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Presence of the dihydrouridine (D) stem in the mitochondrial cysteine tRNA is unusually variable among lepido- 
saurian reptiles. Phylogenetic and comparative analyses of cysteine tRNA gene sequences identify eight parallel 
losses of the D-stem, resulting in D-arm replacement loops, Sampling within the monophyletic Acrodonta provides 
no evidence for reversal. Slipped-strand mispairing of noncontiguous repeated sequences during replication or direct 
replication slippage can explain repeats observed within cysteine tRNAs that contain a D-arm replacement loop. 
These two mechanisms involving replication slippage can account for the loss of the cysteine tRNA D-stem in 
several Jepidosaurian lineages, and may represent general mechanisms by which the secondary structures of mito- 
chondrialtRNAs are altered. 

_ - 

Introduction 

The animal mitochondrial genome usually contains 
22 tRNA genes. Whereas nuclear tRNAs exhibit highly 
conservative secondary structures, animal mitochondrial 
tRNAs are more variable (Wolstenholme 1992). Animal 
mitochondrial tRNAs normally contain four stems com- 
mon to standard tRNAs, the amino-acid-acceptor stem 
(AA), the dihydrouridine stem (D), the anticodon stem 
(AC), and the T!IX (T) stem. Some animal mitochon- 
drial tRNAs have lost D- or T-stems, forming replace- 
ment loops instead of stems (Wolstenholme 1992). All 
known examples of T-stems shifting to replacement 
loops occur in nematodes (Wolstenholme et al. 1987). 
All metazoa lack a D-stem in the serine (AGN) tRNA 
(Wolstenholme 1992). Nematodes (Dirheimer et al. 
1995; Wolstenholme et al. 1987), some mollusks (Boore 
and Brown 1994), and an annelid (Boore and Brown 
1995) lack a D-stem in the serine (UCN) tRNA. The 
marsupial, Didelphis virginiana, lacks a D-stem in the 
lysine tRNA (Janke et al. 1994). The frog, Xenopus Zae- 
vis, lacks a fully paired D-stem and has been postulated 
to form a D-arm replacement loop in the asparagine 
tRNA (Dirheimer et al. 1995). The D-stem in the cy- 
steine tRNA is missing in the tuatara, Sphenodon punc- 
tutus (Seutin et al. 1994). 

Several processes potentially could cause the loss 
of a stem from a tRNA gene. Accumulation of substi- 
tutions that disrupt pairing in a stem would produce a 
large replacement loop. In the case of a D-stem, the 
replacement loop produced in this manner would be 12 
bases or longer. Deletion of bases in part of a stem may 
disrupt base pairing, causing the formation of a smaller 
replacement loop. Insertion of a sequence in a stem or 
loop could create a large replacement loop. If the insert 
is large, the resulting replacement loop could be too big 
and a realignment of an adjacent stem could occur to 
reduce the size of the replacement loop. Deletion and 
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insertion of sequences may occur by replication slip- 
page. While deletion leaves no trace in the resulting se- 
quence, insertion of a sequence by replication slippage 
can leave tandem or noncontiguous direct repeats. 
Slipped-strand mispairing of noncontiguous repeats dur- 
ing replication leaves a highly recognizable pattern of 
three copies of a repeated sequence separated by two 
copies of a different repeated sequence (Levinson and 
Gutman 1987). 

Large changes to the secondary structure of a 
tRNA, such as loss of a stem, have been considered 
useful in reconstructing phylogenetic relationships (Wol- 
stenholme 1992), because homoplasy (parallelism and 
reversal) is unlikely. Models for the formation of re- 
placement loops involving deletion or insertion of se- 
quences should not be subject to reversal but could pro- 
duce parallelism because replication slippage could oc- 
cur on separate lineages. Transfer RNAs require AA- 
and AC-stems to be functional (Dirheimer et al. 1995). 
Loss of the D- or T-stem seems not to inhibit function 
(De Bruijn and Klug 1983; Steinberg, Gautheret, and 
Cedergren 1994; Wolstenholme, Okimoto, and Macfar- 
lane 1994; Dirheimer et al. 1995). 

The mitochondrial cysteine tRNA has been shown 
to have the standard four stems in most vertebrates (Ku- 
mazawa and Nishida 1993; Dirheimer et al. 1995). We 
have identified a rare case where considerable variation 
exists for the presence of the D-stem within a group of 
reptiles, the Lepidosauria. Sequences of the cysteine 
tRNA gene are reported for all major lineages of the 
Lepidosauria. Phylogenetic analysis is used to examine 
the evolutionary distribution of the loss of the D-stem 
from cysteine tRNAs. Examination of sequences in and 
around D-arm replacement loops of cysteine tRNAs 
suggests a general mechanism by which secondary 
structures may be altered in tRNAs encoded in the an- 
imal mitochondrial genome. 

