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Abstract

The mitochondrial tyrosyl-tRNA synthetases (mt TyrRSs) of Pezizomycotina fungi are
bifunctional proteins that aminoacylate mitochondrial tRNATY" and are structure-stabilizing
splicing cofactors for group | introns. Studies with the Neurospora crassa synthetase (CYT-18
protein) showed that splicing activity is dependent upon Pezizomycotina-specific structural
adaptations that form a distinct group | intron-binding site in the N-terminal catalytic domain.
Although CYT-18’s C-terminal domain also binds group I introns, it has been intractable to X-ray
crystallography in the full-length protein. Here, we determined an NMR structure of the isolated
C-terminal domain of the Aspergillus nidulans mt TyrRS, which is closely related to but smaller
than CYT-18’s. The structure shows an S4 fold like that of bacterial TyrRSs, but with novel
features, including three Pezizomycontia-specific insertions. 1°N-1H two-dimensional NMR
showed that C-terminal domains of the full-length A. nidulans and GeoBacillus
stearothermophilus synthetases do not tumble independently in solution, suggesting restricted
orientations. Modeling onto a CYT-18/group | intron co-crystal structure indicates that the C-
terminal domains of both subunits of the homodimeric protein bind different ends of the intron
RNA, with one C-terminal domain having to undergo a large shift on its flexible linker to bind
tRNATY" or the intron RNA on either side of the catalytic domain. The modeling suggests that the
C-terminal domain acts together with the N-terminal domain to clamp parts of the intron’s
catalytic core, that at least one C-terminal domain insertion functions in group I intron binding,
and that some C-terminal domain regions bind both tRNATY" and group I intron RNASs.

The Neurospora crassa mitochondrial tyrosyl-tRNA synthetase (mt TyrRS; CYT-18
protein) and those of other fungi of the subphylum Pezizomycotina are bifunctional proteins
that both aminoacylate mt tRNATY" and promote the splicing of mt group | introns (1, 2).
Previous studies showed that CYT-18 recognizes conserved structural features of the group |
intron catalytic core and promotes splicing by stabilizing the catalytically active RNA
structure (3-5). The group | intron catalytic core consists of two extended helical domains:
P4-P6 consisting of stacked helices P5, P4, P6, and P6a/b, and P3—-P9 consisting of helices
P9, P7, P3, and P8 (6). The two domains interact via a series of tertiary contacts, with the
P3-P9 domain wrapping around the P4-P6 domain forming a cleft that contains the intron
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RNA’s active site. This active site binds the splice sites and guanosine cofactor and uses
specifically bound Mg2* ions to catalyze splicing via guanosine-initiated transesterification
reactions. Biochemical and genetic experiments suggested that CYT-18 binds first to the
P4-P6 domain to promote its assembly and then makes additional contacts with the P3—-P9
domain that stabilize the active RNA structure relative to alternative non-native structures
(3-5, 7). The structural stabilization of the group I intron core afforded by CYT-18
compensates for RNA structural defects that impair self-splicing (3).

Bacterial TyrRSs are comprised of an N-terminal nucleotide-binding fold or catalytic
domain, an intermediate a-helical domain, and a C-terminal tRNA-binding domain. The
latter has a fold similar to that of ribosomal protein S4 and is attached to the remainder of
the protein via a flexible linker (8, 9). The functional TyrRS is a homodimer, which binds
tRNATY" asymmetrically across the two subunits (10, 11). The catalytic domain of one
subunit (subunit A) binds the tRNA’s acceptor stem and catalyzes aminoacylation, while the
intermediate a-helical and C-terminal domains of the other subunit (subunit B) bind the
tRNA'’s anticodon and variable arms. Although TyrRS homodimers contain two active sites,
only a single tRNATY" is bound and charged, a phenomenon known as “half-sites reactivity”
(12).

Mt TyrRSs are structurally homologous to the bacterial enzymes, and CYT-18 uses both its
N-terminal catalytic and C-terminal tRNA-binding domains to bind group I intron RNAS
(13-15). However, group | intron splicing activity has been found only for the mt TyrRSs of
Pezizomycotina, filamentous fungi that includes the model organisms Neurospora crassa,
Aspergillus nidulans, and Podospora anserina, as well as important human pathogens, such
as Histoplasma capsulatum, Coccidioides posadasii, and Aspergillus fumigatus (2). The
acquisition of group | intron splicing activity by the mt TyrRSs of these fungi can be traced
to a series of structural adaptations in different regions of the protein, including a number of
small “insertions”, which occurred during or after the divergence of Pezizomycotina from
yeast (2, 16). As illustrated in Figure 1 for several representative examples, these
Pezizomycotina-specific insertions include an a-helical N-terminal extension (HO), two
small insertions in the catalytic domain (Ins1 and Ins2), three additional insertions in the C-
terminal domain (Ins3, 4, and 5), and a variable length C-terminal extension (CTE). Studies
with CYT-18 showed that the N-terminal domain insertions HO, Ins1 and Ins2 are required
for group | intron splicing but not TyrRS activity and form part of a new group | intron-
binding site distinct from that which binds tRNATY" (14, 16, 17). A co-crystal structure of a
splicing active C-terminally truncated CYT-18 protein (CYT-18/A424-669) with a group |
intron RNA (the bacteriophage Twort orf142-12 ribozyme) revealed key features of the
RNA-protein interface and showed that HO, Ins1, and Ins2 bind directly to the group | intron
catalytic core in position to stabilize key tertiary interactions (18).

