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The Neurospora crassa mitochondrial tyrosyl-tRNA synthetase
(CYT-18 protein) functions in splicing group I introns by promoting
the formation of the catalytically active RNA structure. Previous
work suggested that CYT-18 recognizes a conserved tRNA-like
structure of the group I intron catalytic core. Here, directed hy-
droxyl-radical cleavage assays show that the nucleotide-binding
fold and C-terminal domains of CYT-18 interact with the expected
group I intron cognates of the aminoacyl-acceptor stem and D-
anticodon arms, respectively. Further, three-dimensional graphic
modeling, supported by biochemical data, shows that conserved
regions of group I introns can be superimposed over interacting
regions of the tRNA in a Thermus thermophilus TyrRS�tRNATyr

cocrystal structure. Our results support the hypothesis that CYT-18
and other aminoacyl-tRNA synthetases interact with group I in-
trons by recognizing conserved tRNA-like structural features of the
intron RNAs.

The Neurospora crassa mitochondrial (mt) tyrosyl-tRNA syn-
thetase (TyrRS), or CYT-18 protein, functions in both

tRNATyr aminoacylation and group I intron splicing (1). The
splicing function reflects that CYT-18 recognizes conserved
structural features of group I intron and promotes the formation
of the catalytically active RNA structure (2–5). Group I introns,
similar to tRNAs, have minimal sequence conservation but share
a conserved three-dimensional structure consisting of two dou-
ble-helical domains (6, 7). The group I intron’s P4–P6 domain is
formed by the coaxial stacking of secondary structure elements
P5, P4, P6, and P6a, and the P3–P9 domain is formed by P3, P8,
P7, and P9, with the juxtaposition of the two domains creating
a cleft that contains the intron’s active site. RNA-footprinting
experiments with the CYT-18-dependent N. crassa mt large
subunit rRNA (LSU) and ND1 introns showed that the protein
interacts with the phosphodiester backbone on the side opposite
the active-site cleft, with most of the potential contact sites in the
P4–P6 domain and a few additional sites in the P3–P9 domain
(4, 5). Biochemical and genetic studies led to a model in which
CYT-18 binds first to the P4–P6 domain to promote its assembly
and then makes additional contacts with the P3–P9 domain to
stabilize the two domains in the correct relative orientation to
form the intron’s active site (4, 5, 8–10).

Remarkably, comparison of the CYT-18 binding sites in the N.
crassa mt LSU and ND1 introns with that in the N. crassa mt
tRNATyr by graphic modeling revealed an extended three-
dimensional overlap between the tRNA and highly conserved
regions of the group I intron catalytic core (5). In this overlap,
the group I intron’s P4–P6 stacked helices almost completely
superimpose on the tRNA’s D-anticodon arm stacked helices, P7
overlaps the variable arm, and P9 largely parallels the acceptor
stem, with the discriminator base directly overlapping L9-1, a
putative protein contact site in both RNAs. These structural
similarities suggest that aminoacyl-tRNA synthetases (aaRSs)
and other tRNA-binding proteins may be predisposed to func-
tion in group I intron splicing. The yeast mt leucyl-tRNA
synthetase (LeuRS), a second example, acts in concert with an

intron-encoded maturase to function in splicing two closely
related group I introns in yeast mitochondria (11, 12).

Class I aaRSs such as TyrRSs consist of a structurally con-
served N-terminal nucleotide-binding fold domain that catalyzes
amino acid activation and tRNA charging followed by an aaRS-
specific C-terminal RNA-binding domain, which interacts with
the anticodon arm of the tRNA (13). The nucleotide-binding
fold interacts with the tRNA’s acceptor stem and typically
contains an insertion denoted connective peptide 1, which
contributes to determining acceptor-helix identity (14, 15). In
TyrRSs, the nucleotide-binding fold is followed by an �-helical
intermediate domain linked via a flexible hinge to a C-terminal
RNA-binding domain, containing a region homologous to ribo-
somal protein S-4 (16). In agreement with previous models, a
cocrystal structure of the Thermus thermophilus TyrRS com-
plexed with tRNATyr showed that the tRNA binds across the
surface of the two subunits of the �2 homodimer, with the
tRNA’s acceptor stem interacting with the nucleotide-binding
fold of one subunit and the anticodon arm interacting with the
C-terminal domain of the other subunit (A. Yaremchuck, I.
Kriklivyi, M. Tukalo, and S.C., unpublished information). The
x-ray crystal structure also confirmed that TyrRS is unique
among class I aaRSs in approaching the acceptor stem from the
major groove side, as is characteristic of class II aaRSs (17).