Materials and Methods 

Tissue samples were collected and frozen imme- 
diately in liquid nitrogen. Voucher specimens for all 
samples were deposited in museum collections and se- 
quences in GenBank (appendix). Genomic DNA was ex- 
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tracted from muscle or liver tissue using the Qiagen 
QIAamp tissue kit. Genomic DNA was amplified with 
primers listed below using a denaturation at 94°C for 35 
s, annealing at 45-53°C for 35 s, and extension at 70°C 
for 150 s with 4 s added to the extension per cycle, for 
30 cycles. Amplified products were purified on 2.5% 
Nusieve GTG agarose gels and reamplified under similar 
conditions. Reamplified double-stranded products were 
purified on 2.5% acrylamide gels (Maniatis, Fritsch, and 
Sambrook 1982). Template DNA was eluted from ac- 
rylamide passively over 3 days in which Maniatis elu- 
tion buffer (Maniatis, Fritsch, and Sambrook 1982) was 
replaced each day. Cycle-sequencing reactions were run 
using the Promega fmol DNA-sequencing system with 
a denaturation at 95°C for 35 s, annealing at 45-53°C 
for 35 s, and extension at 70°C for 1 min for 30 cycles. 
Sequencing reactions were run on Long Ranger se- 
quencing gels for 5-12 h at 38-40°C. 

L3887, L4160, L4178a, or L4178b and H5934. Both 
strands were sequenced using the following primers 
L5551, L5556b, L5638a, L5638b, or L5706 and H5934 
or H5937. Primers are from Macey et al. (1997), except 
L4 160, which is from Kumazawa and Nishida (1993), 
and L555 1 5’-GACCAAAGGCCTTCAAAGCC-3’, 

Primers are designated by their 3’ ends, which cor- 
respond to the position in the human mitochondrial ge- 
nome (Anderson et al. 1981) by convention. Negative 
controls were run on all amplifications. Amplifications 
were done with one of the following primers: L3881, 

taxonomy is based on unpublished data) showed no ev- 
idence of reversal to a cysteine tRNA containing a 
D-stem. Two secondary-structural models can apply to 
cysteine tRNAs in acrodont lizards (fig. 1). These mod- 
els differ in the length of the AA-stem, accommodated 
by a shift in the T-stem. The two models do not affect 
the interpretation of a D-arm replacement loop. 

In the Gekkota, Eublepharus and Teratoscincus 
have a normal cysteine tRNA, but two separate lineages, 
Lialis and Gekko, lack D-stems. The Xantusiidae has a 
cysteine tRNA with a large D-arm replacement loop. In 
the Scincomorpha, the sister lineage to the Gekkota, a 
single phylogenetically nested lineage, Teiidae, lacks a 
cysteine tRNA D-stem. In the Anguimorpha, anguids 
and xenosaurids show a normal cysteine tRNA, but var- 
anids lack a D-stem. Sampling across all varanids shows 
no reversal to a state in which the cysteine tRNA has a 
D-stem (D. Pepin, personal communication). 

The exact relationship of Amphisbaenia and Ser- 
pentes to lizards is unresolved. All members of Serpen- 
tes (snakes) (Seutin et al. 1994; Kumazawa and Nishida 
1995) sampled have a four-stem cysteine tRNA, yet 
Amphisbaenia lack a D-stem. 

which is new. 
Secondary structures of tRNAs were inferred from 

DNA sequences using the criteria of Kumazawa and 
Nishida ( 1993). 

Results 

Sequences obtained for the mitochondrial cysteine 
tRNA gene from reptiles varied in length (fig. 1). This 
length variation is caused by the absence of a D-stem 
in some coded tRNAs. D-arm replacement loops are 
usually smaller than the 12 bases minimally needed to 
form a D-stem in mitochondrial tRNAs. The only ex- 
ception is the xantusiid lizard, Xantusia vigilis, which 
has a D-arm replacement loop of 14 bases. 

