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LETTER TO THE EDITOR

The secondary structure of eukaryotic
selenocysteine tRNA: 7/5 versus 9/4
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INTRODUCTION

Insertion of selenocysteine into a growing peptide re-
quires the unusual tRNASe¢ (Zinoni et al., 1987; Stadt-
man, 1990; Bock etal., 1991). This tRNAhas an extended
D-stem containing six base pairs, which, in the case of
eukaryotic tRNAS®® (euk-tRNAS®°), is the key identity
element for selenylation and phosphorylation (Wu &
Gross, 1994; Amberg et al., 1996). Two secondary struc-
tures have been proposed for the euk-tRNAS®, which
differ in the base pairing of the acceptor/T helical do-
main (Diamond et al., 1981; Bock et al., 1991; Sturchler
et al., 1993). One structure has the normal seven base
pairs in the acceptor stem and five base pairs in the
T-stem (7/5 structure, Fig. 1, left), and is characterized
by an unusually long four-nucleotide unpaired region be-
tween the acceptor and D-stems (Connector 1) and an
unpaired nucleotide, C64a, in the T-stem. The alternate
structure features the normal two nucleotides in Con-
nector 1 and a 13-base pair acceptor/T domain com-
prised of nine base pairs in the acceptor stem and fourin
the T-stem (9/4 structure, Fig. 1, right). This 9/4 struc-
ture was initially proposed by analogy with the prokary-
otic tRNASe® (prok-tRNASe¢), which also contains 13
base pairsinthe acceptor/ T helical domain. However, in
this case, there are eight and five base pairs in the ac-
ceptor and T-stems, respectively. The acceptor/T heli-
cal domain having 13 base pairs is thought to be a key
structural element determining the functionalities pat-
tern of tRNASe® in both prokaryotes and eukaryotes
(Bock et al., 1991).

Using enzymatic and chemical probing, Sturchler
et al. (1993) favored the 9/4 structure, for which a three-
dimensional model was proposed. Since then, new ex-
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perimental data have been collected on serylation,
selenylation, and phosphorylation of the euk-tRNASe®
and mutants thereof (Wu & Gross, 1993, 1994; Ohama
et al.,, 1994; Sturchler-Pierrat et al., 1995; Amberg
et al,, 1996). The point by point analysis presented
here shows that the activities of the euk-tRNAS¢ and
its mutants in serylation, selenylation, and phosphory-
lation are better explained by the 7/5 structure.

GENERAL CRITERIA

Recently, criteria for the juxtaposition of the acceptor/T
and anticodon/D helical domains have been proposed
based on the lengths of paired and unpaired regions in
the tRNA secondary structure (Steinberg et al., 1997).
One criterion requires a minimum of two nucleotides in
Connector 1 to facilitate the connection between the
acceptor and D-stems. Another states that the T-stem
should consist of five or six layers of stacked nucleo-
tides to allow for the normal D/T loop interaction. Vio-
lation of either criterion, if not compensated (Steinberg
et al., 1997), leads to deformations in the arrangement
of the helical domains, which may render the tRNA
nonfunctional. Compensations include extension of the
anticodon stem to more than the normal six base pairs
for a shorter Connector 1 (Steinberg & Cedergren, 1994)
and extension of the anticodon/D helical domain to
more than the normal 12 layers for a shorter T-stem
(Steinberg et al., 1997). In the following analysis, we
have assumed that tRNA in serylation, selenylation,
and phosphorylation must have the normal juxtaposi-
tion of the acceptor/T and anticodon/D helical domains
and thus must fulfil the above criteria.

Analysis of the wt euk-tRNA  Se¢

1. The “7/5” structure could have either five or six nu-
cleotide layers in the T-stem, depending on whether
the unpaired nt C64a is bulged or stacked into the
helical domain. However, either way, the criteria for a
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FIGURE 1. Nucleotide sequence of the human tRNASe€ folded into alternate secondary structures: the 7/5 structure to the
left and the 9/4 structure to the right. Numbering of nucleotides is taken from Sprinzl et al. (1996) and is different from that
used in Sturchler et al. (1993). Nucleotides G9, U20, and C64 are followed by A9a and U9b, by C20b, and by C64a,
respectively. AA, D, AN, T, X, and C1 represent the acceptor, D-, anticodon, and T-stems, the extra arm, and Connector 1,
respectively. Structure 7/5 has a longer Connector 1 and an unpaired nucleotide in the T-stem.

normal D/T-loop interaction is satisfied (Fig. 2). The
9/4 structure, due to a T-stem of only four base pairs
(Steinberg et al., 1997), does not provide for a normal
D/ T-loop interaction.

