
Finns® HVS-1 403 128 61 81 0.964 + 0.004 4.57 (2.49) 64.3 (51.3-80.3) 12.32 (2.71) 15
Finns® HVS-1 176 74 n.a.® 64 0.957 3.61 (2.04) 47.6 (34.7-64.9) 11.14 (2.78) 38
British? HVS-1 167 98 n.a. 81 0.964 3.84 (2.15) 98.5(72.0-135.1) 14.23 (3.48) 50

#12311insA, detected in the MitoKor data set, was excluded from these analyses.

"Data from Meinili et al. (2001).

“Data from Helgason et al. (2000), based on sequence data from Pult et al. (1994), Sajantila et al. (1995), Richards et al. (1996), and
Kittles et al. (1999).

dData from Helgason et al. (2000), based on sequence data from Piercy et al. (1993) and Richards et al. (1996).

“Not applicable.

A oo o 1-5 H 610 W 11-15 W 15
variable loop | IEEEEEEE———— [
TyC loop e e 135
DHU loop — I 121
amino acid stem [ 230
anticodon loop I 154
connectors I 66
D stem —_ I 168
Tstem | N 220
anticodon stem [ — -l
r T T T ]
0.80 085 0.90 0.95 1.00
B
synonymous [ I R Z029
variableloop [ I ©9
TyCloop [ e— RE
DHUloop [ B=e=———: I
nonsynonymous | Il 7537
amino acid stem [ i 330
anticodon loop [ T 154
ctors [ B —
Dstem [ I 168
Tstem [ I 220
anticodon stem [ T 224
r T T T 1
0.80 0.85 0.90 0.95 1.00
Proportion of sites

Fig. 3. Comparisons of allele frequency distributions in the var-
ious domains of tRNA genes and synonymous and nonsynony-
mous sites in protein-coding genes. A tRNA domains in 912 tRNA
sequences. B tRNA domains and synonymous and nonsynony-
mous sites in 627 sequences that included the coding region.
Horizontal bars indicate the relative frequencies of mtDNA sites
having the depicted absolute frequency of the derived allele
(shading) among each set of sequences. The total number of sites
belonging to each domain is shown at the right. Derived alleles
were identified as differences from an African outgroup (GenBank

ence was small in the amino acid acceptor stem,
—0.085 £ 0.559, and in the dihydrouridine stem,
—0.015 £ 0.492, but it was markedly larger in the T
stem, 0.209 + 1.036, and in the anticodon stem,
—0.141 + 0.564. Pairwise comparison of the mini-
mum free energy between the helical domain of the
wild-type molecule and that of the polymorphic mol-
ecule suggested that the differences in the anticodon
stem (p = 0.015; paired-samples ¢ test) and T stem

accession number AF347015). Invariant sites that differed from the
outgroup were excluded from the analyses. tRNA domains were
defined according to Helm et al. (2000). Synonymous (fourfold
degenerate) and nonsynonymous (nondegenerate) sites were de-
fined according to AF347015. Initiation and termination codons
were excluded. Allele frequency distributions were compared using
Wilcoxon rank sum test for comparisons between two domains
and Kruskal-Wallis rank sum test for comparisons among several
domains.

(p = 0.05) were significant. Seven polymorphic posi-
tions were found in the anticodon stem and six in the T
stem. Interestingly, the consensus base pairs 29-41 and
30-40 in the anticodon stem and base pair 50-64 in the
T stem were devoid of polymorphisms (Fig. 1).