Phylogenetic Distribution 

The phylogenetic analysis revealed numerous par- 
allel losses of the cysteine tRNA D-stem (fig. 2). The 
tuatara, Sphenodon punctatus, is the sister taxon to all 
other lepidosaurs (Gauthier, Estes, and de Queiroz 1988) 
and lacks a D-stem in the cysteine tRNA (Seutin et al. 
1994). Other lepidosaurs show variation for the presence 
of this D-stem in each of four major lineages: the Igu- 
ania, Gekkota, Scincomorpha, and Anguimorpha. 

mazawa and Nishida 1995) demonstrate conserved nu- 
cleotide positions among lineages (fig. 3). If D-stems 

Homology in Four-Stem Cysteine tRNAs 

were acquired independently in different lineages, such 
similarities would not be expected. The most variable 
stem region observed among lepidosaurian lineages with 

Either the D-stem was lost in a common ancestor 

four-stem cysteine tRNAs was the T-stem, which con- 

of lepidosaurs and regained seven times, or eight parallel 

tained no invariant sites. In contrast, the D-stem was 
highly conserved. Two positions are invariant and three 

losses occured. Lepidosaurian cysteine tRNAs that con- 

others vary within purines or pyrimidines. One addi- 
tional site is nearly invariant as U (K in fig. 3). Only 

tain a D-stem (sampled here; Seutin et al. 1994; Ku- 

the base pair positions 13-22 (see Kumazawa and Nish- 
ida 1993) adjacent to the D-loop were highly variable. 
In addition, one base position between the AA- and 
D-stems and the position between the D- and AC-stems 
are restricted to purines. These observations suggest that 
reversal creating D-stems in seven independent lineages 
is highly unlikely. Parallel loss of D-stems is favored 
also because lineages lacking D-stems that were sam- 
pled in detail (Acrodonta and Varanidae) show no sign 
of reversal. A mechanism in which parallelism is pre- 
dicted but reversal is unlikely must be responsible for 
the patterns observed. 

Within the Iguania, all eight iguanid lineages (de- 
fined by Etheridge and de Quieroz 1988) exhibit a nor- 
mal secondary structure for the cysteine tRNA. Acro- 
dont lizards lack the cysteine tRNA D-stem. Extensive 
sampling within all major lineages of the Acrodonta 
(Chamaeleonidae, Agaminae [African, Asian, and Aus- 
trailian taxa], Leiolepinae [Leiolepis and Uromastix]; 

Repeated Sequences 

Transfer RNAs with D-arm replacement loops con- 
tained direct noncontiguous or tandem repeats (fig. 4). 
These repeats were concentrated in the D-arm replace- 
ment loop, and sometimes in the adjacent AC- and 
AA-stems. Some of the noncontiguous repeats extended 
into a noncoding sequence between the cysteine and ty- 
rosine tRNA genes as well as the adjacent tyrosine 
tRNA gene. The following analysis focuses on repeats 
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Iguanidae *<<<<<AA<<<<T..........<<<<T.....<<<AC..COD..<<<AC.<<<D...<<<D..~<~<c~ 

Anolis patemus AAGCCCCGGAGCCTTTAG----- GGCTCTTCT-TCAAACTTGCATTTTGATGT--ACACTTCGGGACT 

Basiliscus plumifrons AAGCCCCGGAGCCTCTTAG----GGCTCTTCT-TCAAACTn=C~~~ACATGCTC-ACACCCCAGGGCT 

Crotaphytus collaris AAGCCCCGGAACCCTTTAG---- GGTTCTTCT-TAAAATTTGCAATTT’I’ACGTGATC-ACACCCCGAGGCT 

Gambelia wislizenii AAGCCCCGGAACCCTTTAG---- GGTTCTTCT-TAAAATTTGCAATTTTATGTGATT-ACACCCCAAGGCT 

Hoplocercus spinosus AAGCCCCGGGACCTCTTAAG--- GGTCCTTCT-TCAAACT’IGCATTTTGACGTGAA--ACACCCCGGAGCT 

fiolaemus tenuis AAGCCCCGGAGCCTTTTGG---- GGCTCGTCT-TCAAACTTGCATTTTGACGTGTA--ACACCTCGGGACT 

Oplurus cuvieri AAGCCCCGGAGCCTATTAG---- GGCTCGTCC-TCGAATTTGCATTTCGATGTGATA-ACACCCCGAGACT 

Phrynosoma douglassi AAGCCCCGGACCCGn”r------GGGTCCTTCC~C~C~~CAT~ACG~~--ACACCCC~~T 

Sauromalus obesus AAGCCCCGGAGCCTTTAG----- GGCTCTTCT-TCAAACTTGCATTTTGACGn=TC--ACACCCCAGGGCT 

