
J Mol Evol (1990) 31:500-510 Journal of 
Molecular Evolution 
~) Springer-Verlag New York Inc. 1990 

Transfer RNA-like Structure of the Human Alu Family: Implications of 
Its Generation Mechanism and Possible Functions 

Norihiro Okada 

Institute of Biological Sciences, University of Tsukuba, Tsukuba, lbaraki 305, Japan 

Summary. Structural resemblance of  the human 
Alu family with a subset of vertebrate tRNAs was 
detected. Of  four tRNAs, tRNA Lys, tRNA He, 
tRNA TM, and tRNA xyr, which comprise a structur- 
ally related family, tRNA Lys is the most similar to 
the human Alu family. Of the 76 nucleotides in 
lysine tRNA (including the CCA tail), 47 are similar 
to the human Alu family (60% identity). The sec- 
ondary structure of  the human Alu family corre- 
sponding to the D-stem and anticodon stem regions 
of the tRNA appears to be very stable. The 7SL 
RNA, which is a progenitor of the human Alu fam- 
ily, is less similar to lysine tRNA (55% identity), 
and the secondary structure of the 7SL RNA folded 
like a tRNA is less stable than that of the human 
Alu family folded likewise. Insertion of the tetranu- 
cleotide GAGA, which is an important region of  the 
second promoter for RNA polymerase III in the Alu 
sequence, occurred during the deletion and ligation 
process to generate the Alu sequence from the pa- 
rental 7SL RNA. These results suggest that the hu- 
man Alu family was generated from the 7SL RNA 
by deletion, insertion, and mutations, which thus 
modified the ancestral 7SL sequence so that it could 
form a structure more closely resembling lysine 
tRNA. The similarities of several short interspersed 
sequences to the lysine tRNA were also examined. 
The Galago type 2 family, which was reported to 
be derived from a methionine initiator tRNA, was 
also found to be similar to the lysine tRNA. Thus 
lysine tRNA-like structures are widespread in ge- 
nomes in the animal kingdom. The implications of 
these findings in relation to the mechanism of  gen- 
eration of the human Alu family and its possible 
functions are discussed. 
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Introduction 

Short interspersed sequences (SINEs), ranging in 
length from about 100 to 500 nucleotides, are pres- 
ent in most higher eukaryotic genomes (for reviews, 
see Schmid and Jelinek 1982, Singer 1982; Rogers 
1985b; Weiner et al. 1986). The human Alu family 
is a well-studied family of SINEs (Rubin et al. 1980) 
with respect to transcriptional activity (Duncan et 
al. 1979), shaping of the human genome (Baltimore 
1985; Korenberg and Rykowski 1988), its evolution 
(Slagel et al. 1987; Britten et al. 1988; Jurka and 
Smith 1988), involvement in recombination (Ot- 
tolenghi and Giglioni 1982; Hyrien et al. 1987; 
Lehrman et al. 1987), and evolution of Alu-related 
families (Grimaldi et al. 1981; Hwu et al. 1986). 
Given the significant homology of the human Alu 
family to the 7SL RNA (Weiner 1980), it is clear 
that the human Alu family was derived from the 
7SL RNA by deletion of a central 7SL RNA-specific 
sequence (Ullu and Tschudi 1984). Studies in sev- 
eral laboratories, including ours, recently showed 
that all other SINEs have evolved from specific 
tRNAs (Daniels and Deininger 1985; Lawrence et 
al. 1985; Okada et al. 1985; Sakamoto and Okada 
1985a; Endoh and Okada 1986; Matsumoto et al. 
1986; for reviews, see Rogers 1985a; Weiner et al. 
1986). Therefore, the human Alu family is excep- 
tional (Endoh and Okada 1986). As SINE families 



contain internal promoters for RNA polymerase III 
and have direct repeats of  the flanking sequence at 
the 5' and 3' ends, these sequences appear to have 
been amplified and dispersed in the genome by 
means of  RNA intermediates and are, therefore, 
referred to as retroposons (Jagadeeswaran et al. 1981; 
Van Arsdell et al. 1981; Rogers 1985b). 

