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Crystal Structure and Evolution of a
Transfer RNA Splicing Enzyme

Hong Li, Christopher R. Trotta, John Abelson*

The splicing of transfer RNA precursors is similar in Eucarya and Archaea. In both
kingdoms an endonuclease recognizes the splice sites and releases the intron, but the
mechanism of splice site recognition is different in each kingdom. The crystal structure
of the endonuclease from the archaeon Methanococcus jannaschii was determined to
aresolution of 2.3 angstroms. The structure indicates that the cleavage reaction is similar
to that of ribonuclease A and the arrangement of the active sites is conserved between
the archaeal and eucaryal enzymes. These results suggest an evolutionary pathway for
splice site recognition.

Introns are found in the t(RNA genes of
organisms in all three of the great lines of
descent: the Eucarya, the Archaea, and the

chaeon Haloferax volcanii is a dimer of iden-
tical 37-kD subunits (8). The H. wvolcanii

enzyme is homologous to both the 34- and

Bacteria. In Bacteria, tRNA introns are
self-splicing group I introns and the splicing

mechanism is autocatalytic (1). In Eucarya, A ;2 sl

tRNA introns are small and invariably in- o-0

terrupt the anticodon loop 1 base 3’ to the &8

anticodon. They are removed by the step- oS

wise action of an endonuclease, a ligase, U8:8 (POOCGYO“
and a phosphotransferase (2). In Archaea, GG’ AX o Q000G U'.E
the introns are also small and often reside in X. EXOY ok

the same location as eucaryal tRNA introns Xxx? OS:%'

(3). Splicing in Archaea is catalyzed by an &-0
endonuclease, but the mechanism of liga- 0-0 3

I

tion is likely different from that in Eucarya
as there is no homolog of the eucaryal
tRNA splicing ligase in the complete ge-
nome sequence of several members of the
Archaea (4).

The tRNA splicing endonucleases of
both the Eucarya and the Archaea cleave
the pre-tRNA substrate leaving 5'-hydroxyl
and 2',3" cyclic phosphate termini, but
these enzymes recognize their substrates dif-
ferently. The eucaryal enzyme uses a mea-
suring mechanism to determine the posi-
tion of the universally positioned splice
sites relative to the conserved domain of
pre-tRNA (Fig. 1A) (5). In Archaea, the
enzyme recognizes a pseudosymmetric sub-
strate in which two bulged loops of 3 bases
are separated by a stem of 4 base pairs (bp)
[bulge-helix-bulge (BHB)] (Fig. 1A) (6).
These observations suggested that the
tRNA splicing mechanisms of the three
major kingdoms evolved independently.

Recently, however, characterization of
eucaryal and archaeal endonucleases has re-
vealed a possible common origin for these
enzymes. The yeast endonuclease contains

four distinct subunits of 15, 34, 44, and 54

}

$ o't
000

XX

Eucaryal endonuclease

44-kD subunits of the yeast enzyme, which
suggests that these distinct subunits con-
tain active sites for tRNA splicing. This
hypothesis was strongly supported by the
finding that sen2-3, a mutant in the 44-kD
subunit, is selectively defective in 5 splice
site cleavage (9), whereas a mutant in the
34-kD subunit, H242A, is selectively de-
fective in 3’ splice site cleavage (7). Thus
the 44-kD subunit cleaves the 5’ splice
site and the 34-kD subunit is proposed to
cleave the 3’ splice site (7). The function
of the two nonhomologous subunits (the
15- and the 54-kD subunits) remains un-
clear, although the basic 54-kD subunit
was suggested to embody the molecular
ruler (7). In H. volcanii, the homodimeric
enzyme is proposed to interact with the
pseudosymmetric substrate so that each
splice site is cleaved by a symmetrically
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kD (7). The endonuclease from the ar-
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Fig. 1. (A) Consensus sequence and secondary structure of precursor tRNA substrate for yeast and
archaeal endonucleases. Splice sites are indicated by short arrows. O and X = nonconserved bases in
regions of conserved and variable secondary structure, respectively; Y = pyrimidines; R = purines.
Yeast endonuclease is proposed to interact with the mature domain of the tRNA and measure the
distance to the splice sites. In contrast, the archaeal enzyme recognizes two 3-nuclectide loops that are
separated by a helix of 4 bp (shaded area). (B) Comparison of endonuclease models in Eucarya (yeast)
(7) and Archaea (H. volcanii) (8) (see text).
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disposed active site monomer (Fig. 1B).
Thus it is likely that the spatial disposition
of the active subunits has been conserved
throughout evolution.