The CYT-18 protein is homologous to bacterial TyrRSs (Fig.
1) and also functions as an �2 homodimer, with each dimer
binding one group I intron RNA (20). Despite these structural
similarities, however, only the N. crassa mt TyrRS and that of the
related fungus P. anserina function in group I intron splicing,
whereas the Escherichia coli and yeast mt TyrRSs do not function
in splicing (21). Thus, the two fungal mt TyrRSs must have some
adaptation of the canonical structure that confers splicing
activity. Mutational analysis showed that regions of CYT-18
required for splicing overlap those that function in tRNA binding
(22). An apparent exception was an idiosyncratic N-terminal
extension, the deletion of which specifically inhibited group I
intron splicing (23), but recent findings suggest that this region
functions indirectly by stabilizing the structure of another region
that contacts the intron RNA directly (18). Otherwise, most
mutations in different protein regions have parallel effects on
splicing and TyrRS activity, and a group I intron RNA was found
to be a competitive inhibitor of aminoacylation, providing direct
evidence that the two RNAs compete for the same or an
overlapping binding site (2, 22). Together, these findings suggest
that CYT-18 forms similar but not identical complexes with its
tRNATyr and group I intron RNA substrates.
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Here we used directed hydroxyl-radical cleavage assays to
show that the nucleotide-binding fold and C-terminal domains of
CYT-18 are positioned to interact with the expected cognates of
the tRNA’s acceptor and D-anticodon arms, respectively. Fur-
ther, three-dimensional graphic modeling, supported by bio-
chemical data, shows that key regions of the group I intron can
be aligned with the tRNA in the T. thermophilus TyrRS�tRNATyr

cocrystal structure. Our results support the hypothesis that
CYT-18 interacts with group I introns, because the introns
resemble tRNAs.

Materials and Methods
E. coli Strains and Growth Media. E. coli strain DH5�F� was used
for cloning, and HMS174(DE3) plysS (Novagen) was used for
CYT-18 protein expression. Bacteria were grown in LB medium
supplemented with ampicillin (100 mg�liter) or chloramphenicol
(25 mg�liter) to maintain plasmids.

Construction of CYT-18 Protein Mutants. Wild-type CYT-18 protein
was expressed from plasmid pEX560, which contains a 638-aa
CYT-18 ORF lacking the mt targeting sequence cloned down-
stream of the phage T7 promoter in pET3a (22). CYT-18
proteins lacking one or both endogenous cysteine residues or
containing single-cysteine substitutions at different positions
were constructed by generating two partially overlapping PCR
products that then were ligated together into the parent plasmid
to replace the desired region of the CYT-18 ORF. The 5�- and
3�-PCR products each contained a unique restriction site for
cloning and an overlap region, which contained both the desired
mutation and a common restriction site, introduced via silent
mutations, for joining the fragments. The regions generated by
PCR were sequenced.

Synthesis of Intron-Containing RNAs. In vitro transcripts containing
�ORF derivatives of the N. crassa mt LSU and ND1 introns and
flanking exons were synthesized from pLSUcam and pND10,
respectively. pLSUcam is a derivative of pBD5a (24) in which a
T7 promoter was swapped for the T3 promoter. pLSUcam is
digested with BamHI and transcribed with T7 RNA polymerase
to yield a 440-nt RNA containing a 19-nt 5� exon, the 388-nt

intron, and a 33-nt 3� exon. pND10 contains the ND1 intron and
flanking exons from pND1m (25) cloned between the BamHI
and EcoRI sites of pET5 (Novagen), with hammerhead and
hepatitis � virus ribozymes appended to the 5� and 3� ends,
respectively (26). Transcription of EcoRI-digested pND10 ac-
companied by ribozyme cleavage yields a 210-nt RNA contain-
ing a 6-nt 5� exon, the 197-nt ND1 intron, and a 7-nt 3� exon. In
vitro transcription and 5� labeling with phage T4 polynucleotide
kinase and gel purification of labeled RNAs were performed as
described (27). Before use, RNAs were renatured by incubating
in splicing buffer (100 mM KCl�5 mM MgCl2,�25 mM Tris�HCl,
pH 7.5�10% glycerol) for 20 min at 55°C and then cooled to
room temperature (4).