Thus far, there has been relatively little information about how CYT-18’s C-terminal
domain contributes to group I intron splicing or about the structure and function of the C-
terminal domain insertions. Although a C-terminally truncated CYT-18 protein consisting of
the N-terminal catalytic and intermediate a-helical domains can splice many group I introns,
the C-terminal domain contributes to group I intron binding and is essential for splicing
some introns, e.g., the N. crassa mt large ribosomal subunit (Nc mt LSU) intron (14).
Genetic studies showed that CYT-18’s C-terminal domain is needed to compensate for
certain structural mutations that impair self-splicing of group I intron RNAs, including
mutations that weaken two key long-range tertiary interactions: L9-P5, which helps establish
the correct relative orientation of the two catalytic core domains, and L2-P8, which helps
position the P1 helix containing the 5’-splice site at the RNA’s active site (15). Additionally,
small deletions within the catalytic domain’s Ins2, which binds near the L9-P5 tetraloop-
tetraloop receptor interaction, have more severe effects in the C-terminally truncated
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CYT-18/A424-669 protein than in the full-length protein, suggesting that C-terminal
domain binding can compensate for loss of some N-terminal domain interactions (17).
Together, these findings suggest that CYT-18’s N- and C-terminal domains both contribute
to group | intron binding, with greater or lesser dependence on the C-terminal domain
reflecting different structural defects that must be compensated for in each intron. Site-
directed hydroxyl-radical cleavage experiments showed that CYT-18’s C-terminal domain
binds near P6-P6a, P3-P8 and P5 in the Nc ND1 intron and near P6—P6a, P2, P4 and P5 in
the Nc mt LSU intron (19). While CYT-18’s C-terminal domain contributes to the splicing
of a number of group I introns, it inhibits the second step of splicing in some heterologous
group | introns, suggesting that it co-evolved to function optimally with N. crassa mt group |
introns (20).

The C-terminal domain of CYT-18, like those of most bacterial TyrRSs, has been intractable
to X-ray crystallography in the full-length protein, presumably due to its attachment via a
flexible linker that impedes crystallization in a specific orientation (8). Here, we used
heteronuclear multidimensional NMR to determine the solution structure of the closely
related but smaller C-terminal domain of the splicing-active Aspergillus nidulans (An) mt
TyrRS. The structure confirmed the S4-like fold, but with Pezizomycotina-specific features,
including the C-terminal domain insertions, which potentially contribute to novel functions.
Modeling indicated that flexible attachment of the C-terminal domain is critical for its
ability to interact with mt tRNATY" and group | intron RNAs on opposite sides of the
catalytic domain. Surprisingly, however, NMR experiments showed that the C-terminal
domains of the full-length An mt TyrRS and GeoBacillus stearothermophilus (Gs) TyrRSs
do not tumble independently, implying that their attachment to the remainder of the protein
is less flexible than was believed previously.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

The DNA coding sequence of the A. nidulans mt TyrRS C-terminal domain (residues 455—
617 with an additional initiating methionine) was PCR amplified from the previously
described expression construct for the full-length An mt TyrRS (2) and cloned between the
Ncol and BamHI sites of pET11d (Novagen). For protein expression, the resulting plasmid
was transformed into E. coli strain BL21(DE3), grown to O.D.g5q9 = ~0.5, and induced with
0.3 mM isopropyl p-D-1-thiogalactopyranoside (IPTG). The polypeptide was purified using
cation exchange and size-exclusion chromatography, as described for the full-length An mt
TyrRS and CYT-18 proteins (2). The full-length An mt TyrRS used for NMR was expressed
and purified as described (2). The Gs TyrRS ORF (a gift of Dr. Eric First, Louisiana State
University Health Sciences Center, Shreveport, LA) was cloned as an N-terminal maltose-
binding protein (MBP) fusion in the vector pMAL-C2T, expressed in E. coli BL21(DE3),
and purified by amylose-affinity chromatography. The fusion protein was cleaved overnight
at 4 °C with tobacco etch virus (TEV) protease, and the Gs TyrRS was separated from MBP
by size-exclusion chromatography.

To prepare 1°N and 13C/1°N isotope-enriched proteins, Cells were grown as described
above, but with M9 minimal media containing 0.5 g/L 1°N ammonium chloride and/or 2.0
g/L 13C glucose (Cambridge Isotope Laboratories) as the source of nitrogen and carbon,
respectively. The Cells grew more slowly in M9 minimal medium than in LB broth and
were typically induced for 24-30 h.
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NMR Spectroscopy

NMR spectra were recorded at 25 °C using a 500 MHz Varian Inova spectrometer equipped
with a triple-resonance probe and a z-axis pulsed field gradient. NMR samples typically
contained 0.5-1.0 mM of protein in 10 mM potassium phosphate buffer (pH 7.0), 100 mM
KCl and 90% H,0/10% D,0O. Backbone resonance assignments were obtained using
standard triple-resonance NMR methods. Specifically, three-dimensional HNCA, HNCACB
and HN(CO)CACB, HNCO and HACACBCO spectra were used to correlate the backbone
amide protons with the N, Ca, C, and Cp signals of the same and adjacent amino acids.
Side-chain resonance assignments were obtained using three-dimensional °N-1H-1H
HSQC-TOCSY and 3C-1H-1H HCCH-TOCSY spectra, and two-dimensional

homonuclear 1H-IH 2QF-COSY and TOCSY spectra. NOE cross peaks were detected using
two-dimensional IH-H NOESY spectra acquired with mixing times of 80 ms and 150 ms,
and three-dimensional 1H-1H-1>N NOESY-HSQC and H-1H-13C NOESY-HSQC spectra
with mixing times of 100 ms. Although acquired at only 500 MHz proton frequency, the
NOE spectra critical to the structure analysis were acquired with high digital resolution; the
three-dimensional 1H-1H-15N NOESY-HSQC and 1H-1H-13C NOESY-HSQC spectra
contained 320 and 112 real points in the second and third dimensions, respectively, with
total acquisition times of 120 h each. NMR data were processed using NMR-Pipe

(24). 1°N-1H heteronuclear NOE and 1°N T and T relaxation times for the C-terminal
domain of the A. nidulans mt TyrRS were measured using pulse sequences that included
gradient selection, sensitivity enhancement, and pulses for minimizing saturation of solvent
water (21). The 1°N-1H heteronuclear NOE was measured by a comparison of spectra
acquired with either a 5-sec delay between each free induction decay or a 2-sec delay
followed by a 3-sec series of 120° nonselective 1H pulses. For Ty relaxation measurements,
two-dimensional spectra with relaxation delays of 10, 260, 510, 760, and 1010 msec were
obtained; for T, relaxation measurements, two-dimensional spectra with relaxation delays of
29, 58, 87, 116, and 145 msec were acquired. For both T1 and T, measurements, the
relaxation delay between each acquisition of the free induction decay was 3 sec. 1H, 1°N
and 13C chemical shifts were referenced as recommended (22), with 1H chemical shifts
measured relative to internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm. The 0
ppm frequencies for 13C and 15N were determined by multiplying the 0 ppm 1H reference
frequency by 0.251449530 and 0.101329118 respectively.