We believed that a high-resolution
structure of the archaeal tRNA endonucle-
ase would shed light on the mechanism of
the more complicated but related eucaryal
endonuclease. Therefore, we determined
the crystal structure of the endonuclease
from the archaeon Methanococcus jann-
aschii, which is a homotetramer of 21 kD
(179 amino acids) (10).

The M. jannaschii endonuclease gene
with Hisg and FLAG epitope tag sequences

(7) at its 5’ end was cloned by polymerase
chain reaction from genomic DNA into the
pET11a vector. Soluble protein was ob-
tained by overexpression in Escherichia coli
(I1). The structure was determined by
the multiwavelength anomalous diffraction
(MAD) method on crystals derivatized by
Au(CN),. The final model, which includes
the tetrameric endonuclease of residues 9 to
179, 53 water oxygen atoms, 2 partially
occupied SO, ~ _ions, and 4 gold atoms, was
refined to 2. 3 A with good stereochemistry
to an R factor of 0.204 and a free R value of
0.268 (Table 1).

The endonuclease monomer folds into

two distinct domains, the NH,-terminal do-
main (residues 9 to 84) and the COOH-
terminal domain (residues 85 to 179) (Fig.

A). The NH,-domain consists of a mixed
antiparallel/parallel § sheet and three a
helices. The first three § strands (81 to 83)
are antiparallel and, together with B4, are
packed against two nearly perpendicular a
helices, al and a2. The third a helix, a3, is
associated with a2 via an antiparallel
coiled-coil. The connection between B4
and o3 (residues 64 to 67) is disordered,
which implies that this loop is flexible. This
feature is consistent with the proteolytic
sensitivity of this region (10). A short loop

Table 1. Statistics for MAD data collection and phase determination from a
AU(CN),-derivatized endonuclease crystal flash cooled to 100K (77). Crystals
belong to the space group P2,2,2,, with unit cell dimensions a = 61.8 A b
=79.8A andc = 192.8A Three wavelengths near the L, absorption edge
of Au were collected from a single crystal at National Synchrotron Light
Source beamline X4A using Fuiji image plates: A,, absorption edge corre-
sponding to a minimum of the real part (f') of the anomalous scattering factor
for Au; X\, absorption peak corresponding to a maximum of the imaginary
part (f") of the scattering factor for Au; A5, a high-energy remote to maximize
f'. The crystal was oriented with its ¢* axis inclined slightly from the spindle
axis (~—16°) to avoid a blind region. The a* axis initially was placed within the
plane of the spindle and the beam direction using the STRATEGY option in
the program MOSFLM (version 5.4) (27). A total of 180 consecutive 2°
images were collected with every 8° region repeated for all three wave-
lengths. All data were processed with the DENZO and SCALEPACK pro-

grams (22). A previously collected data set at 1.5418 A on a crystal soaked
with the same Au(CN), solutions was included as the fourth wavelength. This
data set was measured with CuKa x-rays generated by a Rigaku RU200
rotating anode using a SIEMENS multiwire detector and was processed with
the program XDS (23) followed by scaling and reducing with ROTAVATA and
AGROVATA in CCP4 (24). All reflection data were then brought to the same
scale as those of wavelength 1 with the scaling program SCALEIT followed
by the Kraut scaling routine FHSCAL (25) as implemented in CCP4. We
treated MAD data as a special case of the multiple isomorphous replacement
with the inclusion of anomalous signals (26). The wavelength 1 (edge) was
taken as the “native” data with intrinsic anomalous signals. The data collected
at wavelengths 2 {peak), 3 (remote 1), and 4 (remote 2) were treated as
individual “derivative” data sets. Anomalous signals are included in the data