Acrodonta Model #l 
Model #K2 

Chamaeleoj7schet-i (model #l) 
Uromastix acanthinurus (model #l) 

Leiolepis belliana (model #l or 2) 
Moloch horridus (model #2) 

Physignathus cocincinus (model #2) 
Pogona barbata (model ti) 

Laudakia sacra (model #2) 

Phrynocephalus raadei (model #l or 2) 

Agama atra (model #2) 

Trapelus agilis (model #l) 
Draco blanfordi (model #2) 

CoZotes emma (model #2) 
Acanthosaura capra (model #2) 

Japalurajlaviceps (model #2) 

AAGTCCAGGGTCT-TCTA----- CGACCTAA-TCCGGATTTGCAGTCTGGGC’I-GT---------CTGGGCT 

GAAACCCACAAAC-ATACTAA--GTTATTTC-TCCGAATTTGCACTCCGGAACACA--------TGGGTCT 

AAAACCTCAGAGCCTTATG--- AGCTCTTA--TTCGAATTTGCAATTCGAAACCTT-------TGAGGCCT 

TAAGCTCAAGGGCCATAC--TCTAGCCAACC-ATCCGATTCCT 

TAGACCAAAGAGCAGTAA----TACCCATC--ATCTGATTCCT 

AAGGTTTAAGGGCCATCA----- GACCCACC-ATTTGATTTGCACTCAAATATTATTT-----CTAAACCA 

TAGGCCTGAGAGATTTTTTCT-TTCCCCGTCCAGATTCCT 

TAGACCTACGAAAATCTA---- CTTTCAAA--ACTAAACTTGCAATTTAGCATTTC;------TTAGGCCT 

TAGGCCTAAGAAGTTAA----- CCTTCAAA--TCCAAATTTGCACTTTAGAATTT--------TTAGGCCT 

TAGGCCTATGAAA-AACAA---- TTTCTAA--GCTAAATTTGCACTTTAG,CTAATCq-------CAGGCCT 

TAGGCCCAGGAACAA-------AATTCAAC--TCCAAATTTGCAATTTGGAAACTGCCG 

TAGACCCAGGAACCGA------AATTCTCC--TCCAAATTTGCAATTTGGG~----CTGGGCCG 

TAGACTCAGGAACAA------- AGTTCTTC--TCCAAATTTGCACmCGm<-------CTGGGTCG 

TAGACCCAGGAACGA------- AGTTCTTC--TACAAATTTGCXQTTGT~---------CTGGGCCG 

Gekkota 
Eublepharus turkmenicus 
Teratoscincus przewalskii 
Gekko gecko 
Lialis jicari 
Xantusia vigilis 

*<<<<<AA<<<<T . . . . . . . . ..<<<cT.....<<<AC..COD..<<<AC.<<<D...<<<D..<<<<<~ 

AAGCCCCGGCACTTTTA ------GGTGCTTCT-CTAAACTTGCAATTTAGCGTGATC-TCACCCCGGAGCT 

AAGCCCCGGCACCTTT‘TAG ----GGTGCTGCT-CCAAATTTGCACTTTGGTGTGTGG-CCACCCCAGGGCT 

AGCCCGGGGCACCATTCCG ----GGTGCTTGT-TTAAATTTGCACTTTAACCTCGTCT------CCCGGGC 

AAGCCCCGGACACCTTTCA----Gn=ACTTTT-CCACAC~TATTAT---------CAGAGCT - 
AAGCCCAGACGCCATTAAA ----GACGTTCTCTCCAGATTTGCAATCTGGCGCATTTCACTTCATAGGCCT 

Scincomorpha 
Platysaurus capensis 
Mabuya aurata 
Eremias grammica 
Cnemidophorus tigris 

*<<<c<AA<<<<T . . . . . . . . ..<<<<T.....<<<AC..COD..<<<AC.<<<D...<<<D..<<<<<A 

AAGCCCCGGCACCTTCAA -----GGTGCTTCT-TCACAATTTGACGTAA---ATACCTCGGAACT 

AAGCCCCGAAACGCCTTTAG ---GGTTTATCT-CTAGATTTGCACTCTAGCGTGAA--ACACCGCGGGACT 

AAGCCCCGGCACCTTAAT -----GGTGCTTCT-CCAAATTTGCATTTTGG CGTAA---TTACCTCAGGGCT 

Anguimorpha 
Anniella geronimensis 
Elgariapanamintina 
Shinisaurus crocodilurus 
Xenosaurus grandis 
Varanus griseus 