Protein Purification and Biochemical Assays. Wild-type and mutant
CYT-18 proteins were purified by the polyethyleneimine-
precipitation procedure (20) except that DTT and EDTA were
omitted from all solutions, and the protein was eluted from
heparin-Sepharose columns by using a step gradient (27). Solu-
tions were treated with Chelex-100 (Sigma) to remove trace
amounts of metals. Tyrosyl-adenylation, TyrRS, and RNA splic-
ing assays were performed as described (18). The RNA splicing
assays used 10 nM CYT-18 protein and 20 nM 32P-labeled RNA
substrate. Wild-type and mutant CYT-18 preparations were
�90% pure and contained 80–95% active protein, as judged by
tyrosyl-adenylation assays. CYT-18 concentrations refer to the
homodimer.

Directed Hydroxyl-Radical Probing. EPD-Fe-conjugated CYT-18
proteins were prepared by incubating 10 �M protein with 20 �M
EPD-Fe (obtained from Robert Fox, University of Texas Med-
ical Branch, Galveston, TX) in 100 �l of 0.5 M KCl�25 mM
Tris�HCl, pH 7.5�10% glycerol for 60 min at room temperature
and then microdialyzing using a 0.45-�m Type VS filter (What-
man) against 250 mM KCl�25 mM Tris�HCl, pH 7.5�10%
glycerol for 60 min at room temperature to remove unincorpo-
rated EPD-Fe. The conjugated proteins were stored at 4°C.
Accessibility of cysteine residues to modification was determined
by using 5,5�-dithiobis(2-nitrobenzoic acid) (28). For hydroxyl-
radical cleavage, 5�-labeled RNAs (50 nM) were complexed with
equimolar EPD-Fe-conjugated protein in splicing buffer for 20
min at room temperature. Cleavage reactions were initiated by
adding sodium ascorbate to 30 mM, incubated for 60 min at room
temperature, and terminated by adding 1 �l of 10 M thiourea and
10 �g of E. coli tRNA carrier followed by extraction with
phenol�chloroform�isoamyl alcohol (25:24:1). The cleavage
products were analyzed in denaturing 6 or 9% polyacrylamide
gels against RNA sequencing ladders generated by partial alka-
line hydrolysis of the same 5�-labeled RNAs or iodine cleavage
of 5�-labeled 10% �-S-ATP- or �-S-GTP-substituted RNAs.

Three-Dimensional Graphic Modeling. Graphic modeling was done
by using the INSIGHT II software package (Accelrys, San Diego).
To construct the models, the previous group I intron RNA
models were aligned with tRNATyr in the T. thermophilus
cocrystal structure by using the overlaps between the CG pair at
P4 bp-3 and D-arm bp-2, P7(5�)-3,4 and variable arm 47 and 47:1,
and L9-1 and the discriminator base (5).

Results
Experimental Strategy. The experimental strategy was to con-
struct a series of CYT-18 protein mutants having single cysteine
substitutions at different positions for conjugation of EPD-Fe
(Fig. 1; ref. 29). In the presence of a reducing agent, the EPD-Fe
conjugate produces short-lived hydroxyl radicals that cleave the
phosphodiester backbone of nearby RNA. The conjugated pro-
tein is bound to 5�-labeled RNA, and the locations of the
cleavage sites are determined by gel electrophoresis, yielding