set of wavelength 2 where the x-ray absorption of Au is expected to be
maximum. Because of the absence of a sharp white line at the Au L, edge,
the observed diffraction ratio at wavelength 2 is small, 0.061, compared with
the error signal ratio of 0.036 computed from centric reflections. Two gold
atoms in each asymmetric unit could be clearly located by both dispersive
difference (Ag or A4 with respect to A,) and anomalous (A,) Patterson func-
tions with the program HASSP (27). Two partially occupied sites were later
located by difference Fourier. Initial phases were computed at 3.0 A with the
program MLPHARE as implemented in the CCP4 program suite, which uses
a maximum-likelihood algorithm to refine heavy atom parameters (28). There
are four noncrystallographically related monomers per asymmetric unit. We
performed fourfold averaging in parallel with solvent flattening and histogram
mapping with the program DM (29). The subsequent electron density map
was improved markedly and the polypeptide chain could be traced unam-
biguously. A model representing the monomeric endonuclease containing all
but the first 25 amino acids (the 8 His, the 9 FLAG epitope tag amino acids,
and the first 8 amino acids in the endonuclease) was built into the electron
density map with the interactive graphics program O (30). The assignment of
side chains for the M. jannaschii endonuclease was confirmed by a difference
Fourier map between the Au(CN),-derivatized protein and a selenomethi-
onine-substituted protein. The final model was refined to 2.3 A against the
observed anomalous data of wavelength 3 with X-PLOR version 3.8 (37).
Noncrystallographic restraints were applied to atoms between dimers A1-A2
and B1-B2 excluding those from loops L3 and L7. The structure was as-
sessed with PROCHECK (32) and VERIFY3D (33) and was found to be
consistent with a correct structure. More than 90% of the residues are in the

- most-favored regions, and no residues are in disallowed regions of a Ram-

achandran plot (32).

Data collection statistics*

Wavelength  Resolution  Measured  Unique Completeness f' " Dlsperswe Anoma\ous
A A reflections reflections  Tmereet  {V(alD (%) @ () @tio©0  ratio(30
to 3 A)t to 3 A
\, (edge) 1.03997 2.3(2.4-2.3) 165549 75,778 0.052 (0.153) 11.3(2.6) 89.2(62.2) —20.21 10.16 — 0.061 [0.041]
A, (peak) 1.03795 23((2.4-2.3) 161,691 75,310 0.051(0.151) 10.6(2.6) 89.0(62.00 —156.21 10.20 0.059 0.061 [0.036]
A, (remote 1) 1.02088 2.3(2.4-2.3) 164,948 76,385 0.054 (0.167) 10.3(2.4) 90.4(654) -10.76 9.87 0.060 0.062 [0.036]
A, (remote 2) 1.54180 3.0(3.1-3.0) 50,259 16,679 0.085(0.359) 8.7(2.2) 83.3(42.6) -510 7.30 0.165 —
Phasing and symmetry averaging statistics Refinement statistics
Corr. coef. of
Phasing power Figure of merit NCS§ R R, rms deviations|| . No'. of atoms
. Reso- free in refined model
operations lution value value
A (all (10%
" After - After data) data) Bond Angle Pro- _

Ao N N, Initial DM Initial DM A e tein H,O SO, Au
0.1 0.24 1.02 0.22 0.78 0.37 0.86 50.0-23 0.204 0.268 0.011 1.686 5584 53 9 4
“Numbers in parentheses correspond to those in the last resolution shell. TRmerge iNdicates agreement of individual reflection measurements over the set of unique averaged
reflections. Rerge = 2, by, — ] 7 2, I(h), where b is the Miller index, findicates individually observed reflections, and (/(h)) is the mean of all reflections of the Miller index h.

Bijvoet mates are treated as mdependent reflectlons when computing A,
and the reference wavelength (A
brackets. §Noncrysta\lograph|c symmetry.

merge*
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Diffraction ratios are defined as (Al Fl 2y172/¢| F| 2172 where A | F|2 are taken between the current
,) for dispersive ratios and between matched Bijvoet pairs for anomalous ratios. Ratios for centric reflections at each wavelength are shown in
[IGeometry values of the final protein model were compared with ideal values from Engh and Huber (34).
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consisting of three charged residues (Glu®!,
Glu®, Arg®) links the NH,- to the
COOH-terminal domain. The COOH-ter-
minal domain is of the a/B type and con-
sists of a central four-stranded mixed B
sheet B5-B6-B7-B8 (overbars denote paral-
lel strands) cradled between helices a4 and
. a5. Two basic folding motifs lead to this
fold: the rare aBB(a4-B5-B6) and the more
common BoB(B7-a5-B8). The last B
strand, B9, is partially hydrogen-bonded
with B8 and has little involvement in the
COOQH-terminal domain folding; rather, it
participates in dimerization (see below).

