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Conservation of Substrate Recognition
Mechanisms by tRNA Splicing Endonucleases

Stefania Fabbri, Paolo Fruscoloni, Emanuela Bufardeci,
Elisa Di Nicola Negri, Maria |. Baldi, Domenica Gandini Attardi,
Emilio Mattoccia, Glauco P. Tocchini-Valentini*

Accuracy in transfer RNA (tRNA) splicing is essential for the formation of functional
tRNAs, and hence for gene expression, in both Eukaryotes and Archaea. The specificity
for recognition of the tRNA precursor (pre-tRNA) resides in the endonuclease, which
removes the intron by making two independent endonucleolytic cleavages. Although the
eukaryal and archaeal enzymes appear to use different features of pre-tRNAs to de-
termine the sites of cleavage, analysis of hybrid pre-tRNA substrates containing eukaryal
and archaeal sequences, described here, reveals that the eukaryal enzyme retains the
ability to use the archaeal recognition signals. This result indicates that there may be a
common ancestral mechanism for recognition of pre-tRNA by proteins.

The endonucleases responsible for cleav-
age of pre-tRNAs during splicing appear to
use fundamentally different mechanisms for
determining the sites of cleavage (1). The
eukaryal enzymes bind to invariant nucleo-
tides in the body of the mature RNA and
measure the distance to equivalently posi-
tioned intron-exon junctions (2, 3), where-
as the archaeal enzymes recognize a struc-
ture, the bulge-helix-bulge (BHB) motif,
that defines the intron-exon boundaries
(4).

A curious feature of the eukaryal en-
zymes is their dependency on base-pairing
near the site of 3’ cleavage, the so-called
anticodon-intron pair (A-I pair) (5). Be-
cause the A-I pair generates a three-nucle-
otide (nt) bulged structure that resembles
half of the BHB, we studied whether the
eukaryal endonucleases retained elements
of an ancestral RNA recognition mecha-
nism that is still used by the archaeal en-
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zymes. In general, archaeal pre-tRNAs are
not recognized by the eukaryal endonucle-
ase, and vice versa (4).

We designed and constructed a hybrid
pre-tRNA  molecule, pre-tRNAAcheuka
that is a substrate for both the eukaryal
and archaeal endonucleases. This mole-
cule consists of two regions derived from
yeast pre-tRNATPe (nt 1 to 31 and nt 38 to
76) joined by a 25-nt insert that corre-
sponds to the BHB motif of the archaeal
pre-tRNAs (Fig. 1). It has a typical eu-
karyal mature domain with putative cleav-
age sites located at the prescribed distance
from the reference elements as well as a
correctly positioned A-I base pair, all of
which should ensure correct recognition
by the eukaryal endonuclease. In addition,
the presence of the BHB motif should
confer substrate characteristics that are
recognizable by the archaeal enzyme. In-
deed, we found that precise excision of the
intron was catalyzed by the eukaryal Xe-
nopus and yeast endonucleases and by the
archaeal Sulfolobulus sulfataricus endonu-
clease (Fig. 1, lanes 3, 7, and 11). Thus,
pre-tRNAAreheka s 5 ynijversal substrate.

Because the reference sites for eukaryal
endonucleases are in the mature domain of
the tRNA (2, 3, 5), insertion of two base
pairs into the anticodon stem, to generate

U-A
pre-tRNAPhe(G'C)V, increases the size of the
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Fig. 1. Cleavage of pre-tRNAA'C"euka(gc)

v by eukaryal enzymes in the absence of mature domain

elements (72). The eukaryal tRNA splicing endonucleases normally recognize a tripartite set of RNA
elements (7). The enzymes bind to the mature domain and use a measurement mechanism to identify
the positions of the two cleavage sites (2, 3). Specific features are required at the intron-exon boundaries
(5, 7), including a base pair between the pyrimidine at position 32, the first nucleotide in the anticodon
loop, and a purine in the intron (the anticodon-intron pair, A-I pair). The purine in the A-I pair is normally
located three bases before the cleavage site. The archaeal endonucleases do not require a mature tRNA
structure. Instead, they recognize the BHB motif, which is composed of two 3-nt bulge loops. Oval box:
Recognition region for eukaryal endonuclease derived from yeast pre tRNAPre, Rectangular box:
Recognition region for archaeal endonuclease corresponding to the BHB motif. XL, SC, and SS indicate
products of digestion by the tRNA endonuclease of X. laevis (XL), S. cerevisiae (SC), and S. sulfataricus

(SS). The substrates were uniformly labeled pre-tRNAP"® (lanes 1, 5, and 9), pre-tRNAPhe

(g'é)v (lanes 2,

A
6, and 10), pre-tRNAArcheuka (janes 3, 7, and 11), and pr(-:--tFtNAA'C"““"E(‘Q’C)v (lanes 4, 8, and 12).

excised intron by four bases, two at each
end (Fig. 1, lanes 2 and 6). Neither

U-A
pre-tRNAFPPe nor pre-tRNAPhe(G'C)V, which
lack the BHB motif, is cleaved by the ar-
chaeal endonuclease (Fig. 1, lanes 9 and
10).