Fig. 1. Map of the CYT-18 protein showing the location of single cysteine
substitutions for incorporation of (EDTA-2-aminoethyl)-2-pyridyl disulfide-
Fe(III) (EPD-Fe). Black boxes indicate regions strongly conserved among bac-
terial TyrRSs, and stippled boxes indicate regions conserved only between the
N. crassa and Podospora anserina mt TyrRSs, which function in group I intron
splicing (18). CYT-18 variants having single cysteine substitutions for conju-
gation of EPD-Fe at different positions are shown above. Asterisks indicate
variant proteins, the EPD-Fe derivatives of which gave specific cleavages in the
intron RNAs, and brackets indicate proteins that were largely insoluble. The
remaining proteins were soluble and active but did not give specific cleavages.
The boundaries of the nucleotide-binding fold, �-helical intermediate do-
main, and C-terminal RNA-binding domain based on homology to other
TyrRSs are shown below (18). Black bars indicate boundaries of connective
peptide 1 and clusters 1–4, which contain conserved amino acid residues
involved in tRNA binding in bacterial TyrRSs, with their predicted tRNATyr

interaction sites indicated below (17, 19).
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information about the proximity of specific sites in the protein
and RNA. Because the Fe is tethered by a 14-Å f lexible linker
and generates hydroxyl radicals with a 10-Å cleavage radius,
cleavages are expected within �24 Å of the conjugated cysteine
residue (29).

Construction of a Cysteineless CYT-18 Protein. The CYT-18 protein
is a favorable one for the incorporation of EPD-Fe, because it
contains only two endogenous cysteine residues. To obtain a
cysteineless CYT-18 protein as a starting point for further
modifications, we replaced these endogenous cysteines with the
corresponding amino acids from the P. anserina mt TyrRS, which
also functions in group I intron splicing (21). Biochemical assays
showed that the mutant proteins lacking one (C309P) or both
(C309P:C494A) endogenous cysteines have wild-type tyrosyl-
adenylation and TyrRS activity, and their EPD-Fe derivatives
have wild-type splicing activity with both the N. crassa mt LSU
and ND1 introns (data not shown).

Fig. 2 shows hydroxyl-radical cleavage assays for the wild-type
and mutant proteins complexed with 5�-labeled N. crassa mt
LSU intron RNA. The EPD-Fe derivatives of the wild-type and
C309P proteins both gave specific cleavages that were not seen
with the protein lacking the two endogenous cysteines. Group I
intron structures are described by a convention in which con-
served base-paired stems (P) are numbered sequentially from
the 5� end, with [5�] and [3�] indicating the 5� and 3� sides of the
stem. The stems are separated by joining regions (J) and capped
by loops (L). The specific cleavages observed in Fig. 2 map to
three regions of the mt LSU intron: J6�6a-P6[3�] (235–237),
P6a[5�] (148–150), and P5[5�] (116–117), with the cleavages in
J6�6a-P6 by far the strongest. In control reactions, the specific
cleavages were abolished in the presence of 0.5 M KCl, which
dissociates CYT-18–intron RNA complexes (lanes 4), were
competed by unmodified protein (lanes 3), and were not com-
peted by nonspecific RNA (lanes 5). The finding that the same

cleavages were obtained with the wild-type and C309P proteins
indicates that all the cleavages result from EPD-Fe modification
at C494, which is located in the C-terminal RNA-binding
domain.

Directed Hydroxyl-Radical Cleavage Assays. The CYT-18 protein
lacking both endogenous cysteine residues was used as a starting
point for constructing a series of single-cysteine substitutions in
CYT-18. The cysteines were engineered in or near four regions
of CYT-18 that contain clusters of conserved amino acid resi-
dues involved in tRNA binding in bacterial TyrRSs (clusters 1–4;
see Fig. 1; refs. 17 and 19). Clusters 1 and 2 in the nucleotide-
binding fold region interact with the acceptor stem of tRNATyr,
and clusters 3 and 4 in the C-terminal domain interact with the
variable and anticodon arms. The endogenous cysteine, C494,
lies in cluster 3. Typically, we replaced nonconserved amino acids
neighboring conserved basic amino acids identified as being
involved in tRNA binding. In some cases, however, we replaced
the conserved amino acid itself, the assumption being that loss
of a single phosphate-backbone contact would not impair the
very tight binding of CYT-18 to the intron RNA substantially
(apparent Kd measured kinetically � �0.3 pM; ref. 20). In all, we
constructed a total of 20 single-cysteine substitutions of which 17
gave active protein and 8 gave specific cleavages (see Fig. 1). All
the active proteins have wild-type tyrosyl-adenylation activity,
and all but one retain 80–100% wild-type splicing activity with
both the LSU and ND1 introns after conjugation of EPD-Fe
(data not shown). The single exception, EPD-Fe R540C, had
20–50% wild-type splicing activity with both introns. Represen-
tative hydroxyl-radical cleavage assays are shown in Fig. 3, and
the locations of the cleavages in the intron RNAs are summa-
rized in Fig. 4.