Structure Calculations

The structure of the C-terminal domain the A. nidulans mt TyrRS was determined using the
restrained simulated annealing protocol within CNS version 1.2 (23), with structural
restraints provided by the NMR data. Cross-peaks observed in the NOE spectra were used to
assign inter-proton distance restraints of < 3.6 A, <4 A, <5.0 Aand < 6.0 A, depending on
the cross peak intensity. Pseudoatom corrections were applied to the distance restraints as
follows: NOEs from valine or leucine methyl groups that were not stereospecifically
assigned were measured from the center of the two methyl groups, and 2.5 A was added to
the interproton distance. For NOEs involving other methyl protons, distances were measured
from the center of the methyl group and an additional 1.0 A was added to the interproton
distance. For NOEs involving methylene protons with no stereospecific assignment,
distances were measured from the center of the methylene group and 0.7 A was added to the
interproton distance. For NOEs involving 6 and ¢ protons of tyrosine rings, distances were
measured from the center of the two & protons (or € protons) and 2.4 A was added to the
interproton distance. Backbone dihedral ¢ and y angle restraints (to a 60° range) were
included for residues that are clearly within regions of regular a-helices and B-strands. The
a-helices and B-strands were identified by their characteristic NOE cross-peak patterns,
chemical-shift values of the Ca, CB, C, and Ha nuclei, and patterns of protection of the
amide protons from exchange with the solvent upon transfer of the sample to D,O. The
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PREDITOR torsion angle analysis program (24) was used to assign ¢ and y angle restraints
for backbone atoms outside of the regions of regular o/p structure, based on the chemical
shifts of Ca, N, HN, Ha, CB and C. Hydrogen bonds were defined using distance bounds for
amide protons that were clearly located within the regions of regular -sheet and a-helical
structure. To insure that the full range of structures consistent with the NMR restraints was
sampled, an initial set of 24 different structures was generated, starting from an extended
peptide conformation and using a simulated annealing protocol with dihedral angle and
secondary structure restraints only. These diverse structures were then used as starting points
for refinement via restrained simulated annealing with different initial trajectories, subject to
the full set of NMR-derived restraints. A set of refined conformers having the lowest energy
was retained for final analysis and evaluation using Procheck-NMR (25). These final
structures are a fair representation of the full range of structures that are consistent with the
experimental data. These structures also maintain reasonable molecular geometry and have
no NOE-derived distance constraint violations greater than 0.5 A. Structural statistics are
summarized in Table S1. Order parameters were determined from the 1°N-1H NOE, and 1°N
T4 and T, relaxation data using the model free method (25, 26) implemented using the
Modelfree 4.2 program (27). All structural visualizations and manipulations were done in
PyMol (28).

Structure of the A. nidulans mt TyrRS C-terminal Domain

We chose the An mt TyrRS for NMR analysis because it has the smallest C-terminal domain
of the Pezizomycotina mt TyrRSs that we have examined, reflecting that the CTE following
Ins5 is much shorter in the An mt TyrRS than in the other proteins (8 amino acids compared
to 103 amino acids for CYT-18; Figures 1 and 2). However, Aspergillus spp. mt TyrRSs
have a larger Ins3 with a proline-rich region that is not present in other Pezizomycotina mt
TyrRSs (Figure 2) (2). Because we had observed significant proteolysis of the full-length An
mt TyrRS within the proline-rich region of Ins3 (data not shown), we designed a construct
that begins within Ins3 downstream of this region. The coding sequence for this construct
(residues 455-617) was cloned in the expression vector pET-11d, over-expressed in E. coli
strain BL21(DE3), and purified as described in EXPERIMENTAL PROCEDURES. The
construct produced large amounts of soluble protein that behaved as a monomer in size-
exclusion chromatography and could be concentrated to over 100 mg/ml (data not shown).

The An mt TyrRS C-terminal domain was well-suited for NMR studies, with resonance
dispersion and line widths typical of a mostly globular polypeptide with a molecular weight
of 17 kDa (Figure S1, S2). The structure was determined by restrained simulated annealing
using NOE cross-peaks to provide inter-proton distance restraints. As expected from its
homology to other TyrRSs, the An mt TyrRS C-terminal domain has an S4-like fold with
two a-helices (a2 and a3 forming a helical hairpin and five B-strands forming a p-sheet with
mixed parallel and antiparallel strands (Figure 3, S3). Structure-based sequence alignments
(Figure 2) and superpositioning (Figure 4) shows that the arrangement of the 3-sheet and o~
helices comprising the S4 fold is similar to that of previously characterized bacterial
TyrRSs.

C-terminal Domain Insertions and Novel a-Helical Bundle Structure

The solved structure includes a large portion of Ins3 (residues 455-489) and all of Ins4 and
Ins5 (residues 533-552 and 590-610, respectively; Figure 3). The structural alignments
reveal that Ins3 is an expansion of the linker region between the N- and C-terminal domains,
which begins after the last a-helix of the intermediate domain and extends to first structural
element (B1) of the S4 fold (Figure 2). Except for the proline-rich region characteristic of

Biochemistry. Author manuscript; available in PMC 2012 May 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paukstelis et al.