Remarkably, the intron fragments ex-
cised from the cleavage of pre-

tRNA”“d“*“““(g'é)V by the eukaryal and the
archaeal endonucleases were identical
(Fig. 1, lanes 4, 8, and 12). This result
shows that the eukaryal enzymes fix the
sites of cleavage of this particular substrate
not by reference to the mature domain but
by recognition of local structures at the
intron-exon boundaries, in the same man-
ner as the archaeal enzyme. Presumably
the mature domain of pre-tRNAArheuka
interferes with the interaction between
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the eukaryal enzymes and the symmetri-
cally disposed cleavage sites, because the
RNA with a longer anticodon stem is a
better substrate (Fig. 1, lanes 3, 4, 7, and
8). In contrast, the archaeal enzyme,
which does not normally interact with the
mature domain, is unaffected (lanes 11
and 12).

The eukaryal enzyme can operate inde-
pendently of the mature domain on a
minisubstrate (mini-BHB) that corresponds
to the BHB motif of the archaeal pre-tRNAs
(Fig. 1, rectangular box). Such a substrate,
labeled at the 3’ end, was cleaved at both
cleavage sites by the Xenopus endonuclease
(Fig. 2, substrate 1). When mini-BHB was
labeled at the 5’ end, the labeled products
were the 5’ half and the 5 half plus intron
(6). When one of the bulges was disrupted by
substitution of one of the flanking nucleo-
tides (resulting in disruption of the A-I pair),
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Fig. 2. Products of cleavage of 3’ end-labeled
mini-BHB substrates by the X. laevis tRNA endo-
nuclease (XL). The two labeled products derived
by cleavage at sites corresponding to the 5’ and
3’ ends of the intron are indicated by arrows.
Molecular size markers of a partial alkaline digest
(OH) and partial ribonuclease T1 digest (T1) were
included on the gel.

the Xenopus enzyme cleaved at the opposite
bulge, at a site corresponding to the 5 site,
and only very inefficiently at the 3’ site (Fig.
2, substrate 2). The compensatory mutation
that allowed the formation of a new A-I pair
in the double mutant produced a substrate
that was cleaved efficiently at both sites by
the eukaryal enzyme (Fig. 2, substrate 3). We
conclude that the local structural informa-
tion present at the intron-exon boundaries
of the mini-BHB is sufficient to direct the
Xenopus enzyme to the correct cleavage sites.

A eukaryal mini-substrate containing
only the extended anticodon stem of
tRNAFPe (Fig. 1, oval box) is cleaved ex-
clusively at the 3’ site, although this RNA
contains a bona fide 5’ site (7). Taken
with the results in Fig. 2, this shows that
the eukaryal endonuclease uses the mature
domain as a reference point for cleavage at
the 5’ splice site, when the corresponding
bulge is missing from the substrate. How-
ever, when a substrate contains the whole
BHB motif, the conserved spatial position-
ing of the two active sites of the eukaryal
and archaeal endonucleases allows for
cleavage at both ends of the intron. This
remarkable finding demonstrates a com-
mon ancestral mechanism for recogni-
tion of tRNAs and perhaps other RNA
substrates.
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A structural model for the yeast endonu-
clease is proposed in the accompanying re-
port (8). A central feature of the model is
represented by the strong Sen2-Sen54 and
Sen34-Senl5 interactions that were detect-
ed with the two-hybrid system (9). The two
dimers are associated to form a tetramer by
way of the L10 loop sequences of Sen15 and
Sen54. This model implies that Archaea
and Eukaryotes have inherited from their
common ancestor the endonuclease active
sites and the means to array them in a
precise and conserved spatial orien-
tation. Qur results with the artificial

B ( U-A)
pre-tRNAArcheuke AGC/ aind mini-BHB sub-
strates strongly support that model.
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Ribosome-Catalyzed Peptide-Bond Formation
with an A-Site Substrate Covalently
Linked to 23S Ribosomal RNA

Rachel Green,” Christopher Switzer, Harry F. Nollerf

In the ribosome, the aminoacyl-transfer RNA (tRNA) analog 4-thio-dT-p-C-p-puromycin
crosslinks photochemically with G2553 of 23S ribosomal RNA (rRNA). This covalently
linked substrate reacts with a peptidyl-tRNA analog to form a peptide bond in a peptidyl
transferase—catalyzed reaction. This result places the conserved 2555 loop of 23S rRNA
at the peptidyl transferase A site and suggests that peptide bond formation can occur
uncoupled from movement of the A-site tRNA. Crosslink formation depends on occu-
pancy of the P site by a tRNA carrying an intact CCA acceptor end, indicating that
peptidyl-tRNA, directly or indirectly, helps to create the peptidyl transferase A site.