Clusters 1 and 2 are expected to interact with the group I
intron structure P9�L9, which is the cognate of the tRNA’s
acceptor stem. Four cluster 1 and 2 mutants gave specific
EPD-Fe cleavages: R213C and R214C near the end of connec-
tive peptide 1 in cluster 1, A287C in cluster 2, and E296C just
downstream of cluster 2 in a 16-aa CYT-18-specific insertion. All
four proteins cleaved both introns in P9�L9, as expected, and
more weakly in P5, an adjacent structure that is a docking site
for the L9 tetraloop. EPD-Fe R213C and A287C also cleaved a
neighboring region of P4 in the ND1 intron. Other cluster 1 and
2 mutants, EPD-Fe V215C, S226C, K231C, K233C, R288C,
E289C, and R297C, gave no specific cleavages even though their
cysteine residues were accessible for modification, and their
EPD-Fe derivatives were fully active for splicing both the LSU
and ND1 intron. Although EPD-Fe cleavages in the N. crassa mt
RNATyr could not be mapped precisely because of the relatively
weak binding and small size of the RNA, additional experiments
showed that all four cluster 1 and 2 mutants that cleaved the
intron RNAs also cleaved the tRNA, and those that failed to
cleave the intron RNAs also failed to cleave the tRNA (data not
shown). Thus, all the tested cluster 1 and 2 positions are disposed
similarly to cleave or not cleave both the intron and tRNA
substrates, and all four mutants that cleaved the intron did so in
P9�L9, the cognate of the acceptor stem, and to a lesser extent
in the adjacent structure P5.

Clusters 3 and 4 in the C-terminal RNA-binding domain are
expected to interact with the group I intron’s P4–P6 stacked
helices, the cognate of the tRNA’s D-anticodon arm stacked
helices, and with P7, the cognate of the variable arm. In addition
to the endogenous cysteine C494 in the C309P mutant (Fig. 2),
three other cluster 3 and 4 mutants gave specific cleavages.
EPD-Fe–G493C, which is adjacent to the endogenous C494 in
cluster 3, cleaved the LSU intron at the same locations as C309P
in J6�6a-P6[3�], P6a[5�], and P5[5�] as well as additional sites in
P4[3�] and P2[3�]. Both C309P and G493C cleaved the ND1
intron in P8[3�]-J8�7, P3[3�], J6�6a-P6[3�], and P6a[5�]. The

Fig. 2. Directed hydroxyl-radical cleavage of the N. crassa mt LSU intron with
EPD-Fe derivatives of wild-type and variant CYT-18 proteins lacking one or
both endogenous cysteine residues. A 5�-labeled in vitro transcript containing
the N. crassa mt LSU intron was complexed with the indicated EPD-Fe-
conjugated CYT-18 proteins, and cleavage sites were mapped in a denaturing
6% polyacrylamide gel. OH�, alkaline hydrolysis ladder; G and A, RNA se-
quencing ladders; lanes 1, EPD-Fe-modified protein incubated with RNA in the
absence of ascorbate to initiate hydroxyl-radical cleavage; lanes 2, cleavage
reactions after the addition of ascorbate; lanes 3, cleavage reactions in the
presence of a 2-fold molar excess of unmodified wild-type CYT-18 protein;
lanes 4, cleavage reactions in 0.5 M KCl; lanes 5, cleavage reactions in the
presence of a 5-fold molar excess of nonspecific competitor RNA (pTRSE15�
NsiI; ref. 30). Regions of the mt LSU intron are shown to the left, and the
cleavages sites are indicated to the right.
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remaining two mutants, G497C in cluster 3 and R540C, the only
active variant in cluster 4, cleaved the LSU intron but not the
ND1 intron, likely reflecting more extensive interaction of the
C-terminal domain with the LSU intron (see Discussion). Both
mutants cleaved the LSU intron around the junction of P4[3�]
and P6[5�], and EPD-Fe R540C also cleaved the LSU intron in
P6a[5�] and P6[3�]. Thus, as expected, the cluster 3 and 4 mutants
cleaved primarily in the P4–P6 domain, the cognate of the
D-anticodon arm stacked helices of tRNATyr, with a few, mostly
weaker cleavages in other regions.