Page 6

Aspergillus spp. mt TyrRSs, we could find no clear sequence conservation between the
linker regions of different Pezizomycotina mt TyrRS or between the linker regions of
Pezizomycotina mt TyrRSs and those of bacterial or other mt TyrRSs. The portion of the
Ins3/linker present in the NMR construct is not well defined structurally by the NMR-
derived distance constraints (Figure 3B), and 1°N NMR relaxation data confirmed that these
residues are flexible in solution (Figures S4, S5). Further, a longer An mt TyrRS C-terminal
domain construct (residues 427-617) that included the last a-helix of the a-helical domain
and all of the Ins3/linker exhibited N-terminal degradation (possibly at the same position as
the full-length protein), but no substantial changes in 1°N or 1H chemical shifts that would
indicate the formation of additional stable secondary structure (data not shown). This
structural flexibility of the Ins3/linker could reflect that contacts with other protein regions
are needed to stabilize a higher-order structure. However, the lack of defined structure could
also be an inherent and functionally important characteristic of the linker regions of TyrRSs.
Consistent with this hypothesis, the linker region of the Tt TyrRS lacks regular secondary
structure even when ordered in the co-crystal structure by binding of the C-terminal domain
to tRNATY" (11).

Ins4 is shown by the NMR structure to be comprised of an expanded loop between 2 and
B3 (residues 538-548) and short extensions of both 2 and B3 compared to the bacterial
TyrRSs (Figures 2, 3, 4). Other fungal mt TyrRSs that do not function in splicing have
smaller (2-6 residue) insertions in this region relative to bacterial TyrRSs, and the mt
TyrRSs of several fungal species (Debraryomyces hansenii, Pichia stipitis, Candida
albicans) may also have an extended B3, as judged by sequence similarity (2). 2°N NMR
relaxation measurements indicate that the Ins4 loop is flexible in solution.

Ins5 follows B5 and has two well-defined a—helices (a5 and a6) that are not present in non-
splicing TyrRSs. The orientation of a5 and a6 relative to each other is defined by the NMR
data (Figure 3D), but their orientation relative to the other elements of the C-terminal
domain has greater uncertainty (Figure 3B). a6 extends beyond our previous definition of
Ins5 based on sequence conservation in the Pezizomycotina mt TyrRSs (2). Redefining Ins5
to include all of a6 leaves the An mt TyrRS CTE at only 8 residues long, and these residues
appear flexible in solution based on °N NMR relaxation (Figure S4). Sequence
conservation with other Pezizomycotina mt TyrRSs ends three amino acids into a6, just after
W604 in the An mt TyrRS. The CTE downstream of a6 is highly variable in length and
sequence between the different Pezizomycotina mt TyrRSs (2).

In addition to the Pezizomycotina-specific insertions, the An mt TyrRS C-terminal domain
contains two a-helices, al and o4, that are either missing or abbreviated in bacterial TyrRS
structures. al is composed of residues 497-502 and was originally identified as part of Ins3
(2). This helix is absent in the Gs TyrRS NMR structure and consists of only three residues
in the Tt TyrRS X-ray crystal structure. a4 is composed of residues 560-567 and was
originally identified as a part of Ins4 (2). The Gs TyrRS structure contains two short helical
elements in this region, but both bacterial TyrRSs lack an extended helical structure.
Hydrophobic side chain packing between a1, a4 and the conserved helix a2 forms a novel a-
helical bundle that is not present in the bacterial TyrRS structures (Figure 4C). Modeling
below suggests that this a-helical bundle could contribute to binding both tRNATY" and
group | intron RNAs.

C-terminal Domain Motion in the Full-Length TyrRS

The flexible attachment of the C-terminal domain is potentially critical for its ability to
interact with tRNATY" and group 1 introns RNAs, which bind on different sides of the
catalytic domain. Here, we used 1°N-1H two-dimensional NMR to investigate the extent to
which the motions of the C-terminal domain are independent of other regions in the full-
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length TyrRS (Figure 5). Globular single-domain proteins with molecular weights over 60
kDa typically yield broad NMR signals due to relatively slow molecular tumbling times and
rapid NMR transverse relaxation rates. However, smaller domains that are flexibly attached
to larger domains can be observed if the domains tumble independently (29). Initially, the
spectrum of the full-length protein lacked any resemblance to that of the isolated C-terminal
domain. The relatively small number of visible peaks presumably arose from the amide
groups of relatively mobile loops and termini (Figure 5). Over a period of 24 h, the peaks
that are characteristic of the C-terminal domain began to appear in the spectrum (Figure 5B,
C). SDS-PAGE showed that the full-length protein undergoes proteolysis during this period
(data not shown), apparently releasing the C-terminal domain to move independently and
resulting in observable NMR signals. The lack of signal prior to proteolysis suggests that the
motion of the An mt TyrRS C-terminal domain is significantly restricted when attached to
the remainder of the protein.

The relatively restricted orientations of the two domains could be a novel structural
adaptation that enables the An mt TyrRS to carry out its two RNA-binding functions. To
examine this possibility further, the non-splicing Gs TyrRS protein was investigated using
the same methods. The one-dimensional *H NMR spectrum shows mostly broad peaks,
consistent with a globular dimeric protein with the expected molecular weight of 94 kDa
(Figure S6). The 1°N-1H two dimensional correlated spectrum of the full-length Gs TyrRS
shows only a few peaks with chemical shifts near those typical of disordered structure,
which presumably arise from the flexible portions of the protein (Figure S7). There were no
disperse NMR peaks observed that could be attributed to the C-terminal domain after any
length of time, indicating that the motion of the C-terminal is restricted when in the context
of the full-length TyrRS. Unlike the An mt TyrRS, the Gs TyrRS protein did not show
significant degradation over several days. These results indicate that even in a non-splicing
bacterial TyrRS, the motions of the C-terminal domain are restricted by attachment to the N-
terminal domain.