2. The 9/4 structure predicts two base pairing com-
binations, 8-65 and 9-64a. Nucleotide variations at
these positions, however, do not support these pairs.
Pair 8-65 is U-U in all euk-tRNAsS®¢ and its conver-
sion into a Watson—Crick or G-U combination has no
major effect on either serylation or selenylation (Ohama
et al., 1994; Sturchler-Pierrat et al.,, 1995). The na-
ture of pair 9—-64a does not have a Watson—Crick
requirement either, because the mutant harboring the
G9 — A replacement was effectively serylated and
phosphorylated (Wu & Gross, 1994). In contrast, nt
8-65 and 9-64a in the 7/5 model belong to different
domains and therefore would not be expected to have
Watson—Crick relationships.

The bulged nucleotide in the T-stem

3. A deletion of nt C64a accompanied by replacement
G9 — A does not affect either serylation or phosphor-
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ylation (mutant X12, Wu & Gross, 1994). The inability
of the 9/4 structure to accommodate this mutant was
recognized by Wu and Gross (1994, Fig. 1), because
no more than seven base pairs could be formed in the
acceptor stem. To the contrary, the 7/5 structure is not
affected by this deletion (Fig. 2).

4. The replacement of the acceptor/T domain in the
euk-tRNASe¢ by the corresponding region from the
tRNAS®" preserves both serylation and phosphoryla-
tion (mutant X9, Wu & Gross, 1993, 1994). This mutant
folds exclusively in the 7/5 structure (Fig. 2).

5. The deletion of U65, together with the replacement
G9 — A, does not seriously affect either selenylation or
phosphorylation (mutant X12H, Amberg et al., 1996).
The A49—-C64a pair in this mutant can be accommo-
dated in the 7/5 structure (Fig. 2), and, as described in
#2 above, the G9 — A replacement does not affect
selenylation. The 9/4 structure (see Fig. 5 in Amberg
etal., 1996) is an unlikely form for this mutant because,
in addition to the formation of pair A9—C64a, the inter-
calation of the unpaired U8 into the acceptor stem is
required. The combination of both irregularities would
damage the stability of the acceptor stem.
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FIGURE 2. Structure of the acceptor/T helical domain in human tRNAS®® and mutants thereof discussed in this paper. For
the wt tRNA, both the 7/5 and the 9/4 structures are presented, whereas, for the mutant tRNAs, only the 7/5 structures are
shown. AA, T, and C1 in the wt tRNA structures stand for the acceptor stem, the T-stem, and Connector 1, respectively.
Arrows indicate the nucleotides in mutant tRNAs that differ from those in the wt euk-tRNAS®c. Numbers correspond to the
nucleotide positions in Figure 1. A and “ins” stand for deletions and insertions, respectively. The region in mutant X9
surrounded by a dashed line, including the D-stem and loop and a part of the acceptor stem, was taken from the tRNASe’
(Wu & Gross, 1994). In mutant Z, nucleotide U9b is not deleted, but rather a part of the D-stem (see #7 in the text and Fig. 3).

The length of Connector 1

6. Deletion of U9b and C64a accompanied by the re-
placement G9 — A does not seriously affect either se-
lenylation or phosphorylation (mutant X12C, Amberg
et al., 1996). However, deletion of C64 deprives mutant
X12C of the ability to be folded into the 9/4 structure.
Moreover, the intercalation of A9 needed to form a nine-
base pair acceptor stem (see Fig. 5, Amberg et al,,
1996) leaves only one nucleotide in Connector 1, ren-
dering the normal connection between the acceptor
and D-stems sterically impossible. On the other hand,
in the 7/5 structure, three nucleotides in Connector 1
would be retained (Fig. 2).

7. Shortening of Connector 1 by one nucleotide does
not affect serylation. Ohama et al. (1994) reported that
the mutant having two replacements C11 — G and
G23 — Cin the D-stem (Fig. 3, left) fully preserved the
serylation capacity, even though these mutations result
in two mismatches, G11-G24 and U12-C23, in the
D-stem. A more probable structure of this region in-
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volves bulging U12 and forming three new pairs, G11-
C23, C10-G24, and U9b-G25 (Fig. 3, right; Fig. 22).
Because U9b comes from Connector 1 in this struc-
ture, Connector 1 must have more than two nucleo-
tides, as in the 7/5 but not in the 9/4 structure.

8. Deletion of two nucleotides from Connector 1 and
nt C64a in mutants X12D and X12G does not abolish
either selenylation or phosphorylation (Amberg et al.,
1996). Only the 7/5 structure is possible for these mu-
tants (Fig. 2): a deletion of two nucleotides from Con-
nector 1 would not affect this secondary structure,
because two connector nucleotides remain. However,
the attempt to restore the nine-base pair acceptor stem
leaves no nucleotides for Connector 1 in the 9/4 struc-
ture (see Fig. 5 in Amberg et al., 1996).