Structure Modeling. The positional information from the EPD-Fe
cleavage experiments enabled us to orient the protein on the
RNA for structure modeling. Fig. 5 shows models of the com-
plexes between CYT-18 and the mt LSU and ND1 introns,
respectively, based on the cocrystal structure of the T. ther-
mophilus TyrRS–tRNATyr complex. The homologous regions of
the T. thermophilus TyrRS and CYT-18 are expected to have
similar three-dimensional structures, although CYT-18 has sev-
eral small insertions and a longer C-terminal domain, which are
not represented in the models. The models of the complexes
were constructed without reference to the biochemical data by

simply aligning the group I intron RNA with the tRNATyr in the
T. thermophilus cocrystal structure using the previously de-
scribed three-dimensional overlaps between group I introns and
tRNAs (ref. 5; see Materials and Methods). Auspiciously, the
orientation of the tRNA’s long variable arm in the x-ray crystal
structure more closely parallels P7 than it did in the previous
models, which were based on tRNASer.

The models show that the group I introns, similar to tRNATyr,
bind across the surface of the two subunits of the homodimer,
interacting with the N-terminal domain of one subunit and the
C-terminal domain of the other. In agreement with the predicted
group I intron–tRNATyr structural homologies, the C-terminal
domain interacts primarily with the group I introns’ P4–P6
stacked helices, the cognate of the tRNA’s D-anticodon arm
stacked helices, and the nucleotide-binding fold interacts with
P9�L9, the cognate of the tRNA’s acceptor stem, as well as P5,
which interacts with L9. As noted previously, the discriminator

Fig. 3. Directed hydroxyl-radical probing of the N. crassa mt LSU and ND1
introns with variant CYT-18 proteins containing EPD-Fe conjugated to differ-
ent positions. A and B show cleavage reactions with the mt LSU and ND1
introns, respectively. The reactions and gel lanes are as described for Fig. 2.
Mutant proteins are indicated above, and cleavage sites are indicated to the
right.

Fig. 4. Summary of directed hydroxyl-radical cleavages in the N. crassa mt
LSU and ND1 introns. (A and B) The predicted secondary structures of the
388-nt mt LSU and 197-nt ND1 introns used in this study. Cleavages from
EPD-Fe conjugated to different positions in the N- and C-terminal domains of
CYT-18 are indicated in red and magenta, respectively. Tertiary interactions
are indicated by boxed positions connected by lines, and splice sites are
indicated by arrows. (C) The secondary structure of N. crassa mt tRNATyr drawn
in a similar orientation for comparison.
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base and L9-1 are putative contact sites in both RNA substrates
and overlap in the alignments. The group I introns of course lack
the 3� CCA, which extends into the TyrRS active site. The models
and biochemical data suggest that there also could be interac-
tions between the C-terminal domain and P7, the cognate of the
long variable arm, and between the �-helical intermediate
domain and J6�6a, the cognate of the anticodon loop. The
extended C-terminal domain of CYT-18 also may interact with
P2, P3, and P8, which do not have cognates in the tRNA.

Although the models are based on the group I intron–tRNATyr

alignment, there nevertheless is good agreement with biochem-
ical data. Thus, 35�40 EPD-Fe cleavages (Fig. 5, red and
magenta regions) fall within 33 Å of the derivatized amino acid
(Fig. 5, yellow), and all strong cleavages fall within 28 Å. The only
cleavages that cannot be explained by minor adjustments in the
model are the weak cleavages from two cluster 3 positions
(G493C and the endogenous C494 in C309P) in P5[5�] in the
LSU intron. These cleavages are not observed in the more
compact ND1 intron and could reflect the conformational
mobility of the flexibly hinged C-terminal domain in either
subunit of the homodimer. If not, they require either a confor-
mational change in the intron RNA or that the interacting
C-terminal domain in the model be shifted up from the position
in the cocrystal structure. At least some shift in the C-terminal
domain seems necessary in any case to accommodate the bulkier
intron RNA in this region and to account for the lack of observed
cleavages in P7, the cognate of the variable arm.