Recently, our group determined the sequences of  
SINEs from four species including an invertebrate: 
namely, three species of  Salmonidae and one species 
of  squid. Surprisingly, these SINEs were all similar 
to lysine tRNA, although their consensus sequences 
were all different. Of  these SINEs, the one with the 
greatest similarity to lysine tRNA [that of Salvelinus 
leucomaenis (white-spotted charr)] had an overall 
sequence identity of  80% and almost exactly matched 
secondary structures (Kido et al., unpublished). In 
a previous paper (Endoh and Okada 1986) we 
showed that a highly repetitive and transcribable 
sequence in newt was derived from glutamic acid 
tRNA, but this family was recently shown not to 
belong to the SINE family (Nagahashi et al., un- 
published). Therefore, those SINEs for which se- 
quences have been determined in this laboratory 
[tortoise Pol III/SINE (Endoh and Okada 1986; En- 
doh et al. 1990), Oncorhynchus keta (chum salmon) 
Pol III/SINE (Matsumoto et al. 1986), and the four 
newly determined SINEs] are all similar to lysine 
tRNA. These findings prompted a reexamination of  
the similarities of  the human Alu family and other 
SINEs to lysine tRNA. 

Results and Discussion 

The Human Atu Family Is Similar to a 
Subset of  tRNA Species Including Lysine tRNA 

For comparison, the consensus sequence of  the hu- 
man Alu family recently revised by Jurka and Smith 
(1988) was used. In this study, the sequence used 
for comparison is the left monomer of the human 
Alu family unless otherwise specified. First, I rec- 
ognized that the second promoter  sequence GUUC- 
GAGACC located at nucleotides 77-86 is typical 
for a tRNA, as previously noted (Paolella et al. 1983), 
and has in fact been demonstrated to be used as a 
second promoter  in vitro (Perez-Stable and Shen 
1986). Therefore, I constructed a secondary struc- 
ture of  the human Alu family in which the second 
promoter  sequence is situated at a T-loop ofa  tRNA 
(Fig. 1). I noticed that this secondary structure of  
the human Alu family has several features charac- 
teristic of  a tRNA molecule. (Because stretches of  
3 bases C A G /G U U  at positions 85-83/77-79 are 
complementary, this structure appears to be more 
stable than that shown in Fig. l, which I tentatively 
adopted to emphasize a tRNA-like structure.) The 
sequence GGUC from 69 to 72 is very character- 

501 

istic; about half the known vertebrate tRNAs have 
this sequence in the extra-loop (i.e., the tRNAs for 
Lys, Ile, Thr, Tyr, Met, Phe, Pro, and Val). (With 
regard to the tRNA species used for comparison, 
see below.) The sequence GAG from 49 to 51 is 
also present in six tRNAs (those for Lys, Ile, Thr, 
Tyr, Arg, and Phe) in the D-stem region. The se- 
quence GG from 45 to 46 seems to constitute a part 
of  the first promoter  sequence, although it is not 
functional in vitro as a first promoter. [The real first 
promoter  is from 6 to 15 (Perez-Stable and Shen 
1986).] The CCA sequence is present from 94 to 96, 
which corresponds to the aminoacyl-stem region of  
a tRNA molecule. Lastly, I noticed that the cytidine 
at position 57 and the adenosine at position 63 of  
the human Alu family are found in many tRNAs at 
the 5' terminus o f  the anticodon-loop and the 3' 
terminus of  the same loop, respectively. These se- 
quences are all situated at the corresponding posi- 
tions in the secondary structures of  a tRNA-like 
structure o f  the human Alu family (Fig. 1). However, 
it should be noted that the structure I used here is 
a consensus sequence (Jurka and Smith 1988). These 
authors demonstrated that there is the deletion at 
position 65-66 in the most recent Alu sequences, 
which appears to destroy the anticodon-stem struc- 
ture shown here. The anticodon-stem structure is 
only applicable to the members of  Alu-J and Alu- 
Sa, although they constitute more than two-thirds 
of  all members of  the Alu family (Jurka and Smith 
1988). The finding ofa  tRNA-like structure prompt- 
ed me to look for similarities of  the human Alu 
family to a specific tRNA. 

The sequences of  tRNAs used for comparison 
were those of  16 vertebrate tRNAs now available 
(Sprinzl et al. 1987; and for tRNA TM, see Harada 
1989). Because the sequences of  vertebrate tRNAs 
for Ala and Cys have not been reported, and tRNA t~u 
and tRNA s~r have long extra-loop structures, these 
were not included in the comparison. The sequences 
of  tRNAs have been highly conserved during evo- 
lution, and most vertebrate tRNAs for a given isoac- 
cepting tRNA species are almost identical (Sprinzl 
et al. 1987). The percent identities of  the human 
Alu family with 16 tRNAs are shown in the top line 
of  Table 1. Lysine tRNA is the most similar to the 
human Alu family (60% identity). Several other 
tRNAs, such as those for Ile, Thr, Tyr, Met, and 
Asp, also share similarity with the Alu family, al- 
though to lesser extents with identities of  58%, 55%, 
55%, 55%, and 55%, respectively. The reason why 
the Alu family shares similarity with so many tRNA 
species is due to mutual similarities among these 
tRNA species. So, to examine the relation of  the 
tRNA-tRNA homology to the AIu-tRNA homol- 
ogy, I calculated the similarities of  all combinations 
(120 pairs) of  16 vertebrate tRNA species. As shown 
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Table 1. Percent identities of the human Alu family with vertebrate tRNAs and those between tRNAs 