*<<<ccAA<<<<T . . . . . . . . ..<<<<T.....<<<AC..COD..<<<AC.<<<D...<<<D..<<<<<~ 

AAGCCCGGGAAATCTTTG -----ATTTCGACT-CCAAGTTTGCAACTEGCG’Wl’TTAACACCACCAGACC 

AAGTCCCGGAGATCTTAAC ----GTCTCTTTT-CCAGGTCAGCCl’GATGTAT---Tl’ACCTCGGGACC 

AAGTCCGGGAGATCTTAG -----ATCTCCTTT-CCAAGTTTGCAACTWGCGTGAA--ACACl’GCCGAACT 

AAGCCCGGGGGATCTTAAAA ---ATCTCGGCT-CCGAGTTTGCAACTCGGCGTGCAGCGCACTTCAGGACT 

AAGCCCAGGGGTAATCC ------TACCCACTC-TCAGATTTGCAATCTGATGACAC~-------CTGMCT 

Amphisbaenia *<<<<<AA<<<<T......... .<<<cT.....<<<AC ..COD..<<<AC.<<<D...<<<D. 

Bipes biporus AAGCTCTGGCCGCTCCG----- -GCGGCGTGG-CCAAATTTGCAAT~,CTCGCq-------- 

. <<<<<AA 

-CAGAACT 

FIG. l.-Light-strand DNA sequences presented in 5’ to 3’ of the mitochondrial cysteine tRNA gene from 38 squamate reptiles. The 
presumptive tRNA sequence is the reverse complement. Secondary structure is designated above the aligned tRNA gene sequences. Stems are 
indicated by arrows in the direction encoded: AA = amino acid-acceptor stem, D = dihydrouridine stem, AC = anticodon stem, and T = TW 
stem. The position in the gene sequence of the tRNA anticodon is designated COD. Asterisks indicate the nonpaired 3’ tRNA position 73 and 
periods represent nonstem bases. D-arm replacement loops are doubly underlined. Two interpretations of secondary structure are indicated for 
acrodont lizards. Model one contains a standard seven-base AA-stem whereas model two accommodates a shift in the T-stem which may result 
in an eight-base AA-stem. Model two may be preferable (Steinberg, Gautheret, and Cedergren 1994). The model that best fits each tRNA is 







Parallel Evolution of Mitochondrial tRNAs 35 

Table 1 
Summary of Predicted Results for Different Mechanisms that Could Create D-Arm Replacement Loops in the Cysteine 
tRNA, and Taxa Observed to Show the Expected Characteristics 

Replication slippage of noncontiguous repeats 

Deletion. . . . . . . 
Duplication with 

. . . . . . . . . . . . 
realignment . 

< 12 bases 
< 12 base9 

No 
Yes 

- - 
3 Chamaeleo, Cnemidophorus, 

Varanus, Xantusiaa 
Sphenodon, 

a Size of D-arm replacement loop in Xuntusiu exceeds 12 bases. 

tions may force coded tRNAs to lose a stem, changing 
the secondary structure. Deletion of bases resulting from 
slipped-strand mispairing of noncontiguous repeats 
could excise part of a stem, forcing the tRNA to adopt 
a new secondary structure with a replacement loop. Du- 
plication resulting from slipped-strand m&pairing of 
noncontiguous repeats could insert bases in a stem or 
loop. An insert in a stem may disrupt base pairing. An 
insert in a loop may enlarge the loop too much. Hence, 
an insert in either a stem or a loop may influence a 
change in tRNA secondary structure with the formation 
of a replacement loop. 

If the repeats observed in Chamaeleo resulted from 
errors in light-strand replication, the nine-base insert 
would have added bases to the ancestral cysteine tRNA 
D-loop. This addition may have forced the cysteine 
tRNA to adopt a new secondary structure in which the 
ancestral D-loop, one side of the D-stem, and one side 
of the AA-stem were pushed out of the tRNA gene (fig. 
6A). Part of the other side of the D-stem and part of the 
new repeat would have formed a replacement loop. The 
other part of the repeat would have taken the place of 
the displaced AA-stem. This repeat is unlikely to have 
resulted from errors in heavy-strand replication; bases 
would have been inserted between the AA- and D-stems, 
forming a large replacement loop. A realignment placing 
repeats in the AC-stem and -loop would produce an en- 
larged anticodon loop that would render the tRNA non- 
functional. A similar mechanism can explain the non- 
contiguous repeats observed in Cnemidophorus, Sphen- 
odon, Xantusia, and Varanus, which also would have 
had bases inserted in the D-loop/stem region. 