Modeling of An mt TyrRS C-terminal Domain/tRNA™Y" Interactions

To identify potential tRNA-binding regions of the An mt TyrRS C-terminal domain, we
superposed the NMR structure of the isolated domain on the corresponding region of the
Thermus thermophilus (Tt) TyrRS-tRNATY" co-crystal structure (11) (Figure 6). The Tt
TyrRS recognizes its cognate tRNA primarily via interactions between the a-helical hairpin
and the tRNA’s anticodon stem and variable arms, and between the B-hairpin containing the
RGK loop and the distal end of the anticodon stem and loop (11). Figure 6A shows that
these regions of the An mt TyrRS S4 fold superpose well on the co-crystal structure,
consistent with similar roles in tRNA recognition. The a-helical hairpin (a2 and a3 in the An
mt TyrRS) is located between the variable and anticodon arms, with a3 positioned to contact
both arms and a2 positioned to contact the variable arm. The B-hairpin is located beneath a3,
with the LGK cognate of the RGK sequence positioned to contact the distal end of the
anticodon stem and loop.

In the An mt TyrRS NMR structure, the RGK B-hairpin closely resembles that seen in the
absence of bound tRNA in the Gs TyrRS solution structure (Figure 6B) (9). In the tRNA-
bound state, seen in the Tt TyrRS co-crystal structure, the RGK B-hairpin contacts the
anticodon arm stem and loop of tRNATY" with a non-phylogenetically conserved aspartic
acid residue (D424) forming a hydrogen bond with the central base of the anticodon (11). In
the An mt TyrRS, this aspartic acid is replaced by a solvent-exposed aromatic residue,
WH581, which was indicated by sequence harmony analysis to be functionally important (2)
and could play a similar role in contacting the anticodon in the Pezizomycotina mt TyrRSs.
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The model shows that positioning of the S4 fold of the An mt TyrRS to bind tRNATY" as in
the bacterial enzymes places a1l and a4 of the novel a-helical bundle near the distal end of
the tRNA’s variable arm (Figure 6B). The variable arms of all Pezizomycotina and most
fungal mt tRNATY" are one to three nucleotides longer than those of bacterial tRNAs™ (30),
and it is thus possible that the a-helical bundle is a Pezizomycotina- or fungal-specific
adaptation that enables extended binding to this longer variable arm.

Notably, the model also shows that when the S4 fold of the An mt TyrRS is positioned to
bind tRNATY", Ins4 and 5 are located on the opposite side of the C-terminal domain,
positioned well away from the tRNA. We made no attempt to model the flexible Ins3/linker
region, although part of it could be located similarly to the smaller flexible linker in the
bacterial enzymes. The linker region of the Tt TyrRS does not contact tRNATY" in the co-
crystal structure (11), but the An mt TyrRS Ins3/linker is considerably larger and we cannot
exclude that it contributes to tRNA binding.

Modeling of An mt TyrRS C-terminal Domain/Group | Intron Interactions

The CYT-18/A424-669-Twort orf142-12 ribozyme co-crystal structure showed that the
group | intron RNA binds to the protein across the surface of the two subunits of the
homodimer with most of the contacts made by one subunit (arbitrarily designated subunit B)
and a smaller number of contacts made by the other subunit (subunit A) (18). By combining
the NMR structure of the An mt TyrRS C-terminal domain with the co-crystal structure and
distance restraints from biochemical data, we modeled how the C-terminal domain might
contribute to binding group I introns.

Previous site-directed hydroxyl radical cleavage assays using Fe-EPD conjugated to single
cysteine residues in CYT-18 identified two positions in the C-terminal domain (the native C-
terminal cysteine, C494, and G493C) that cleaved the Nc ND1 intron at ten sites clustered in
the P6-P6a and P3-P8 stacked helices and at two positions in P5 ((19) and Paukstelis, Coon,
Lambowitz, unpublished results). These site-directed cleavages provide distance restraints
with an upper limit of 25 A from the cysteine residue to the cleaved nucleotide position (31).
Using aligned amino acid positions between CYT-18 (G493, C494) and the An mt TyrRS
(G529, A530) and equivalent nucleotide positions in the Twort and ND1 introns (based on
their relative position in base paired regions), we determined orientations of the An mt
TyrRS C-terminal domains that are consistent with these distance restraints in the context of
the CYT-18/A424-669-Twort co-crystal structure.

Manual rotations of the An mt TyrRS C-terminal domain starting in the tRNA-bound
position resulted in orientations of the domain that met distance, spatial, and geometric
restraints. One of these models is shown in Figures 7 and 8. A common feature of all the
models was that the C-terminal domain must undergo a large positional shift to interact with
the group | intron RNA and tRNATY" on opposite sides of the catalytic domain (Figure 7,
Figure 8A,B). Globally, the models suggest that subunit B of the mt TyrRS acts as a clamp,
with the N-terminal domain and Pezizomycotina-specific insertions HO and Ins1 forming
one side and the bottom of the clamp, and the C-terminal domain wrapping around to form
another side (Figure 8B, C).

In the model shown, the An mt TyrRS residues corresponding to Fe-EPD conjugation sites
(black spheres) are brought near the phosphodiester backbone residues corresponding to
hydroxyl radical cleavage sites (yellow spheres). A consequence of satisfying the 25-A
distance restraints is that residues involved in tRNA recognition in the a-helical hairpin and
RGK B-hairpin must be positioned away from the group I intron (Figure 8B). In the
orientation shown, the C-terminal domain is located between P6—P6a, P2, and P8, with the
loop of Ins4 positioned just below the L2/P8 tetraloop/receptor interaction and several of the
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loop residues near the phosphodiester backbone of the P4/P6 junction. Notably, a1 and a4 of
the a-helical bundle, which may be involved in extended contacts with the variable arm of
mt tRNATY", are located close enough to potentially contact the intron RNA (al is near the
P2 backbone and a4 is near the L2/P8 tertiary contact; Figure 8B). Thus, these elements may
be Pezizomycotina adaptations that function in both tRNA and group I intron binding.