The difference in AG(wt) — AG(pmf) was then
plotted against the frequency of the polymorphism
among the Finns (Fig. 2), whereupon it emerged that
the largest differences in AG(wt) — AG(pmf) tended to
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Table 4. Primers used for amplifying the mitochondrial tRNA genes

Nucleotides
encoding a
Forward primer sequence Reverse primer sequence tRNA tRNA?
GCA-CTT-AAA-CAC-ATC-TCT-GCC-AA GGT-GAA-CTC-ACT-GGA-ACG-GG Phe 577-647
AAT-GGG-CTA-CAT-TTT-CTA-CCC-C GGT-TTG-GCT-AAG-GTT-GTC-TGG-TAC-TA Val 1602-1670
AAG-GCC-TAC-TTC-ACA-AAG-CGC-C GAG-CGA-TGG-TGA-GAG-CTA-AGG-T Leu"UR  3230-3304
ACG-ACC-AAC-TCA-TAC-ACC-TCC-T TGT-TTA-TTT-CTA-GGC-CTA-CTC-AGG-TA le 4263-4331
Gln 4329-4400
Met 4402-4469
CTA-CTC-CCC-ATA-TCT-AAC-AAC-G AAT-CGA-AGA-AGC-AGC-TTC-AAA-CC Trp 5512-5579
Ala 5587-5655
AGC-CCT-CAG-TAA-GTT-GCA-ATA-C GCG-CCG-AAT-AAT-AGG-TAT-AGT-G Asn 5657-5729
Cys 5761-5826
Tyr 5826-5891
GAA-ACA-TCC-TAT-CAT-CTG-TAG-GC GAT-TAT-GAG-GGC-GTG-ATC-ATG-A SerVeN 7446-7514
Asp 7518-7585
CAG-ATG-CAA-TTC-CCG-GAC-GTC-T GGT-GAT-CAG-GAA-TAG-TGT-AAG-G Lys 8295-8364
CCG-ACG-GCA-TCT-ACG-GCT-C GAT-ATA-GGG-TCG-AAG-CCG-CAC Gly 9991-10058
GAG-CCC-TAC-AAA-CAA-CTA-ACC-TGC TAG-GGC-TAG-GCC-CAC-CGC-TGC Arg 10405-10469
CCA-CAA-TGG-GGC-TCA-CTC-ACC AAC-GAG-GGT-GGT-AAG-GAT-GG His 12138-12206

Ser®SY  12207-12265

LeuCUN  12266-12336
GAC-CAC-ACC-GCT-AAC-AAT-CAA-TAC-TA GAT-GGG-GTG-GGG-AGG-TCG-AT Glu 14674-14742
CAC-TTT-ATT-GAC-TCC-TAG-CCG-C TTC-ATG-GTG-GCT-GGC-AGT-AAT-G Thr 15888-15953
Pro 15956-16023

“Nucleotide positions were identified according to Anderson et al. (1981).

be in the polymorphisms that were present at a low
frequency in the population. A cutoff frequency of
0.01 was used to stratify the 26 homoplasmic Finnish
polymorphisms into two groups. The difference in
AG(wt) — AG(pmf) was —0.3100 £ 0.9556 (mean + SD)
among the polymorphisms with a frequency <0.01
and —0.2411 + 1.0812 among those with a frequency
>0.01.

Discussion

We obtained sequence information on more than
1.3 Mb of the 22 mtDNA-encoded tRNA genes in 477
Finns and 435 other Europeans (Herrnstadt et al.
2002). The tRNA molecules showed fairly low se-
quence variation by comparison with the structural
genes, ribosomal RNA genes, and control region
(Moilanen et al. 2003), their mean diversity being only
70% of that in the hypervariable segment I (HVS-I)
among Europeans and 75% of that among the Finns.
In keeping with this low diversity, the two most
common haplotypes encompassed two-thirds of all
the tRNA sequences, and the proportion of private
haplotypes was quite low. AMOVA showed that 2.5%
of the total variation in the sample was due to varia-
tion among the two populations. Actual comparison
of the two populations may not be feasible, however,
because the frequencies of mtDNA haplogroups dif-
fered between the samples (p < 0.001; exact test of
population differentiation).