Catalysis of peptide bond formation re-
quires precise juxtaposition of the acceptor
ends of P (peptidyl)- and A (aminoacyl)-
site—bound tRNAs in the active site of the
ribosome. Accumulating evidence points
to a role for the 23S rRNA in the function
of peptidyl transferase (1-3). Identification of
a peptidyl transferase-reactive crosslink be-
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tween a benzophenone-derivatized peptidyl-
tRNA and A2451-C2452 localized the cen-
tral loop of domain V of 23S rRNA to the
peptidyl transferase site (2). More recently,
identification of a base-pairing interaction
between C74 of P-site~bound tRNA and
(G2252 of domain V established a direct role
for 23S rRNA in the function of peptidyl
transferase (3). Here we describe an amino-
acyl-tRNA analog, 4-thio-dT-p-C-p-puro-
mycin (s*TCPm), which crosslinks to 23S
rRNA with high efficiency and specificity.

This substrate remains fully active as an ac- .

ceptor in the peptidyl transferase reaction
while covalently bound to 23S rRNA, impos-
ing constraints on the proposed concerted
events of tRNA movement and peptide-

bond formation and unambiguously placing
the conserved 2555 loop of 23S rRNA at the
peptidyl transferase A site.

The aminoacyl-tRNA analog, s*TCPm,
was chemically synthesized and purified (4);
the Michaelis constant (K ) of this com-
pound for peptidyl transferase is about 10
pM (5). The phosphorylated compound,
[>?P]s*TCPm, was then bound to Escherichia
coli 708 ribosomes programmed with gene 32
mRNA (6) in which the P site was filled
with deacylated tRNATP. After irradiation
with ultraviolet (UV) light (366 nm), total
RNA was prepared from the ribosomal
complexes and analyzed (Fig. 1A) (7).
Exclusive labeling of 23S rRNA is consis-
tent with crosslinking to the peptidyl
transferase center of the ribosome. Based
on incorporation of *?P into 23S rRNA,
about 30% of ribosomes were crosslinked
in the presence of 20 uM s*TCPm. The
absence of substantial crosslinking to ribo-
somal proteins (8) provides evidence for
the specificity of the crosslinked A-site
ribosomal complex and the RNA-rich na-
ture of the peptidyl transferase site (9).
This contrasts with the recent proposal of
a proteinaceous A-site environment (10).

Digestion of the crosslinked E. coli 23S
rRNA species with ribonuclease (RNase)
T1 (11) revealed a single crosslinked prod-
uct (Fig. 1B). The efficiency and specificity
of crosslinking was high, which indicates an
extremely close juxtaposition of s*TCPm
and rRNA, comparable to that between
position 34 of tRNA and position C1400 of
16S rRNA (12). Typically, even highly ef-
ficient crosslinks to the ribosome, such as
those obtained with benzophenone-derivat-
ized Phe-tRNAP", target multiple rRNA
sites (2).

Assignment of the site of crosslinking to
position G2553 was achieved with RNase
H digestion (13) followed by primer-exten-
sion analysis (Fig. 1C) (14). The strong stop
induced by crosslinking with s*TCPm is
consistent with the estimated crosslinking
efficiency of 30%. Crosslinking of s*TCPm
to Bacillus stearothermophilus ribosomes was
similarly efficient and also yielded a single
RNase T1 product; primer extension again
localized the crosslinked position to nucle-
otide G2553 (E. coli numbering) (8).

The crosslink between s*TCPm and 23S
rRNA places the conserved 2555 loop at
the site of interaction between the ribo-
some and the conserved CCA end of A-site
tRNA. This conclusion is consistent with
protection of G2553 from chemical modi-
fication by A-site tRNA, which depends on
the presence of the terminal adenosine
(A76) of tRNA (I5) and with directed
cleavage of this region of the RNA back-
bone by hydroxyl radicals generated from
Fe(II) tethered to the 5’ end of A-site—
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