The two site-directed RNA cleavages in P5 of the ND1 introns from CYT-18 G493C and
C494 (corresponding to An mt TyrRS G529 and A530) cannot be accounted for by binding
of the C-terminal domain of subunit B and suggest that the C-terminal domain of subunit A
also contributes to group | intron binding. Satisfying the distance restraints from CYT-18’s
C494 position to the cleaved RNA nucleotides (P5-bp 3—4 in the ND1 intron) places the C-
terminal domain of subunit A near P5, with the loop of Ins4 near P9 (Figure 8C). The
proximity of subunit A’s C-terminal domain to the L9/P5 tetraloop/tetraloop-receptor
interaction may explain the ability of the full-length protein to partially compensate for
deletions in Ins2, which is involved in orientating and stabilizing P9 (18).

Surprisingly, Ins5, which is the most highly conserved Pezizomycotina-specific insertion, is
positioned away from the RNA substrate in the models for both the tRNA-bound and intron-
bound states. However, the variability in position of the Ins5 helices in the NMR structure
(Figure 3) could reflect that it is flexibly attached to the remainder of the C-terminal domain
and could thus bind the intron RNA by assuming an orientation that was not sampled in the
solution structure.

Attempts to further model C-terminal domain interactions by using similar site-directed
hydroxyl radical cleavage data for the Nc mt LSU intron mapped onto the Twort intron
structure were unsuccessful, likely due at least in part to the disparate sizes and structures of
these introns. The Nc mt LSU and ND1 introns have five C-terminal domain cleavage sites
in common (P6a[5] bp 1-3, J6/6a[3'] nt 1, and P6[3'] bp 3), but the Nc mt LSU intron had
additional cleavages from K540C in P6-P6a, which were not seen in the ND1 intron; from
G493C in P2, which is not present in the ND1 intron; and from G493C and G497C in P4,
which were consistently outliers from the 25-A distance restraint. These additional
cleavages as well as previous RNA footprinting data (5) raise the possibility that CYT-18’s
C-terminal domain interacts somewhat differently with different group I introns, including
more extensive interactions with the P4-P6 domain of the Nc mt LSU intron.

DISCUSSION

Here, we determined an NMR structure of the C-terminal domain of the group I intron
splicing An mt TyrRS, and we used this structure to construct models for tRNATY" and
group | intron binding by the C-terminal domains of Pezizomycotina mt TyrRSs. The
structure shows that the An mt TyrRS C-terminal domain has an S4-like fold similar to those
of bacterial TyrRSs, but with additional features, including three Pezizomycotina-specific
insertions, Ins3-5, and a novel a-helical bundle, appended to this conserved structural
framework. The regions of the S4 fold that bind tRNATY" in bacterial TyrRSs are conserved
in the An mt TyrRS, and modeling suggests that they function similarly in binding of the
anticodon and long variable arms of mt tRNATY". The modeling of group I intron
interactions to fit previous directed hydroxyl-radical cleavage data with CYT-18 suggests
that the C-terminal domains of both subunits of the homodimeric protein interact with
different ends of the intron RNA and that the C-terminal domain must undergo a large shift
on the flexible linker to interact with tRNATY" and group | intron RNAs on different sides of
the catalytic domain. The modeling also indicates that Ins4 and possibly Ins5 may function
in group | intron splicing, while the a-helical bundle may bind both tRNATYyr and the intron
RNA. The previous finding that a group | intron RNA competitively inhibits tRNATY"
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aminoacylation by CYT-18 (4), which was difficult to explain by the non-overlapping RNA-
binding sites in the N-terminal domain, is readily accounted for by the mutually exclusive
binding of the C-terminal domain to tRNATY" and group | intron RNAs.

The NMR structure provides the first detailed view of the Pezizomycotina-specific
insertions. Ins3 is seen to be an expansion of the unstructured linker between the a-helical
and C-terminal domains; Ins4 consists largely of an expanded loop between B2 and f3; and
Ins5 consists of two a-helices (a5 and a6) that are not found in non-splicing TyrRSs but are
conserved in sequence among Pezizomycotina mt TyrRSs (2). These C-terminal a-helices
are the last structured elements preceding the CTE, which varies in length and sequence
among Pezizomycotina mt TyrRSs and is dispensable for protein function in vitro (32). As
was found for the N-terminal domain insertions (2), the C-terminal domain insertions in
Pezizomycotina mt TyrRSs appear to have evolved from unstructured loops or termini in
non-splicing TyrRS. Adaptive mutations in unstructured loops or termini that do not affect
the overall protein fold may be a general mechanism by which proteins can progressively
acquire new functions (see Discussion ref. 2).

Modeling of tRNATY" interactions by fitting the An mt TyrRS C-terminal domain to the Tt
TyrRS-tRNATY' co-crystal structure suggests that the a-helical hairpin of the S4 fold binds
the tRNA’s variable and anticodon arms and the B-hairpin containing the RGK/LGK motif
binds the anticodon, as in bacterial TyrRSs. This positioning of the S4 fold to bind tRNATY"
places two distinctive helices (a1l and a4) of the novel a-helical bundle in position to extend
binding to the distal end of the variable arm, possibly reflecting co-evolution with the
variable arm, which is 1-3 nt longer in Pezizomycotina and most other fungal mt tRNAs™Y"
than in bacterial tRNAs™Y". By contrast, Ins4 and Ins5 are located on the opposite side of the
S4 fold away from the tRNA. The location of the unstructured Ins3/linker region was not
modeled, but may in part correspond to that of the smaller linker region of bacterial TyrRSs,
which does not bind tRNATY" (11).