60 58 55 55 55 55 53 52 51 51 51 49 48 48 48 47 
Lys Ile Thr Tyr Met Asp Glu Gly Arg Pbe Asn Val Pro Trp Gln His 

Lys 75 66 65 63 61 58 56 64 67 67 55 54 63 56 55 
lie 70 70 63 59 56 61 57 70 66 64 63 64 57 59 
Thr 65 58 54 60 54 55 60 59 58 59 61 71 55 
Tyr 57 56 55 60 54 73 60 59 56 66 59 60 
Met 47 53 56 52 58 64 53 53 60 53 49 
Asp 66 65 59 57 59 65 63 57 54 63 
Glu 64 55 57 53 58 62 57 63 66 
Gly 57 60 57 68 69 58 58 63 
Arg 57 63 53 57 69 54 53 
Phe 60 67 57 64 56 60 
Ash 65 55 68 58 53 
Val 65 61 65 60 
Pro 67 64 62 
Trp 63 56 
Gin 65 
His 

Sources and species of  tRNAs are as follows: Lys (rabbit, CUU), lie (mouse, IAU), Thr (mouse, NGU), Tyr (bovine, GUA), Met 
(human, initiator), Asp (rabbit, QUC), Glu (rat, UUC), Giy (human, GCC), Arg (bovine, CCG), Phe (human, GAA), Asn (human, 
GUU), Val (human, NAC), Pro (mouse, IGG), Trp (bovine, CCA), Gin (rat, UUC), His (human, GUG). Percent identity was calculated 
according to the following equation: (the number of nucleotides identical to two sequences) x 100/(the number of nucleotides in 
tRNA + the number of gaps or deletions). The top line represents the percent identity of the human Alu family with the 16 tRNAs 
examined 
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Secondary structure of the human Alu family. The con- Fig. 1. 
sensus sequence of  the human Alu left monomer (Jurka and 
Smith 1988) is folded like a tRNA. The sequences characteristic 
of a tRNA molecule are boxed. The sequence to which the T- 
antigen binds (GAGGCNGAGGC) is shown by arrowheads. The 
numbering system is that used by Jurka and Smith (1988). The 
nomenclature of the stem and loop structures corresponding to 
a tRNA molecule is indicated. 

in Table 1, the four tRNAs for Lys, Ile, Thr, and 
Tyr share considerable structural similarity with one 
another. Any pair of  these four tRNAs showed more 
than 65% identity. These tRNAs have common fea- 
tures, such as the G G UC sequence in the extra-loop 

and exactly the same D-stem structure, in addition 
to very similar T-loop and stem structures. 

The Human Alu Family Appears to Have Been 
Modified to Resemble Lysine tRNA by 
Deletion, Insertion, and Accumulation of 
Mutations from the Parental 7SL RNA 

The secondary structures of  the human Alu family 
and lysine tRNA are compared in Fig. 2. The regions 
corresponding to the D-stem and the anticodon- 
stem in the human Alu family can form secondary 
structures, although the region corresponding to the 
T-stem is less stable and that corresponding to the 
aminoacyl-stem does not form a stable secondary 
structure. Recently, Labuda and Striker (1989) re- 
ported the most probable secondary structures of  
the human Alu family, which are different from the 
tRNA-like structure described here. Further, Jurka 
and Smith (1988) first pointed out that bases (69- 
72) in the extra-loop and a portion of  the aminoacyl- 
stem (92-95) are complementary and that there are 
compensatory mutations in favor of it. However, it 
is likely that the secondary structure of  the human 
Alu family is altered in vivo from a stable one to 
one with several characteristic features of a tRNA 
molecule, as described in the previous section. These 
alterations could be carried out with the help of  
enzymes or proteins that interact with a tRNA mol- 
ecule, such as lysine tRNA synthetase and several 
modifying enzymes that could act on lysine tRNA 
or on the other three tRNA species with mutual 
similarities. Furthermore, in many cases, interac- 



503 

A U C l:~C 

gr. 
~ b 

Fig. 2. Sequence and structural homologies between a the human Alu family and b lysine tRNA. Identical sequences are boxed. 
The sequence of the tRNA is from rabbit (Raba et al. 1979). The primary sequence of the lysine tRNA in rat is essentially the same 
(Hedgcoth et al. 1984). Abbreviations are as follows: D, dihydrouridine; t6A, N-[(9-beta-D-ribofuranosylpurine-6-yl)carbamoyl]- 
threonine. 