The quaternary structure of the endonu-
clease is unusual in that it does not assume
the D, point group symmetry observed
in most homotetrameric proteins. When
viewed along a noncrystallographic twofold
axis, the homotetrameric M. jannaschii en-
donuclease resembles a parallelogram with
the four subunits occupying the four comers
(Fig. 2B). Subunits Al and Bl, related by a
true twofold axis, are closer in space than
subunits A2 and B2, which are related by
the same twofold axis. Subunits Al and A2
or Bl and B2 are related by two non-
orthogonal pseudo-twofold axes plus a
1.6-A translation along the rotation axes.
The resulting dimers, A1-A2 and B1-B2, lie
on two opposite sides of the parallelogram.
Each of the pseudo-twofold axes relating
monomers within the A1-A2 and B1-B2
dimers is at an angle of 32° with respect to
the twofold axis that relates the two dimers.
In addition, the three twofold axes do not
intersect. Each pseudo-twofold axis is shift-
ed about 10 A in the opposite direction
relative to the twofold axis that relates the
two dimers. It is therefore more precise to
describe the endonuclease as a dimer of
dimers. The a carbons of the A1-A2 dimer
can be superimposed with those of the Bl-
B2 dimer with a root-mean-square differ-
ence of 0.47 A. The a carbons of the sub-
units within each dimer have a root mean
square of 1.2 A. The largest deviation is
observed on loop L7, which harbors the
conserved His'% residue. The asymmetrical
organization of the four identical subunits
suggests that the two subunits in the dimers
have nonequivalent roles.

The endonuclease dimers A1-A2 and
B1-B2 associate isologously in a tail-to-tail
fashion (Fig. 2B). The dimerization inter-
face buries extensive surface area (2422 A?)
(12) and is formed by the interaction of the
central COOH-terminal B sheets from each
monomer by main chain hydrogen bonding
and hydrophobic interactions. The pseudo-
twofold axis that relates the two monomers
lies between the two B9 strands and be-
tween the two L8 loops in each subunit.
The NH, portion of B9 (residuesl69 to
172) is hydrogen-bonded to B8 by the main
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chain atoms. The COOH-terminal half of
B9 (residues 172 to 177) bends away from
the plane of the pleated central B sheet to
form main chain hydrogen bonds with the
symmetry-related residues of B9 in the isol-
ogous subunit (B9’'); as a result, a two-
stranded B sheet is produced that spans the
subunit boundary. The symmetrically relat-
ed L8 loops form another layer on top of the
two-stranded B9 sheet and, together with
the B9 sheet, enclose a hydrophobic core at
the intersubunit surface. Prealbumin and
enterotoxin have similar modes of subunit
association (13). The hydrophobic core in-
cludes Phe'*?, Leu!*!, Leu'#, Gly'%,
Val'#8 Leu!®® [le!%®°, Met'™, and Tyr!7®
(Fig. 2B, blue ball-and-stick model). These
hydrophobic residues are important for sta-
bilizing the dimer interface.

The interface between the two dimers is
between subunits A1 and B2 and subunits
Bl and A2, with each pair contributing
40% of 5420 A? of total buried surface area
(12). The remaining 20% of buried surface

REPORTS

area can be accounted for by the interface
between subunits Al and Bl. Subunits A2
and B2 are not in contact. The principal
interaction between dimers is mediated by
close contacts between polar residues of
opposite charges in the two heterologous-
ly associated subunits, A positively charged
cleft (9 A wide, 12 A long, 14 A deep) is
formed between the two domains of subunit
Al (or Bl). It accommodates a protruding
negative surface on the subunit B2 (or A2)
formed primarily by L10 and partially by L8
(Fig. 2B, dotted surfaces). Residues from
L10 and L8 that are deeply buried by this
interdomain cleft are mostly acidic (Asp'%4-
AlaléS_Aspléé_Glyl67_Asp168 and Glu135_
Asp'3%). Several positively charged residues
(Lys®®, Lys!®, Lys'®7, Arg'!3) line the cleft
and interact electrostatically with the acid-
ic loop residues. The interactions between
L10 and L8 and the interdomain cleft con-
tribute nearly all the buried surface area at
the tetramerization interface. In addition,
three completely buried water molecules at