The lengths of the acceptor and T-stems

9. Deletion of nt U8-U65 (mutant [U6.U67], Sturchler-
Pierrat et al., 1995) is less detrimental for selenylation
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FIGURE 3. Nucleotide sequence of the wt and mutant tRNASe¢ from Homo sapiens (Ohama et al., 1994, see the acceptor/ T
domain representation in Fig. 2Z). Replacement of the C11 and G23 by G and C, respectively, results in two mismatches in
the D-stem. The normal base pairing can, however, be restored, if U12 is bulged out and U9b is involved in the base pairing.
Only 7/5 structure can accommodate this rearrangement. The 9/4 structure leaves only one nucleotide in Connector 1.

than deletion of base pairs C3-G70, G6-U67, or A7—
U66 (respectively, [C3-G70], [G5a-U67b], and [A5b-
U67a)). None of these deletions can be accommodated
in the 9/4 structure, because they result in no more
than eight base pairs in the acceptor stem. In the 7/5
structure, however, the U8—-U65 combination, unlike the
three other combinations, does not form a base pair
(Fig. 2), whereas deletion of U65 or a nucleotide from
Connector 1, as mutants X12H and X12C have shown,
has only a minor effect on selenylation.

10. A deletion of base pair G52—-C62 from the T-stem
improves serylation and only slightly diminishes sele-
nylation and phosphorylation (mutant X34, Amberg
et al., 1996). The 9/4 model cannot explain this fact
because a deletion of a base pair from an already short-
ened T-stem would make it even more difficult to create
the proper D/ T-loop interaction. Although the 7/5 model
is also affected by this deletion, intercalation of nt C64a
could compensate for the deletion and restore the nor-
mal D/T-loop interaction (Fig. 2).

11. Deletion of nt U8, G9, C64a, and U65 abolishes
both serylation and selenylation (mutant X30, Amberg
et al., 1996). This mutant differs from X12G by the
additional deletion of U65. In the 7/5 model, this dele-
tion deprives A49 of its Watson—Crick partner in the
T-stem, which would leave the latter with only four base
pairs, thus preventing the normal D/ T-loop interaction
(Fig. 2).

12. Insertion of a base pair in the T-stem abolishes
serylation (mutant X33, Amberg et al., 1996). Both the
9/4 and 7/5 structures are able to accommodate this
mutation: in the 9/4 structure, the addition of a base
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pair in the T-stem provides the optimal five base pairs,
whereas, in the 7/5 structure, it increases the length of
the T-stem to the maximally allowable six base pairs
(Fig. 2). The situation with the 7/5 structure is different,
however, because the unpaired nt C64a (or C64), would
have to be bulged, unlike in the wt sequence, to avoid
extending of the T-stem to more than six layers. If this
nucleotide was bulged, it could prevent the normal in-
teraction with the seryl-tRNA synthetase and abolish
the serylation.

This suggestion is compatible with the experimental
data indicating that the eukaryotic seryl-tRNA synthe-
tase probably interacts directly with the T-stem. It was
recently shown by Acshel and Gross (1993) and by
Ohama et al. (1994), that even minor modifications,
such as changing of Watson—Crick pairs in this region
of the T-stem, decreased the efficiency of serylation.
We note that, of all mutants presented here, only those
able to fold into a 7/5-type structure without requiring a
bulged nucleotide in the T-stem are active in serylation.
A bulge in the T-stem abolishing serylation is used in a
further analysis (loudovitch & Steinberg, 1998) to ex-
plain the behavior of euk-tRNAS®" mutants.

CONCLUSION

The above analysis strongly supports the 7/5 structure
for the euk-tRNAS®®, [t also predicts that the acceptor/T
helical domain does not contain any major identity el-
ements for the enzymes involved in selenylation and
phosphorylation. The existence of the unpaired nucle-
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otide in the T-stem of the wt euk-tRNAS®¢ (nt C64 or
C64a) is neither necessary nor harmful for the seryla-
tion, selenylation, or phosphorylation. Whether either
C64 or C64a is bulged in the solution euk-tRNASec
structure is not known, although the fact that the back-
bone between C64a and UG5 is sensitive to ribonucle-
ase V1 (specific for stacked and helical regions) while
insensitive to ribonuclease T2 (cleaving single-stranded
regions) points to the possible insertion of C64a into
the double helix (Sturchler et al., 1993). Whether C64
bulges or not is less clear, because the linkage be-
tween C64 and C64a was not cleaved by either of V1
or T2. The interpretation of these results may be com-
promised, however, by the inconsistent behavior of en-
zymes V1 and T2: ribonuclease V1 cleaved between
two unstacked nt U60 and C61, whereas ribonuclease
T2 cleaved efficiently in the middle of the D-stem
(Sturchler et al., 1993).

Chemical protection experiments (Sturchler et al.,
1993) show a higher reactivity of N3-U8 than NS3-
U65, which is consistent with the fact that U8 be-
longs to the connector region in the 7/5 structure,
whereas U65 pairs to A49. On the other hand, the
complete accessibility observed for nt U12, G50, G52,
G53, and A63, known to form base pairs in the D-
and T-stems, raises questions about the applicability
of this approach. It seems that the probing experi-
ments do not distinguish well between the two alter-
nate secondary structures, whereas the activity data
strongly support the 7/5 model.
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