t ion o f  tRNA-re la ted  enzymes with a t R N A  does 
not  require the whole t R N A  structure. For  example,  
the t R N A  identi ty (determinant  of  charging) often 
exists within a very  l imited region o f  tRNA (Hou 
and Schimmel  1988). Therefore,  even i f  the lysine 
tRNA-like structure o f  Alu is hypothetical  as a whole, 
the three individual  s tem-loop structures o f  Alu de- 
scribed here deserve to be noted in relation to their  
similarities to the corresponding regions o f  lysine 
tRNA.  Possible interactions o f  Alu with tRNA-re-  
lated enzymes are considered in the following pages. 

The secondary structures o f  the 7SL R N A  folded 
like the hum a n  Alu family and the lysine tRNA are 
shown in Fig. 3. It should be noted that the 5' ha l f  
o f  this tRNA-l ike  structure shows considerable re- 
semblance to that  of lys ine  tRNA. The identi ty f rom 
the 5' terminus  to the end o f  the D-stem region is 
as high as 71%. However ,  the overall secondary 
structure o f  the 7SL R N A  folded like a tRNA is less 
stable than that  o f  the human  Alu family, and the 
overall similarity o f  the 7SL R N A  to lysine t R N A  
is less than that o f  the Alu family (55% identity). 
Therefore,  after deletion o f  the internal 187 nucle- 
otides, mutat ions  appear  to have accumulated to 
form a more  stable secondary structure (from U to 
G at posit ion 54 and from U to C at posit ion 65 
according to the Alu number ing  system) and the 
lysine tRNA-l ike  structure (from A to C at posit ion 
57 and f rom G to A at posi t ion 63 in the Alu num-  
bering system). Fur thermore ,  it is notewor thy  that 
the tetranucleotide G A G A  corresponding to the 
T- loop o f  the tRNA-l ike  structure o f  the Alu family 

is absent  in the 7SL R N A  and that it  may  be inserted 
during generation of  the Alu left monomer .  This 
G A G A  consti tutes the second p romote r  sequence 
for R N A  polymerase III in the Alu family, so this 
insert ion is very  impor tan t  for Alu formation.  Sur- 
prisingly, no  one has ever  suggested that  a second 
p ro m o te r  differing f rom that used in the Alu family 
must  exist in the 7SL RNA, and it has not  yet been 
characterized. Because transcription o f  the 7SL R N A  
gene depends mainly  on the 5' ups t ream sequence 
(Ullu and Weiner  1985), the fact that the second 
p romote r  o f  the Alu left m o n o m e r  was newly created 
by insert ion o f  the tetranucleotide G A G A  probably 
explains why the Alu right monomer ,  in which no  
such insert ion has occurred,  and which resembles 
the 7SL R N A  gene much  more  closely, is transcrip- 
t ionally inactive. Previously,  Rogers (1985b) sug- 
gested that structural alterations must  have occurred 
during generation o f  Alu from the parental 7SL R N A  
to become more  independent  f rom the 5' flanking 
sequence. I propose here that  during the format ion  
o f  the Alu left monomer ,  deletion o f  the 187 nucle- 
otides, insertion o f  the G A G A  tetranucleotide,  and 
accumula t ion  o f  muta t ions  have resulted in a more  
lysine tRNA-l ike  structure. 

A Lysine tRNA-like Structure Is 
Widespread in Genomes of the 
Animal Kingdom 

Knowing that the h u m an  Alu family can form a 
tRNA-l ike  conformat ion  with a structure that  is like 
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Fig. 3. Sequence and  s tructural  homologies  between a the  7SL R N A  and b the  lysine tRNA.  Identical  sequences  are boxed.  The  
sequence  o f  the  7SL R N A  is f rom posi t ion 29 to 80 and  f rom pos i t ion  267 to 280 in the  n u m b e r i n g  sys t em by Ul lu  et al. (1982). 