Fig. 2. (A) Ribbon representation of one subunit of M. jannaschii endonuclease obtained with the
RIBBONS program (20). The proposed catalytic triad residues are within 7 A of each other and are
shown in red ball-and-stick models (see text). The electron density in the averaged £, map is contoured
at 5¢ and is drawn only near the putative cataiytic triad. (B) Subunit arrangement and interactions in the
M. jannaschii endonuclease. Each subunit is represented by a distinct color and a label. The tetramer is
viewed along the true twofold axis relating the A1-A2 and B1-B2 dimers. The main chain hydrogen
bonds formed between $9 and B9’ and between loops L8 and L8’ for isologous dimers are drawn as
thin lines. Side chains of the hydrophobic residues enclosed at the dimer interface are shown as blue
ball-and-stick models. The heterologous interaction between subunits A1 and B2 (or B1 and A2)
through the acidic loops L.10 and L8 are highlighted by dotted surfaces.
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the base of the cleft form hydrogen bonds
with polar residues from both subunits, in-
dicating that this cleft is solvent accessible
before tetramerization.

The isologous dimer interaction formed
by the COOH-terminal interface is expect-
ed to be more stable than the heterologous
polar interaction mediated by L10 and L8,
which suggests that the tetramer assembles
through dimer intermediates. This interpre-
tation is in agreement with protein cross-
linking data (10). It is likely that the dimers
observed in solution are the isologous
dimers A1-A2 or BI-B2 in the crystal
structure.

The tRNA splicing endonucleases gen-
erate 5'-hydroxyl and 2,3’ cyclic phos-
phate termini, as do other ribonucleases
(RNases) such as RNase A and T1. Cleav-
age by RNase A is a two-step reaction that
is acid-base catalyzed (14). Three residues
in RNase A have been identified as the
catalytic triad for this reaction: His!? is the
general base in the first step, His!'? is the
general acid, and Lys*! stabilizes the penta-
covalent transition state.

Splicing endonucleases contain a con-
served histidine residue that has been sug-
gested to be part of the active site on the
basis of mutational studies (7, 10, 15). In
the M. jannaschii endonuclease structure,
His'? is at the boundary between L7 and
B7 (Fig. 2A). Although His'?® is well or-
dered in the structure in all four subunits,
the rest of L7 (residues 119 to 124) has

A B Cc
cCaG
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¢ ¢ 1 Sur
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cCG u
CG C G
AU A
G C G'C
UA y AU
u
c L}
Yg ¢ “Ye ¢
AU AU
¢ ¢ g
G
& g & %
G
Yaa Ysa
HIV TAR Modeled archaeal
RNA substrate

Fig. 3. (A) Sequence and secondary structure of
HIV TAR RNA (PDB code 1arj) used to model M.
fannaschii pre-tBNA minimum substrate. (B) A
symmetry operation around the twofold axis as
indicated is applied to coordinates of the TAR
RNA nuclear magnetic resonance structure to
obtain a structural model for the second three-
base bulge and the stem extension (boxed re-

weak electron density, which is suggestive
of flexibility. The average B factor of L7 is
66 A’ compared with the average value of
44 A? for the protein as a whole. Two
striking structural features are observed in
this region. First, there are primarily posi-
tively charged or polar residues in the vi-
cinity of His'?*, including two other strictly
conserved residues, Tyr''® and Lys!*¢. The
side chains of I-!iSIZS, Tyr'", and Lys'®° are
within 4 to 7 A of each other and form a
His-Tyr-Lys triad (5.5 A between His'?
and Lys'*%, 6.7 A between Lys'*® and
Tyr'3, 6.1 A between Tyr'*® and His'?%)
(Fig. 2A). Second, a distinct electron den-
sity feature (>50 in the averaged F_ map) is
found in the middle of the triad. This den-
sity is not part of the polypeptide chain and
is compatible with the size of a sulfate ion
that is present in crystallization and stabili-
zation solutions.