Tandem Repeats 

The tandem repeats observed in Lialis and approx- 
imated in Bipes and Gekko may have resulted from di- 
rect replication slippage that added sequences in the 
D-loop/stem region. This process also could create a 
large D-arm replacement loop. If the replacement loop 
is too big, part or all of the original AA- and D-stems 
could be forced out of the gene (fig. 6B). 

Replication 

The cysteine tRNA is adjacent to the standard po- 
sition for the origin of light-strand replication in verte- 
brate mitochondrial DNA. Misalignment during early 
stages of replication could generate slipped-strand mis- 

pairing and direct DNA slippage (Buroker et al. 1990; 
Hoelzel et al. 1994). Many vertebrates are now known 
to contain rapidly evolving tandem arrays of repeats in 
the control region where heavy-strand replication is ini- 
tiated (for a review see Hoelzel et al. 1994). 

All except one D-arm replacement loop observed 
in cysteine tRNAs are smaller than the 12 bases mini- 
mally required to form a D-stem. All lineages sampled 
that have D-arm replacement loops in the cysteine tRNA 
contain repeats in or near the replacement loop. These 
two factors suggest that accumulated substitutions and 
deletions at single sites are not the primary source for 
loss of the D-stem. While a single deletion could ac- 
count for a small D-arm replacement loop, such deletion 
would not leave repeats (fig. 5B). A model of insertion 
of sequences in the D-loop/stem region would create an 
initial D-arm replacement loop in excess of 12 bases, 
and would leave repeats (figs. 5A and 6). Only with a 
realignment of bases in the AA- and D-stems could a 
small D-arm replacement loop result from insertion of 
sequences in the D-loop/stem region. 

Stem Realignment 

The fact that tRNA stem regions may realign has 
profound implications for the assessment of homologous 
base positions in these genes. Phylogenetic analysis de- 
pends on homologous characters. Secondary-structural 
models for tRNAs have been advocated as a criterion 
for assessing homologous characters (Kumazawa and 
Nishida 1993; Macey and Verma 1997). Homology of 
the base sequence of tRNAs therefore cannot be re- 
solved unambiguously with tRNAs that do not contain 
four stems. 

Realignment of the AA-stem after insertion of a 
sequence in a D- or T-stem/loop region would change 
the position of homologous sequences in the secondary 
structure of the molecule. Additionally, tRNAs lacking 
a D- or T-stem may extend their AA- and/or AC-stems 
to avert the problem of having a shorter mitochondrial 
tRNA that must function with protein-synthetic machin- 
ery suited to full-sized tRNAs (Steinberg, Gautheret, 
and Cedergren 1994). A possible example is observed 
in the cysteine tRNA of the acrodont lizard, Agama atru 
(fig. 7). A shift in the T-stem can contribute an addi- 
tional base to the AA-stem and variable loop. Pairing of 
the shifted base from the T-stem with a base from the 
D-arm replacement loop could create an eight-base 
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A 

Normal Pairing 
5’-CCGGATTTGCAGTCTGGGCTGTCTCTGGAACGG-3’ 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII III 
3’-GGCCTAAACGTCAGACCCGACAGAGACCTTGCC-5’ 

CAG<T 
G 

T 
E 

Slipped-Strand 
Mispairing 

5 ’ -CCGG GTCT-3 ’ 
I I I I II I I 

3’-GGCCTAAACGTCAGACCCGACAGAGACCTTGCC-5’ 

CAGqT Insertion of 
G 

; 
: 9 Base Repeat 

A’ 
: 
T 

5 ’ -CCGG GTCTGGGCTGTCTCTGGAACGG-3’ 
I I I I IIIIIIIIIIIIIIIIIII III 

3’-GGCCTAAACGTCAGACCCGACAGAGACCTTGCC-5’ 