A - U  

U ' A  

A A G . U  

G ,/C UCm'G ~ Tm 

U _ j,.,~s A 

a b C ~  

Fig. 4. Sequence and  structural  homologies  between a the  m o u s e  BI family  and  b the  lysine t R N A .  Identical  sequences  are boxed.  
The  consensus  sequence  is f rom Krayev  et al. (1980). 

a subset of  vertebrate tRNAs and especially like the 
lysine tRNA, I examined the similarities of  the ro- 
dent B1 family (Krayev et al. 1980) to tRNAs. The 
rodent B 1 family originated from the 7SL RNA but 
by a slightly different pathway from that by which 
the human Alu family originated, and, therefore, 
the B 1 sequence is different from that of  the human 
Alu family (Ullu and Tschudi 1984). I found that 

the mouse B 1 family is also most closely similar to 
lysine tRNA (50% identity), exhibiting less similar- 
ity to other tRNAs (e.g., 57% identity with tyrosine 
tRNA, and 48% identity with isoleucine tRNA). 
The secondary structure of  the mouse B1 sequence 
folded like a tRNA is compared to that of  lysine 
tRNA in Fig. 4. Although the sequences correspond- 
ing to the T-stem and T-loop regions are different 
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Fig. 5. Sequence and structural homologies between a the Galago type 2 family and b the lysine tRNA. Identical sequences are 
boxed. The consensus sequence of the Galago type 2 family is from Daniels and Deininger (1983) except for nucleotide G in the 
anticodon-stem. The weighted consensus method described by Labuda and Striker (1989) was introduced to this position to change 
CA to CG. 

from those of the human Alu family, the mouse B 1 
sequence forms an overall stable secondary confor- 
mation, as in the human Alu family. 

The finding that almost all, if  not all, of  the SINE 
families so far characterized resemble lysine tRNA 
prompted me to reexamine the similarities of  known 
SINEs to tRNAs. In this survey, I found that the 
Galago type 2 family (Daniels and Deininger 1983), 
which was reported to be derived from the initiator 
methionine tRNA (Daniels and Deininger 1985), is 
the most similar to lysine tRNA with 70% identity 
(Fig. 5). Its identities with other mutually related 
tRNAs are as follows: tRNA TM 69~ tRNA Ty~ 65%, 
and tRNA T M  62%. The identity of the Galago type 
2 family with initiator methionine tRNA is 64%, 
indicating that even the similarities of the Galago 
type 2 Alu family with tRNA TM and tRNA Tyr are 
higher than that with tRNA Met. 

When a certain repetitive family is more similar 
to one of  the four tRNAs described above than to 
the other 12 tRNA species, and the extent of sim- 
ilarity is relatively small, the family becomes similar 
to the average tRNA sequence of these four tRNA 
species and it is not always the most similar to the 
lysine tRNA. For example, the Galago type 1 family 
(Daniels et al. 1983), which originated from the 7SL 
RNA as the human Alu family did, appears to be 
most closely similar to tyrosine tRNA (Fig. 6). How- 
ever, in cases of higher similarity, lysine tRNA is 
commonly one of the most similar tRNA species. 
Therefore, repetitive families with sequences that 

are most similar to any one of the four structurally 
related tRNAs should be compiled as one super- 
family. This superfamily includes the Galago type 2 
family (Daniels and Deininger 1983), the rodent 
type 2 Alu (B2) family (Krayev et al. 1982; Saka- 
moto and Okada 1985a), the tortoise Pol III/SINE 
(Endoh and Okada 1986; Endoh et al. 1990), the 
three different kinds of  Pol III/SINEs in the five 
different salmonid species (Kido et al., unpub- 
lished), the squid Pol III/SINE (Koishi et al., un- 
published), the human Alu family (Slagel et al. 1987; 
Britten et al. 1988; Jurka and Smith 1988), and the 
Alu (TSL originated) related families such as the 
rodent B1 family (Krayev et al. 1980) and Galago 
type 1 family (Daniels et al. 1983). 

Possible Recognition of the Lysine tRNA-like 
Structure of the Human Alu Family by a 
Certain Reverse Transcriptase 

As mentioned in the Introduction, members of the 
human Alu family were amplified via RNA inter- 
mediates (Jagadeeswaran et al. 1981; Van Arsdell 
et al. 1981). A reverse transcriptase is believed to 
participate in this process, but it is unknown what 
kind of  reverse transcriptase is responsible for this 
amplification or how it recognizes a transcript from 
the Alu family. Previously, avian myeloblastosis re- 
verse transcriptase was shown to have high affinity 
for its primer tRNA Tr,, and this high affinity was 
suggested to be responsible for selection and inclu- 
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Fig. 6. Sequence and structural homologies between a the Galago type 1 family and b the tyrosine tRNA. Identical sequences are 
boxed. The consensus sequence of the Galago type 1 family is from Daniels et al. (1985). The sequence of  the tyrosine tRNA is that 
of bovine tyrosine tRNA reported by Johnson et al. (1985). Abbreviations are as follows: Q* represents galactosyl queuosine (Okada 
et al. 1977a). The original nucleoside of this modified nucleoside is guanosine (Okada et al. 1977b). X, 3-(3-amino-3-carboxypro- 
pyl)uridine. 