Also in agreement with the models, most of the phosphate-
backbone protections mapped previously in iodine-footprinting
experiments (gray spheres) are in regions protected by the
protein in the model. Importantly, the phosphate-backbone
protections around the junction of the P4–P6 stacked helices
basically are superimposable with those at the junction of
the D-anticodon arm stacked helices, with the protein facing
the minor groove of P4 and the major groove of P6, as for the
cognate structures in the tRNA (5, 27). These findings strongly
suggest a very similar disposition of the �-helical and C-terminal
domains with respect to both the intron and tRNA substrates in
this region. Except for two P5 protections in the ND1 intron, the
only unaccounted for phosphate protections in the models are in
P8 in both introns and in P6a in the LSU intron and can be
explained by additional interactions with CYT-18’s larger C-
terminal domain and�or some shift in the position of the

C-terminal domain in the complex. We note that the biochemical
data show more extensive C-terminal contacts with the LSU
intron than with the ND1 intron, which is consistent with the
observation that the C-terminal domain plays a greater role in
splicing the LSU intron than the ND1 intron (18).

Discussion
Our results support the hypothesis that CYT-18 functions in
splicing by recognizing highly conserved structural features of
group I introns that resemble those in tRNAs. The hydroxyl-
radical cleavage data identify putative interaction sites between
the nucleotide-binding fold and the P9�P5 junction region and
between the C-terminal domain and the P4–P6 stacked helices.
With these putative interacting regions fixed, the structural
models based on the T. thermophilus TyrRS�tRNATyr cocrystal
structure indicate a decidedly tRNA-like recognition of the
group I intron catalytic core, with the acceptor-arm cognate
(P9�L9) interacting with the nucleotide-binding fold of one
subunit, and the D-anticodon arm cognate (P4–P6) interacting
with the C-terminal domain of the other subunit. The relatively
large interface between the protein and intron RNA affords the
potential for multiple contacts, as in tRNA binding, and explains
how CYT-18 can suppress structural mutations throughout the
group I intron catalytic core (3, 9, 10). The ability of CYT-18 to
function in splicing many different group I introns likely reflects
that the tRNA-like structural features with which it interacts are
highly conserved in group I introns, presumably because they are
required for the catalytic activity of the intron RNAs. Within this
framework of conserved interactions, additional intron-specific
and non-tRNA-like interactions also may contribute to CYT-
18-dependent splicing.

With respect to splicing mechanism, our previous biochemical
analysis suggested that CYT-18 interacts first with the P4–P6
domain to promote its assembly and then makes secondary
contacts with the P3–P9 domain to bring the two major domains
into the correct relative orientation to form the intron’s active
site (4, 5). Regarding the first step, the models show that the
region of the P4–P6 domain around the junction of the P4–P6
stacked helices interacts with a protein scaffold formed by the
C-terminal and �-helical domains, which evolved to recognize
the D-anticodon arm of the tRNA. The use of this protein
scaffold readily explains how CYT-18 can induce assembly of the
P4–P6 domain as well as compensate for a variety of structural

Fig. 5. Models of the N. crassa mt LSU and ND1 introns complexed with the T. thermophilus TyrRS. The models are shown in A and B, with a drawing of the
T. thermophilus TyrRS�tRNATyr cocrystal structure shown in C for comparison (A. Yaremchuk, I. Kriklivyi, M. Tukalo, and S.C., unpublished data). The two TyrRS
subunits are blue and purple, and the RNA phosphodiester backbone is green for the introns and orange for the tRNA. EPD-Fe-conjugated amino acid residues
that gave specific cleavages in the intron RNAs are highlighted in yellow, and the cleaved regions of the phosphodiester backbone are shown in red and magenta
for N- and C-terminal cleavages, respectively. E296C, which is in a CYT-18-specific insertion, is represented by yellow highlighting of the closest amino acid residue,
S290. Gray balls indicate putative protein-protection sites on the phosphodiester backbone detected in iodine-footprinting experiments (4, 5). Protection sites
likely caused by protein-induced RNA structural changes in P3[5�] in both introns and J4�5, P7[3�], P7.1, and P6b in the LSU intron are not shown. C1�C2, clusters
1 and 2; C3�C4, clusters 3 and 4.
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mutations that impair base stacking, base pairing, or base triple
interactions around the junction of the P4–P6 stacked helices (9,
10). For the second step, the models suggest that CYT-18 could
help establish the correct relative orientation of the two intron
domains by stabilizing or substituting for critical interdomain
interactions including the P5�L9 tetraloop�receptor interaction,
J3�4 and J6�7 interdomain contacts, and the minor groove
interdigitation between P3 and J6�J6a (6, 7). Consistent with this
hypothesis, genetic assays with the phage T4 td intron show that
CYT-18 can suppress mutations at all positions in J3�4 and J6�7
(9) as well as mutations that disrupt the P5-L9 interaction (X.
Chen and A.M.L., unpublished data).