Models for group | intron RNA binding were constructed by starting with the CYT-18/
Twort co-crystal structure and positioning the An mt TyrRS C-terminal domain to fit
previous site-directed hydroxyl radical cleavages obtained with CYT-18. Although the
number of cleavages was insufficient to precisely model the C-terminal domain locations,
the models indicate that the C-terminal domain of one subunit (subunit B) is located
between P6-P6a, P2 and P8 and acts together with the N-terminal domain of that subunit to
“clamp” the intron’s P4-P6 domain. To account for cleavages in P5 on the opposite end of
the intron RNA, the C-terminal domain of the other subunit (Subunit A) must be located in
proximity to the L9-P5 tertiary interaction. These locations explain previous findings that
CYT-18’s C-terminal domain can suppress mutations that weaken both the L2-P8 and L9-P5
tertiary interactions (15) and that small deletions in Ins2, which helps orient P9, have more
severe effects in the C-terminally truncated than in the full-length protein (17). The C-
terminal domain can also compensate for mutations in several other regions of the intron
that may indirectly affect the relative orientation of the core domains or positioning of P2 or
P8 (15).

Although additional biochemical data are needed to draw firm conclusions about the
function of the Pezizomycotina-specific insertions, in order to satisfy the distance restraints,
Ins4 of subunit B must be positioned toward the intron near the L2/P8 interaction, while
Ins5 of this subunit may have sufficient flexibility to contact the intron near L2. Notably, the
models suggest that the a-helical bundle of subunit B, which may bind the variable arm of
tRNATY", could potentially bind P2 and/or P8 of the intron RNA. Thus, the a-helical bundle
may be a Pezizomycotina TyrRS adaptation that binds both the intron RNA and tRNATY",
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The C-terminal domains of bacterial and mt TyrRSs are commonly described as being
attached to the remainder of the protein via a “flexible peptide” (9), and this flexible
attachment had been invoked to explain why the C-terminal domain is disordered in crystals
of full-length TyrRSs (11). Thus, we were surprised to find that 1°N-1H two-dimensional
NMR experiments with the full-length An mt TyrRS and Gs TyrRS showed that the C-
terminal domains of these enzymes do not tumble independently in solution, but instead
exist in one or more preferred orientations relative to the remainder of the protein. These
preferred orientations may reflect properties of the linker that restrain the C-terminal domain
in a position that facilitates tRNA binding and/or transient interactions with the N-terminal
domains that prevent independent tumbling on the time-scale of the NMR experiments. Our
modeling indicates that the Pezizomycotinia mt TyrRS C-terminal domains must exist in at
least two orientations to bind tRNATY" and group | intron RNAs on either side of the
catalytic domain, and it is tempting to speculate that the longer Ins3/linker region in
Pezizomycotina mt TyrRSs evolved to favor these two orientations.

Finally, our results underscore that the evolution of Pezizomycotina mt TyrRSs to function
in splicing was a multistep process in which both the N- and C-terminal domains underwent
multiple structural adaptations that contribute to binding group I intron RNAs. We
speculated previously that the initial interaction between the mt TyrRS and a group | intron
RNA involved the N-terminal catalytic domain, possibly with the region around Ins1, which
is present in non-splicing fungal mt TyrRSs and binds the P4-P6 stacked helices of group |
introns (2). The present results suggest an alternate scenario in which the initial interaction
between the mt TyrRS and the group | intron was with the pre-existing RNA-binding site in
the C-terminal domain, perhaps involving a region that recognizes similar structural features
in the group I intron and tRNATY". The flexible attachment of CYT-18’s C-terminal domain
may have facilitated this interaction by enabling it to sample different binding orientations
(11). With time, this initial C-terminal domain interaction with the group | intron RNA
would become fixed by structural mutations in the intron RNA, resulting in dependence
upon protein binding for RNA splicing. Such dependence would ensure continued proximity
of the protein and RNA and provide the opportunity for more extensive interactions
involving other protein and RNA regions. Both the N- and C-terminal domain first scenarios
are compatible with the hypothesis of pre-adaptive/neutral evolution of biological
complexity in which fortuitous interactions become fixed by mutations that result in
structural dependence and are ratcheted into ever more complex macromolecular machines
(33, 34).
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Abbreviations

An Aspergillus nidulans

Cp Coccidioides posadasii

EPD-Fe (EDTA-2-aminoethyl)-2-pyridyl disulfide-Fe(I11)
Gs GeoBacillus stearothermophilus
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Hc Histoplasma capsulatum

IPTG isopropyl p-D-1-thiogalactopyranoside

LSU large subunit rRNA

MBP maltose-binding protein

mt mitochondrial

Nc Neurospora crassa

Pa Podospora anserina

TEV tobacco etch virus

Tt Thermus thermophilus

TyrRS tyrosyl-tRNA synthetase
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Figure 1.
Comparison of splicing-active Pezizomycotina mt TyrRSs with non-splicing bacterial and

mt TyrRSs. The Pezizomycotina mt TyrRSs are distinguished by a series of insertions,
including an a-helical N-terminal extension HO, Ins1 and Ins2 in the catalytic domain, and
Ins3-5 in the C-terminal domain. Other fungal mt TyrRSs contain an Ins1 and sporadic
insertions at the positions of Ins2 and 3, but with no significant sequence similarity to the
Pezizomycotina mt TyrRS insertions. Black, regions of the canonical TyrRSs fold; orange,
mt targeting sequences; cyan, Pezizomycotina-specific insertions; violet, C-terminal
extensions (CTE); green, insertions relative to bacterial sequences in the yeast and human
mt TyrRSs.
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Figure 2.