sion of this tRNA species in virions (Panet et al. 
1975; Haseltine et al. 1977). Here, I propose that a 
certain viral reverse transcriptase of an endogenous 
human retrovirus, which uses a lysine tRNA as a 
primer molecule, recognizes the lysine tRNA-like 
structure of the human Alu family described in the 
present study and was involved in amplification and 
dispersion of the Alu family. Several primate RNA 
viruses are known to use a lysine tRNA as a primer 
tRNA, such as human AIDS retroviruses (lysine 
tRNA3) (Muesing et al. 1985), visna virus (lysine 
tRNA3) (Sonigo et al. 1985), human spumaretro- 
virus (lysine tRNA0 (Maurer et al. 1988), simian 
SRV- 1 virus (lysine tRNA1) (Power et al. 1986), and 
squirrel monkey retrovirus (lysine tRNA~) (Chiu and 
Skuntz 1986). Very recently, Barat et al. (1989) found 
that human immunodeficiency virus reverse tran- 
scriptase (HIV-I RT p66/p51) binds specifically to 
its cognate lysine primer tRNA even in the presence 
of 100-fold molar excesses of other tRNAs. The 
same authors demonstrated that the anticodon-loop 
of  the primer lysine tRNA is required for recogni- 
tion by HIV reverse transcriptase. So, mutations of 
A to C at position 57 and G to A at position 63 in 
the loop corresponding to the anticodon-loop of the 
lysine tRNA, both of  which occurred during gen- 
eration of the Alu from the 7SL RNA to become a 
more lysine tRNA-like structure, may have been 
required for recognition by this enzyme. 

Recently, Weiner and Maizels (1987) proposed a 

very intriguing hypothesis concerning the origin of 
tRNA. They suggested that tRNA-like structures at 
the 3' end of the single-stranded RNA viruses of 
bacteria and plants are molecular fossils of  an RNA 
world and were used for genomic tags to identify 
them as substrates for replicases and to specify the 
replication initiation site. RNase P evolved to dis- 
tinguish genomic and functional RNA molecules, 
and resulting tRNA-like molecules could later be 
recruited to function as tRNAs in protein synthesis. 
So, there is the strong analogy between their 3' ter- 
minal tRNA-like genomic tags and the internal 
tRNA-like genomic tags I postulate for SINEs. In 
each case, a tRNA-like structure in the template 
strand would serve to bind the replicating enzyme. 
This would have the interesting implication that 
binding of a tRNA-like structure of the SINE can 
facilitate reverse transcription beginning at the 3' 
terminus of  the transcript. 

Possible Functions of the Lysine tRNA-like 
Structures Widespread in the Animal Kingdom 

The notion that the human Alu and other SINE 
families have no function is derived from the facts 
that the human Alu and related families are confined 
to primates and that in many cases SINEs are spe- 
cies-specific. The present study, however, showed 
that the human Alu family may have a lysine tRNA- 



like structure and that related structures are wide- 
spread in the animal kingdom, providing the pos- 
sibility that enzymes that interact with t R N A  (Nish- 
irnura 1979) may also recognize transcripts from a 
certain number of  repetitive families and that these 
enzymes may be involved in several stages of  gene 
expression. 

The most likely enzyme to be involved in rec- 
ognition of  transcripts from repetitive sequences is 
lysyl tRNA synthetase. The other enzymes are tRNA 
modifying enzymes and processing enzymes. For 
example, ribothymidine synthetase or pseudouri- 
dine synthetase may interact with the sequence 
GUUCGAG of the conserved second promoter re- 
gion of the human Alu (Mullenbach et al. 1976; 
Kammen et al. 1988). It should be noted that the 
ribothymidine residue (position 54) of  tRNA TM or 
tRNA G~u is specifically modified to contain 2'-0- 
methyl  r ibothymidine ,  which contributes to 
strengthen the T-loop-D-loop interaction of tRNA 
through their inherent rigidity (Yokoyama et al. 
1987). So, it is possible that the 2'-O-methylase may 
specifically interact with the second promoter region 
of transcript from the Alu family. Synthetases for 
7-methylguanosine, dihydrouridine, and 5-meth- 
ylcytidine may also interact with the sequence 
GGUC, corresponding to the extra-loop of  the ly- 
sine tRNA (Sakamoto and Okada 1985b). Interest- 
ingly, the CCA sequence or a very similar sequence 
corresponding to the 3' terminus o fa  tRNA is pres- 
ent in almost all members of  repetitive families with 
the lysine tRNA-like structure. Therefore, process- 
ing enzymes, such as CCA enzyme (tRNA nucleo- 
tidyl transferase) (Deutscher 1973) and RNase P 
(McClain et al. 1987) may recognize this region. In 
fact, because our group has demonstrated that sev- 
eral modifying enzymes can recognize transcripts 
from tRNA-originated repetitive sequences, such as 
an identifier sequence (Sakamoto and Okada 1985b) 
and O. keta Pol III/SINE (Matsumoto et al. 1986), 
these interactions are possible in the case of  tran- 
scripts from the human Alu family. 