We propose that the side chains of the
His-Tyr-Lys triad in M. jannaschii endonu-
clease form the catalytic triad for the cleav-
age reaction. This His-Tyr-Lys triad is spa-
tially superimposable with the catalytic tri-
ad in RNase A (16) and is consistent with
a model in which the endonuclease His'?®
functions as the general base, Tyr!!® func-
tions as the general acid, and Lys'>® func-
tions as a stabilizer of the transition state.
Although mutagenesis studies do not pro-
vide conclusive support for the essentiality
of Tyr!'®, they do indicate an essential role
for both His'?® and Lys'*® (4). More studies

gion). The corresponding splice sites on the final model are indicated by arrows. (C) Modeled complex
of M. jannaschii endonuclease with RNA substrate obtained by manually aligning the phosphate
backbone of the 4-bp helix with the positively charged surface between subunits A1 and B1. This
view is perpendicular to that of Fig. 2B. Only subunits A1 and B1, which are proposed to participate
in the cleavage reaction, are shown. The proposed catalytic triad residues are shown in magenta. The
phosphodiester bonds at the splice sites on BNA are depicted in blue and fit nearly perfectly with
the putative sulfate density shown by blue dots. The distance from the center of the catalytic triad to

the surface where RNA binds is about 7 A.
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are necessary to establish the exact caralytic
mechanism and the function of these resi-
dues in catalysis. Interestingly, the inacti-

vating Gly?*? to Glu mutation in the yeast

enzyme occurs within the aligned sequences
of the flexible loop L7, which contains both
His'?5 and Tyr'"® (7).

Although the M. jannaschii endonucle-
ase tetramer contains four active sites, it is
likely that only two of these participate in
cleavage. The yeast endonuclease tetramer
contains two functionally independent ac-
tive sites for cleavage. The H. wolcanii
endonuclease is a homodimer and thus
also contains two functional active sites.
The two intron-exon junctions of the ar-
chaeal tRNA substrate are related by a
pseudo-twofold symmetry axis in the con-
sensus BHB substrate. The M. jannaschii
endonuclease is therefore predicted to
contain only two functional active sites
related by twofold symmetry. Consistent
with this notion, upon substrate binding
the endonuclease is protected from pro-
teolytic cleavage to a maximum of 50%
(10). Four pairs of enzyme active sites are
related by twofold symmetry; these occur
in subunits Al and Bl, A2 and B2, Al
and A2, and Bl and B2 (Fig. 2B). We
postulate that the active sites reside in Al
and B1; their His-Tyr-Lys triads are sepa-
rated by about 27 A. The residues protect-
ed upon RNA binding cluster on Al and
B1 around the two proposed catalytic sites,
falling on a path between the two sites.
This region of the enzyme, formed by L9
and the carboxyl portions of &5 and B9 in
Al and Bl, has a positive electrostatic
potential suitable for binding the phos-
phodiester backbone of the pre-tRNA sub-
strate. By contrast, the distance between
the His-Tyr-Lys triads of A2 and B2 is 75
A and there is a more scattered distribu-
tion of substrate protected residues be-
tween this pair of active sites (17).

We attempted to dock a model of the
substrate with the tetramer. We created
the model from a related structure solved
by the nuclear magnetic resonance meth-
od, that of the human immunodeficiency
virus trans-activation response element
(TAR) RNA complexed with arginamide
(18). TAR RNA is a stem-loop structure
with a bulge of three bases in the stem
(Fig. 3A). We obtained the substrate mod-
el by rotating a section of TAR RNA by
180° to create the pseudosymmetric BHB
structure conforming to the archaeal en-
donuclease consensus substrate (Fig. 3B).
This substrate model derived from the
arginamide complex of TAR RNA docks
well with subunits Al and Bl in the M.
jannaschii endonuclease tetramer (Fig.
3C). The two phosphodiester bonds that

are cleaved fit precisely into the active

SCIENCE ¢ VOL. 280 * 10 APRIL 1998 » www.sciencemag.org



sites of Al and Bl and superimpose with
the putative sulfate ion. The 4-bp helix
separating the two bulges interacts with
the basic face of the enzyme and could
contact a number of residues that are pro-
tected from protease cleavage upon RNA
binding (10).