Structure-based sequence alignment of the Nc mt TyrRS (CYT-18) and An mt TyrRS with
the Gs and Tt TyrRS C-terminal domains. The alignment begins with the last helix of the
intermediate a-helical domain. Secondary structural elements in the An mt TyrRS C-
terminal domain are shown at the top, and a-helices and B-strands observed in NMR or X-
ray crystal structures (this work and (9, 11)) are highlighted in orange and beige,
respectively, in the alignments. Residues in bold are conserved in two or more of the aligned
proteins, and residues in italics are flexible in the An mt TyrRS C-terminal domain NMR
structure based on 1°N relaxation. The blue highlighted residue in the An mt TyrRS (P455)
is the first residue in the NMR construct whose structure is described here, and red
highlighted residues in CYT-18 are those that were EPD-Fe conjugation sites in site-directed
hydroxyl radical cleavage experiments (see Figures 7, 8 below). Asterisks below the Tt
TyrRS sequence indicate amino acid residues that contact tRNATY" in the co-crystal
structure (11). The boundaries of the Pezizomycotina-specific insertions are redefined
relative to those in (2) based on the structural alignment.
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612

Figure 3.
NMR structure of the An mt TyrRS. (A) Cartoon diagram of a representative structure from

the NMR ensemble. (B) Superposition of 12 structures of the C-terminal domain of the A.
nidulans mt TyrRS that satisfy the NMR-derived constraints equally well. The positions of
the B-strands and a-helices that form the core of the S4 fold are well-defined by the NMR
data, while the locations of the termini and the loop of Ins4 between B2 and B3 are less
certain. (C) Superposition of residues 490-590 from the 12 structures showing that the core
of the S4 fold is well-defined by the NMR constraints. (D) Superposition of a5 and a6 of
Ins5 from the 12 structures showing that the positions of these two helices are well-defined
relative to each other, although their positions relative to the rest of the domain are not as
well-defined (panel B). The color is ramped blue to red from the N- to C-terminus.
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Figure 4.

The An mt TyrRS C-terminal domain structure is similar to that of bacterial TyrRSs. (A)
Stereoview superposition of the An mt TyrRS C-terminal domain NMR structure (magenta/
cyan/purple) with that of the Gs TyrRS C-terminal domain (yellow; (8)). (B) Stereoview
superposition of the An mt TyrRS C-terminal domain with the Tt TyrRS C-terminal domain
(blue) from the co-crystal structure with tRNATY" (11). (C) Magnified view of a-helical
bundle region of the An mt TyrRS C-terminal domain with superposed bacterial TyrRS
structures. al differs from the shorter helical region in the Tt TyrRS and is not present in the
Gs TyrRS, and o4 is not present in either of the bacterial TyrRSs.
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A time series of two-dimensional 1°N-1H spectra of the full-length An mt TyrRS. The
resonances of the free C-terminal domain appear as the protein degrades. Spectrum A was
acquired soon after sample preparation, spectrum B after ~10 h, and spectrum C after 24 h.

Spectrum D is that of the purified C-terminal domain for comparison. The lack of

observable resonances from the C-terminal domain within the intact full-length protein
indicates that the tumbling of the C-terminal domain is restricted while it is part of the full-

length protein.
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Figure 6.

Model of tRNATY" binding by the An mt TyrRS C-terminal domain. (A) Superposition of
the An mt TyrRS C-terminal domain (magenta/cyan) on the Tt TyrRS co-crystal structure
(11) (blue, orange). Unordered residues preceding p1 in the An mt TyrRS structure have
been removed for clarity. (B) The RGK B-hairpin contacts the anticodon arm of tRNATY',
Residues 420-RGKD-423 from Tt TyrRS and the equivalent residues (578-LGKW-581)
from the An mt TyrRS are shown as sticks. D423 of the Tt TyrRS is equivalent to W581 of
the An mt TyrRS. Ac, anticodon arm; V, variable arm.
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The An mt TyrRS C-terminal domain must undergo a large shift on the flexible linker to
bind tRNATY" and a group | intron RNA on opposite sides of the catalytic domain. The
figure shows the An mt TyrRS C-terminal domain (magenta, cyan) appended to the
CYT-18/A424-669-Twort co-crystal structure (18) (grey, green) with tRNATY' (orange)
from T. thermophilus co-crystal structure (11). (A) Model for tRNA-binding (synthetase)
mode. The An mt TyrRS C-terminal domain is positioned to match that of the Tt TyrRS in
the Tt TyrRS-tRNATY" co-crystal structure (11). (B) Model for group | intron-binding
(splicing) mode. The An mt TyrRS C-terminal domain is positioned to satisfy distance
restraints from site-directed hydroxyl radical cleavage experiments in which EPD-Fe
conjugated at CYT-18 positions G423C and C424 (G529 and A530 in the An mt TyrRS; not
visible in this view) cleaved the bound Nc ND1 intron at P3[5’] bp 3-4; P6[3'] bp 3;
J6/6a[3'] nt 1; P6a[5] bp 1-3 ; P6a[3'] bp 1; P8[3"] bp 4-5, and P5[5] bp 34 ((19) and
Paukstelis, Coon, and Lambowitz, unpublished data). The yellow spheres show the cleaved
group | intron backbone phosphate positions in the Twort intron. Pezizomycotina-specific
Ins4 and Ins5 are in cyan. Ins3 is not shown.
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The An mt TyrRS N- and C-terminal domain function together to clamp the two ends of the
group | intron RNA. The models are the same as in Figure 7. (A) Model for subunit B in
tRNA-binding mode viewed looking down the P4-P6 helical axis. (B) Model for subunit B
in intron-binding mode viewed looking down the P4-P6 stacked helices. The view shows
that the position of the C-terminal domain of subunit B satisfies distant restraints based on
directed hydroxyl-radical cleavage experiments (see legend Figure 7) between G529 and
A530 (black spheres) and Twort ribozyme phosphodiester backbone positions in P6a: 95—
97; J6/6a-P6: 112-114; P3: 162, 163; P8: 178, 179 (yellow spheres). (C) Model for group |
intron binding viewed perpendicular to P4-P6 domain axis showing C-terminal domains
from both subunits. The view shows that the position of C-terminal domain of subunit A
satisfies distance restraints between A530 (black sphere) and phosphodiester backbone
cleavages at P5a positions 61 and 62 (yellow spheres). Dashed lines represent the Ins3/linker
connecting the N- and C-terminal domains. The intron RNA peripheral structures P9.2, P7.1,
P7.2 have been removed for clarity.
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