Recently, Maraia et al. (1988) showed that the 
transcripts from mouse B 1 DNA injected into Xen- 
opus laevis oocytes form complexes with specific X. 
laevis proteins and are precipitated by specific hu- 
man autoantibodies as a small ribonucleoprotein 
that contains a 63-kd polypeptide. This is the first 
indication that the apparently species-specific se- 
quence of  the mouse B 1 family is recognized by an 
interspecies protein, suggesting that evolutionarily 
conserved proteins are involved in recognition of 
the B1 transcripts. I propose here that some ami- 
noacyl tRNA synthetases including the lysyl tRNA 
synthetase, and tRNA modifying enzymes de- 
scribed above, are good candidates for the 63-kd 
protein. 
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Ames et al. (1983) demonstrated that histidyl- 
tRNA synthetase and tRNA-modifying enzymes are 
involved in regulation of  the histidine operon by 
interaction with the histidine tRNA-like structure 
of  the leader mRNA of the histidine attenuator. 
Furthermore, they first pointed out the possibility 
that a variety of  aminoacyl-tRNA synthetases and/ 
or modifying enzymes in both prokaryotes and eu- 
karyotes may play roles in regulation of  gene ex- 
pression. Since their proposal, several examples of  
possible involvements of tRNA-like structures and 
tRNA related enzymes of  various levels ofgene ex- 
pression have been reported (Sakamoto and Okada 
1985b; Akins and Lambowitz 1987; Christopher et 
al. 1988; Moine et al. 1988; Majumder et al. 1989; 
Springer et al. 1989). The clearest example, reported 
by Akins and Lambowitz (1987), is that nuclear cyt- 
18 mutants with defects oftyrosyl tRNA synthetase 
cannot splice a number of  group 1 introns in Neu- 
rospora mitchondria, suggesting that mitochondrial 
tyrosyl tRNA synthetase is involved in splicing by 
binding to a conserved domain of  group 1 introns 
that has a secondary or tertiary structure resembling 
that of  the normal tRNA substrate. Furthermore, 
they suggested that some proteins required for splic- 
ing nuclear mRNA introns and/or other classes of 
introns may also be related to aminoacyl-tRNA syn- 
thetases and other cellular RNA binding proteins. 

By analogy with the above findings, several pos- 
sibilities about the Alu functions and involvement 
of  tRNA-related enzymes can be considered. First, 
the Alu sequence may be involved in splicing in 
vivo. Alu sequences are frequently found in introns 
(Schmid and Jelinek 1982). If  some aminoacyl tRNA 
synthetases and/or some RNA binding proteins are 
closely associated with splicesomes, as suggested by 
Akins and Lambowitz (1987), and are thus involved 
in splicing introns of  nuclear coded m R N A ,  the ly- 
sine tRNA-like structure of  the Alu sequence in in- 
trons may be a recognition signal to allow splice- 
somes to come near introns and facilitate splicing 
in vivo. The lysine tRNA synthetase and modifying 
enzymes described above are strong candidates for 
associated proteins of splicesomes. 