An interspecies comparison has revealed that
mitochondrial tRNAs harbor invariant positions less
frequently than do nuclear tRNAs (Lynch 1996). We
found that the human mitochondrial tRNAs were
variably subject to polymorphisms, as threonine
tRNA harbored eight polymorphic sites, while the
tRNAs for Val, Phe, LeuV"R, Tyr, and SerVN har-
bored only one polymorphic site each among these
912 Europeans. Interestingly, the Mitomap list of
disease-causing mutations in mtDNA-encoded tRNA
genes gives a quite different distribution, four or more
disease-causing mutation sites being present in only 6
(Phe, Leu"Y®, Ile, Ser’“™, Lys and Gly) of the 22
tRNA genes (27%), with 3 of these 6 belonging to
those genes that rarely harbor polymorphisms. When
the tRNAs were grouped according to the number of
polymorphic sites, those tRNAs with only one or two
polymorphisms harbored on average 5.7 + 5.8 sites
with a disease-causing mutation and those with more
than two polymorphisms an average of 1.7 = 1.1
such sites (p = 0.047 for the difference between the
groups; ¢ test). This relationship was most apparent
in MTTLI, which has been considered to be a
mutational hot spot (Moraes et al. 1993). Mitomap
lists 21 disease-causing mutations in MTTLI, but we
found only one polymorphic site in this tRNA gene
among 912 Europeans. Thus there appears to be an
inverse relationship between the number of deleteri-
ous mutation sites and the number of polymorphic
sites in the tRNA, suggesting that variation in some
tRNAs may be more deleterious than that in others.



Generally, the tRNA genes have been shown to be
more conserved than synonymous sites (Pesole et al.
1999; Moilanen et al. 2003). We found here that
different selective constraints are apparently imposed
on entire tRNA genes, and in addition, we found
evidence for similar differences between various
tRNA structural domains. Comparisons of allele
frequency distributions revealed significant differ-
ences between tRNA domains and between synony-
mous sites and tRNA domains. The variable loop
was the least conserved and the anticodon stem was
the most conserved of tRNA domains, and all do-
mains except the variable loop were more conserved
than the synonymous sites in the protein-coding
genes. Furthermore, the allele frequencies of segre-
gating sites in the anticodon stem were higher than
expected by comparison to other tRNA domains or
synonymous sites, suggesting that the observed
polymorphisms in the anticodon stem may be either
neutral or subject to positive selection.

In order to examine the structure—function rela-
tionships, we used the mfold program to predict
optimal secondary structures for the mtDNA-
encoded tRNAs through free energy minimization
(Zuker et al. 1999; Mathews et al. 1999), in which the
size of the minimum free energy change indicates the
“driving force” behind the reaction, and the more
negative the AG is, the more likely is the process. We
found wide spectrum of differences in the AG of the
mitochondrial tRNAs. The largest negative differ-
ences in AG(wt) —AG(pmf) < -3 were found in the
polymorphisms 10001T>C, 10014G>A, 15927
G>A, and 15928G > A, suggesting that the poly-
morphic variant was energetically less favorable than
the wild-type variant, while the largest positive dif-
ferences (AG(wt) — AG(pmf) > 3), suggesting that
the polymorphic variant was energetically more
favorable than the wild-type variant, were found
in the polymorphisms 8343A>G, 5634A>G,
4318C > G, 14696A > G, and 4310A >G. Polymor-
phisms differing greatly from the wild type are non-
neutral.

The distribution of the minimum free energies of
the polymorphic tRNAs deviated from normality,
suggesting negative selection against some of the
tRNA variants. The largest differences in minimum
free energies were found between the wild-type
tRNAs and the variant tRNAs in the anticodon stem.
A reduction in the binding stability of the anticodon
stem of the variant tRNAs would result in a less
favorable conformation and would suggest a basis for
negative selection. Interestingly, we found that the
largest differences in AG(wt) — AG(pmf) tended to be
in the polymorphisms that were present at a low
frequency in the Finnish population. Such a fre-
quency pattern would infer that the energy penalty
for polymorphisms may be high and that some
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polymorphisms are faced with negative selection.
This suggestion is supported by a recent analysis on
68 pathogenic mutations and 64 polymorphisms,
which has shown that sites harboring polymorphisms
tolerate more variability than those harboring path-
ogenic mutations (Florentz and Sissler 2001).