B 
Excision of Unpaired Bases 

5’-CCGGATTTGCAWTGGGCTGTCT-3’ 
I I I I 

3 ’ -GGCC CAGAGAbCTTGCC-5’ 
T A 

t 
G 

A : Slipped-Strand 
C 

-: GTCAG 
Mispairing 

5’4777ATTTGCAGTCTCTGGAACGG-3’ Deletion of 
3 ’ -GGCC 

1111111111111 
CAGAGACCTTGCC-5’ 9 Bases 

T A 

2 G 

A : 
C 

-4 GTCAG 

FIG. L-Mechanism for insertion or deletion of sequences by 
slipped-strand mispairing of noncontiguous repeats during replication. 
This mechanism is illustrated with a sequence from the acrodont lizard, 
Chamaeleo jischeri, and light-strand elongation. Initial sequences 
shown lack one copy of the original noncontiguous repeat and one 
copy of the intervening sequence observed in Chamaeleo. Sequences 
with bars above and below represent noncontiguous repeats. A, 
Slipped-strand mispairing produces an insertion: Slippage of the 
daughter strand during elongation results in two loops of different 
lengths. After replication continues, insertion of a sequence containing 
one additional copy of the noncontiguous repeat and another copy of 
the intervening sequence occurs. B, Slipped-strand mispairing produces 
a deletion: Slippage of the template strand during elongation results in 
two loops of different lengths. The 3’ end of the nascent daughter 
strand is left unpaired and is excised. After replication continues, de- 
letion of a sequence containing one copy of the noncontiguous repeat 
and the intervening sequence occurs. 

AA-stem. Pairing of a base from the variable loop with 
one from the D-arm replacement loop could extend the 
AC-stem to six bases. It is also possible that, after a 
shift in the T-stem, the two end bases of the tRNA gene 
eventually become excluded from the functional tRNA, 

resulting in a shift of the AA-stem as a whole (see ac- 
rodonts in fig. 1). Hence, homologous sequences may 
be difficult to assess in genes that code for tRNAs with 
replacement loops, and use of these characters may be 
misleading in phylogenetic studies. 

Among animal mitochondrial tRNAs, parallel loss 
of a stem has occurred in the invertebrate sex-me (UCN) 
tRNA (Wolstenholme et al. 1987; Boore and Brown 
1994, 1995; Dirheimer et al. 1995) and the reptilian cy- 
steine tRNA. Models of slipped-strand mispairing of 
noncontiguous repeats during replication or direct rep- 
lication slippage could operate on separate lineages as a 
result of errors in replication, which would explain the 
observed parallel events. Replication slippage may rep- 
resent a general mechanism by which the secondary 
structures of mitochondrial tRNAs are altered. 
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APPENDIX 

Museum numbers, approximate localities for 
voucher specimens from which DNA was extracted, and 
Genbank Accession numbers are presented in phyloge- 
netic order. Acronyms are AMNH for American Muse- 
um of Natural History, New York; CAS for California 
Academy of Sciences, San Francisco; MVZ for Museum 
of Vertebrate Zoology, University of California at 
Berkeley; MZUSP for Museu de Zoologia Sao Paulo, 
Brazil; SAM for South Australia Museum,’ Adelaide; 
TCWC for Texas Cooperative Wildlife Collection, Texas 
A&M University; USNM for United States National 
Museum, Washington D.C.; and ZISP for Zoological In- 
stitute, St. Petersburg, Russia. Acronyms followed by a 
dash RM represent field numbers of the first author for 
uncatalogued specimens being deposited in either the 
California Academy of Sciences or the Museum of Ver- 
tebrate Zoology. 