The models also explain previous findings that the N- and
C-terminal domains of CYT-18 contribute differently to splicing
different group I introns and in particular that deletion of the
C-terminal RNA-binding domain abolished splicing and stable
binding of the LSU intron but left substantial splicing activity
with the ND1 intron and other group I introns (18). The models
show that this truncated protein still can interact extensively with
the ND1 intron via the nucleotide-binding fold and �-helical
domains, with the latter responsible for many of the phosphate-
backbone protections in P4-J6�6a. The greater interaction of the
LSU intron with the C-terminal domain is reflected by the
additional EPD-Fe cleavages from positions in clusters 3 and 4
and by the larger number of phosphate-backbone interactions
extending farther down the P6 helix into P6a. We note that even
though the C-terminal truncation did not abolish splicing of the
ND1 intron, it increased koff by �5-fold, suggesting that the
C-terminal domain makes a noncritical contribution to binding
(18). Further, group I introns that ordinarily do not depend on
the C-terminal domain readily acquire such dependence by
mutations in certain regions of the catalytic core (X. Chen and
A.M.L., unpublished data). Together, these findings suggest that
all group I introns form fundamentally similar complexes in-
volving the N- and C-terminal domains of CYT-18 and that
dependence on the C-terminal domain reflects primarily the
nature of the specific structural deficiencies that impair self-
splicing in different introns.

We suggested previously that group I introns initially were
self-splicing and became dependent on cellular proteins as a
result of mutations that impaired self-splicing (31, 32). Although
it is not clear yet to what extent other aaRSs function in group

I intron splicing, it is possible that TyrRS has structural features
that make it uniquely suited for such adaptation. Such features
may include the ability to recognize a tRNA with a long variable
arm in a specific orientation that matches P7 and the flexibly
hinged C-terminal domain, which may facilitate the binding of
some non-tRNA substrates. The latter may include not only
group I introns but also the 3�-terminal tRNA-like structures of
RNA viruses (33). In addition, CYT-18 contains several idio-
syncratic insertions and an extended C-terminal domain, which
may contribute to splicing via unique interactions with group I
introns.

The yeast mt LeuRS, which functions in splicing the closely
related mt group I introns bI4 and aI4, also may recognize
tRNA-like structural features of these introns (11, 12). Further,
the ability to splice these introns is inherent in other mt or
bacterial LeuRSs, which can fully complement a yeast null
mutant lacking the mt LeuRS (12). Unlike CYT-18, however,
which functions in splicing many different group I introns, the
LeuRS functions in splicing only the two closely related yeast mt
DNA introns and does so by acting in concert with a maturase
encoded by one of the introns. Thus, the LeuRS must recognize
either idiosyncratic features of bI4 and aI4 or a subset of the
conserved tRNA-like features in a manner not sufficient to
promote splicing in the absence of the maturase.

Finally, the alignment with the crystal structure further sup-
ports the conclusion that group I introns have structural simi-
larities to tRNAs. As discussed previously, these structural
similarities may be coincidental, or they may reflect an evolu-
tionary relationship between group I introns and tRNAs. One
possibility is that group I introns evolved in the RNA world and
gave rise to tRNAs during the evolution of protein synthesis (2).
Another possibility is that a tRNA or tRNA-like structure
evolved into a group I intron by acquiring catalytic activity, which
enabled it to propagate as a mobile element by reverse splicing
into other RNA sites (5). Both possibilities are remarkable.
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