A recent survey of variation in 840 sequences on
nonsynonymous variation revealed that nonconser-
vative changes are more likely among private muta-
tions and among nonhomoplasic mutations,
suggesting that mtDNA variation in structural genes
is non-neutral (Moilanen and Majamaa 2003). It is
more difficult to assess the basis for negative selection
in the case of tRNA molecules than in the case of the
genes encoding subunits of the respiratory chain.
Negative selection may be based on changes in the
overall stability of the tRNA, on the extent or quality
of the posttranscriptional modifications, or on inter-
actions with aminoacyl tRNA synthetases, transla-
tion factors or ribosomal components (S6ll and
RajBhandary 1995).

Approximately 6% of the nucleotides in animal
mitochondrial tRNAs are modified posttranscrip-
tionally (Brulé et al. 1998) and the loops are most
often the sites of modifications (Agris 1996). A
structural role for such modified nucleotides is sug-
gested by the fact that they are more often conserved
than not. Furthermore, leucine tRNAs harboring the
deleterious 3243A > G mutation and lysine tRNAs
harboring the deleterious 8344A > G mutation have
been shown to differ in the quality and extent of their
posttranscriptional modifications (Helm et al. 1999).
However, apart from the qualitative changes in the
tRNA molecule, the consequences of posttranscrip-
tional modification are unclear, although they seem
to enhance stability of tRNAs or enhance confor-
mational dynamics (Agris 1996). A change in tRNA
modification could lead to a decrease in tRNA
affinity for the respective aminoacyl synthetase
(Muramatsu et al. 1988; Perret et al. 1990). Further-
more, posttranscriptional modifications may alter the
specificity or stability of the tRNA or change its
affinity for its codon. Whatever the consequence may
be, the expected net effect would be a decrease in
mitochondrial protein synthesis, which has been
verified for many pathogenic mtDNA mutations
(Rossignol et al. 2003).

Mature tRNA molecules interact with many pro-
teins including aminoacyl tRNA synthetases, trans-
lation factors, and ribosomal components (S6ll and
RajBhandary 1995), and such proteins may be more
or less tolerable for structural changes or instability
of mutated tRNA molecules. However, it is unlikely
that all tRNA variants that we observed are equally
well tolerated by their partner proteins, because in
that case variants with large AG and those with small
AG should be found at similar frequencies. Mutations
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could also affect tRNA function by removing a
nucleotide that is important in recognition by a
partner protein, such as aminoacyl tRNA synthetase
(Giege et al. 1998). Mutations involving such binding
sites may not necessarily cause significant changes in
the structure of the tRNA molecule, and therefore it
is likely that some mutations with small AG may also
be subject to negative selection. The assumption that
the pathogenic potential of a tRNA mutation is not
determined solely by structural alterations is also
supported by the finding that structural effects of
clearly pathogenic mutations are not necessarily
dramatic (Florentz and Sissler 2001).

We found that variation in the tRNA genes was
low in European mtDNAs and the variants were
unevenly distributed among the 22 tRNA genes, as
the threonine tRNA harbored eight polymorphic
sites, whereas five tRNAs harbored only one poly-
morphic site each. Calculation of the minimum free
energies provided a method to evaluate the structural
consequences of the various polymorphic variants.
The AG’s of the polymorphic tRNAs varied consid-
erably, but the difference in AG between the wild type
and the polymorphic variant was small in the
majority of tRNAs, suggesting that these variants are
neutral. Interestingly, largest differences in AG’s ten-
ded to occur in those polymorphic tRNAs that were
present at a low frequency in the Finnish population,
suggesting that such variants are under negative
selection. Changes in posttranscriptional modifica-
tions of tRNAs or changes in interactions of tRNAs
with certain partner proteins may also contribute to
such a selection, however. These results extend our
recent data (Moilanen and Majamaa 2003) and sug-
gest that some polymorphisms in the tRNA genes are
not neutral and may have a mildly deleterious po-
tential. Minimum free energy calculations in large
sequence sets may provide a means for evaluating the
pathogenic potential of polymorphisms in tRNAs,
but these calculations do not reveal any simple basic
features for predicting the pathogenic nature of
tRNA variants.
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