Iguanidae: Anolis paternus Cuba (USNM 498070; 
U7 1336); Basiliscus plumifrons Costa Rica (MVZ 
204068; U7 1337); Crotaphytus collar-is Texas, USA 
(TCWC 72206; U7 1338); Gambelia wislizenii Nevada, 
USA (MVZ-RM2464; U7 1339); Hoplocercus spinosus 
Mato Grosso, Brazil (MZUSP 90793 1; U71340); Lio- 
laemus tenuis Chile (MVZ 162076; U7 1341); Oplurus 
cuvieri Madagascar (CAS-RM10468; U7 1342); Phry- 
nosoma douglassi New Mexico, USA (MVZ 180332; 
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FIG. 6.-Mechanisms for the formation of replacement loops resulting from duplication events and realignment of stems in tRNAs. Examples 
are hypothetical. Repeats are boxed. A, Strand slippage of noncontiguous repeats produces a large insert. This is illustrated using the iguanid 
lizard, Oplurus cuvieri. Step 1: A noncontiguous repeat was placed in the same position as is observed in the acrodont lizard, Chamaeleo 
jscheri. Arrows point to the actual bases found in Opfurus. Step 2: A duplication event resulting from light-strand replication errors (fig. 5) 
creates a nine-base insert in the D-stem and loop. Step 3: A realignment of bases on one side of the AA-stem forces one side of both the AA- 
and D-stems out of the gene. Noncontiguous repeats can arise with different amounts of intervening sequence and the exact position of 
realignment is not fixed. In this example, the realigned AA-stem is a one-base shift from the AA-stem observed in Chamaeleo (fig. 4A). B, 
Strand slippage produces a tandem insert. Step 1: The tRNA of the gekkonid lizard, Terutoscincus przewalskii. Step 2: Strand slippage during 
light-strand replication produces a four-base tandem repeat in the D-stem and -loop. Step 3: Realignment of one side of the AA-stem forces 
one side of the AA-stem and half of one side of the D-stem out of the gene. Following realignment, the noncoding sequence between the 
cysteine and tyrosine tRNA genes may eventually be deleted. Realigned stems shown here are possible because mispairing in stems is common 
among animal mitochondrial tRNAs (Kumazawa and Nishida 1993; Lynch 1996). For example, the serine (AGY) tRNA which contains a D-arm 
replacement loop has an AA-stem (in the frog, Xenopus luevis, Roe et al. 1985) with three G-C and two A-T pairs, and the corresponding 
AA-stem in the marsupial, Didelphis virginiana (Janke et al. 1994), has one G-C, two A-T, and two G-U pairs. 
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U7 1330); Eremias grammica Turkmenistan (CAS 
179206; U7 133 1); Cnemidophorus tigris California, 
USA (MVZ 179799; U7 1332). Anguimorpha: Anniellu 
geronimensis Baja California Norte, Mexico (MVZ 
134 196; U7 1360); Elgaria panamintina California, USA 
(MVZ-RM 164 1; U7 136 1); Shinisaurus crocodilurus 
China (MVZ 20429 1; U7 1362); Xenosaurus grandis Ve- 
racruz, Mexico (MVZ 137789; U71333); Varanus gri- 
seus Turkmenistan (ZISP 19576; U7 1334). Amphisba- 
enia: Bipes biporus Baja California Sur, Mexico (MVZ 
137543: U71335). 
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FIG. 7.-Possible secondary structure of the cysteine tRNA from 

the agamid lizard, Agama atra, (model 2 in fig. I). Shifted bases are 
boxed and directions of shifts are indicated with arrows. A shift in the 
T-stem could contribute an additional base to the AA-stem and variable 
loop. The shifted T-stem base contributed to the AA-stem can pair 
with a base in the D-arm replacement loop. The addition of a base 
from the T-stem to the variable loop may allow the variable loop to 
contribute a different base to the AC-stem. The base contributed from 
the variable loop to the AC-stem may then also pair with a base from 
the D-arm replacement loop. This arrangement produces an eight-base 
AA-stem and a six-base AC-stem. The two bases at the end of the 
molecule eventually may become excluded from the functional tRNA, 
thus reducing the AA-stem to the standard seven bases with a net 
overall shift of the T- and AA-stems each by one base pair. 

U71343); Sauromalus obesus California, USA (MVZ 
144 194; U7 1344). Acrodonta: Chamaeleo fischeri Tan- 
zania (CAS 168965; U7 1345); Uromastix acanthinurus 
Morocco (MVZ 162567; U7 1325); Leiolepis belliana 
Thailand (MVZ 215497; U7 1346); Moloch horridus 
Northern Territory, Australia (SAM R38770; U7 1347); 
Physignathus cocincinus Vietnam (MVZ 222159; 
U7 1348); Pogona barbata South Australia, Australia 
(SAM R38770; U71349); Laudakia sacra Tibet, China 
(CAS 170554; U7 1350); Phrynocephalus raddei Turk- 
menistan (CAS 179770; U7135 1); Agama atra South 
Africa (CAS 193436; U71352); Trapelus agilis Turk- 
menistan (CAS 179758; U71353); Draco blanfordi Vi- 
etnam (MVZ 222 156; U7 1354); Colotes emma Vietnam 
(MVZ 222144; U71355); Acanthosaura capra Vietnam 
(MVZ 222130; U7 1356); Japalura Jlaviceps Sichuan, 
China (MVZ 216622; U7 1357). Gekkota: Xantusia vi- 
gilis California, USA (MVZ-RM2299; U7 1328); Euble- 
pharus turkmenicus Turkmenistan (CAS 18477 1; 
U71358); Lialis jicari Manam Island, Madong, New 
Guinea (AMNH 105099; U7 1327); Terutoscincus prze- 
walskii Xinjiang, China (CAS 171010; U71326); Gekko 
gecko Thailand (MVZ 2 153 14; U7 1359). Scincomor- 
pha: Platysaurus capensis South Africa (CAS 193465; 
U7 1329); Mabuya aurata Turkmenistan (CAS 179697; 
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