The second possibility is involvement in D N A  
replication. Human Alu sequences were first pro- 
posed to serve as chromosomal origins of DNA rep- 
lication based on the observation that the undeca- 
meric sequence GAGGCNGAGGC occurs both in 
the Alu and the core origin regions of  several pa- 
povaviruses (Jelinek et al. 1980). However, there is 
no direct evidence that Alu sequences can function 
as replication origins, except in SV40 T antigen- 
positive COS cells (Ariga 1984; Johnson and Jelinek 
1986). Recently, Howard's group obtained evidence 
that the human Alu and 7SL sequences are directly 
involved in cellular DNA replication, by showing 
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t h a t  t r a n s f e c t i o n  o f  t he se  D N A s  i n h i b i t s  i n c o r p o -  
r a t i o n  o f  3 H - t h y m i d i n e  i n t o  r e c i p i e n t  cel ls  (Saka -  
m o t o  et  al.  1990). F u r t h e r m o r e ,  t h e y  p r o p o s e d  the  
Po l  I I I  swi t ch  m o d e l  in  w h i c h  the  A l u  t r a n s c r i p t s  
swi tch  on  n e a r b y  D N A  syn thes i s  b y  f o r m i n g  a r i -  
b o n u c l e o p r o t e i n  c o m p l e x  a n d  ac t i ng  as  a t rans-ac t -  
ing  factor(s) .  Thus ,  the  A l u  s equences  are  n o t  t he  
d i r ec t  o r ig ins  o f  r e p l i c a t i o n ,  b u t  cis-regulators  o f  
n e a r b y  D N A  syn thes i s .  L y s y l - t R N A  s y n t h e t a s e  m a y  
be  one  o f  t he  p r o t e i n s  in  t he  r i b o n u c l e o p r o t e i n  c o m -  
p lex  wi th  t r a n s c r i p t s  f r o m  the  h u m a n  A l u  f ami ly .  
I t  s h o u l d  be  n o t e d  t ha t  the  m a m m a l i a n  lysyl  t R N A  
s y n t h e t a s e  can  syn the s i ze  the  p l e i o t r o p i c  s ignal  n u -  
c l e o t i d e  A p p p p A  ( W a h a b  a n d  Y a n g  1985; H i l d e r -  
m a n  a n d  O r t w e r t h  1987),  w h i c h  is s u p p o s e d  to  in-  
duce  a new r o u n d  o f  r e p l i c a t i o n  o f  p e r m e a b i l i z e d  
cel ls  ( G r u m m t  1978) a n d  ac t  as  p r i m e r  for  D N A  
p o l y m e r a s e - a l p h a  ( Z a m e c n i k  et  al .  1982). F u r t h e r  
e v i d e n c e  for  the  i n v o l v e m e n t  o f  A p p p p A  in D N A  
r e p l i c a t i o n  is t h a t  p o l y ( A D P - r i b o s y l ) a t e d  A p p p p A  
spec i f ica l ly  i n h i b i t s  SV40  r e p l i c a t i o n  (Baker  et  al.  
1987). Thus ,  i t  is t e m p t i n g  to  specu l a t e  t h a t  A l u  
t r a n s c r i p t s  r egu la t e  ce l lu l a r  D N A  syn thes i s  b y  f o r m -  
ing a r i b o n u c l e o p r o t e i n  c o m p l e x  wi th  the  lysyl  t R N A  
s y n t h e t a s e  a n d  m o d u l a t i n g  s y n t h e t i c  a c t i v i t y  o f  
A p p p p A  b y  th i s  e n z y m e .  A l l  these  p o s s i b i l i t i e s  for  
A l u  func t ions ,  such  as  sp l ic ing  a n d  i n v o l v e m e n t  in  
D N A  r e p l i c a t i o n ,  m u s t  be  t e s t e d  e x p e r i m e n t a l l y  in  
the  n e a r  fu ture .  

W e i n e r  a n d  M a i z e l s  (19 8 7) sugges ted  t h a t  in  a n  
R N A  w o r l d  a h o m o p o l y m e r  o f  b a s i c  a m i n o  ac ids ,  
such  as  p o l y - l y s i n e  o r  p o l y - a r g i n i n e ,  was  p r o b a b l y  
the  first  p o l y p e p t i d e ,  b e c a u s e  p o s i t i v e l y  c h a r g e d  
p e p t i d e s  c o u l d  h a v e  n e u t r a l i z e d  the  r e p u l s i o n  be-  
t w e e n  n e g a t i v e l y  c h a r g e d  R N A  cha ins ,  t h e r e b y  s ta-  
b i l i z ing  R N A  e n z y m e s  o r  a l l o w i n g  t h e m  to b i n d  
o t h e r  s u b s t r a t e  R N A  m o l e c u l e s  m o r e  t ight ly .  I f  th is  
is the  case,  a lys ine  t R N A  a n d  lysyl  t R N A  syn the -  
tase ,  o r  a rg in ine  t R N A  a n d  a rg iny l  t R N A  s y n t h e t a s e  
m u s t  be  t he  first  pa i r s  o f t R N A  a n d  a m i n o a c y l  t R N A  
s y n t h e t a s e  w h i c h  h a v e  a p p e a r e d  in  the  R N A  wor ld .  
A s  n o t e d  a b o v e ,  t R N A  TM a n d  t R N A  A~ m u s t  h a v e  
b e e n  r e c o g n i z e d  as  the  g e n o m i c  tags  b y  the  rep l i -  
ca t ing  e n z y m e .  Lys ine  t R N A - l i k e  s t ruc tu re s  m a y  
h a v e  been  r e a s o n a b l y  i n t e g r a t e d  in  g e n o m e s  a n d  
a d o p t e d  to  be  used  in  v a r i o u s  s tages  o f  cell  p ro l i f -  
e r a t i o n  as  r e g u l a t o r y  e l e m e n t s .  
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