As the H. wvolcanii endonuclease dimer
and the M. jannaschii tetramer recognize the
same consensus substrate, their active sites
must be arrayed similarly in space. This pro-
posal is strongly supported by the fact that
the H. volcanii endonuclease monomer is in
fact a tandem repeat of the consensus se-
quence of the endonuclease gene family (10)
(Fig. 4B). We propose that the H. wolcanii
enzyme forms a pseudotetramer of two
pseudodimers (Fig. 4B). The structure of the
pseudodimer is predicted to contain a two-
stranded B9-B9’ pleated sheet, an important
structural feature of the M. jannaschii endo-
nuclease dimer (Fig. 4A). The tandem re-
peat must be connected by a stretch of
polypeptide (Fig. 4B, dotted line). Within
each dimer of the M. jannaschii endonuclease
structure, the NH,-terminus of subunit A2
(or B2) and the COOH-terminus of subunit
Al (or Bl) is separated by 28 A. This re-
quires a span of at least 10 amino acids of an
extended polypeptide chain to connect the
region between the NH,-terminal and the
COOH-terminal tandem repeats in the H.
volcanii endonuclease. The H. wolcanii en-
zyme model contains only two of the pro-
posed active site triads in the COOH-termi-
nal repeat of each pseudodimer, and these
triads are proposed to occupy a spatial con-
figuration identical to those in the Al and
B1 subunits of the M. jannaschii endonucle-
ase. The pseudodimers are proposed to inter-
act via the conserved L10 sequences. This
H. wvolcanii endonuclease structural model
reveals that only two of the active sites are
necessary, but to array these in space correct-
ly one must retain features of both the isol-
ogous dimer interactions (9-89’) and the
dimer-dimer interactions mediated by L10 in
the M. jannaschii enzyme.

The heterotetrameric yeast endonucle-
ase is proposed to contain two active sub-
units, Sen2 and Sen34. The other two sub-
units, Sen15 and Sen54, have a sequence to
the M. jannaschii endonuclease at the
COOQOH-terminus (10). This conserved re-
gion contains the L10 residues and the hy-
drophobic residues at the COOH-terminus
as observed in B8 and B9 in the crystal
structure of the M. jannaschii endonuclease.
We propose that the strong Sen2-Sen54
and Sen34-Senl5 interactions observed in
the two-hybrid experiment (7) are mediat-
ed by COOH-terminal 9-B9’—like interac-
tions (Fig. 4C) and that these dimers are
associated to form the tetramer via the L10

sequences of Senl5 and Sen54 (Fig. 4C).

www.sciencemag.org * SCIENCE « VOL. 280 * 10 APRIL 1998

We conclude that the Archaea and the
Eucarya have inherited from a common an-
cestor an endonuclease active site and the
means to array two sites in a precise and
conserved spatial orientation. This conclu-
sion is supported by the results of Fabbri et
al. (19), which demonstrate that both the
eucaryal and the archaeal endonucleases
can accurately cleave a universal substrate
containing the BHB motif. The eucaryal
enzyme appears to dispense with the more
complex ruler mechanism for tRNA sub-
strate recognition when it cleaves the uni-

Fig. 4. (A) Sequence fea- A
tures and subunit arrange-
ment of the M. jannaschii
homotetramer. Several im-
portant structural features
discussed in the text are in-
dicated: loop L10, the
COOH-terminal B9 strands
(arrows), and the conserved
catalytic residue His'?®
(pentagon). (B) Sequence
features conserved between
H. volcanii and M. jannaschii
endonucleases and the pro-
posed subunit arrangement
of the former. The two tan- B
dem repeats are more simi-
lar to the M. jannaschii en-
donuclease sequence than
to each other. The NH,-ter-
minal repeat lacks two of the
three putative active site res-
idues (white bars). It does,
however, contain many of
the features of the COOH-
terminal domain that are im-
portant for structural ar-
rangement of the enzyme, in
particular the L10 sequence
(yellow bars). The COOH-
terminal repeat contains all
the sequence features of c
the M. jannaschii enzyme.
Dashed lines represent the
polypeptide chain connect-
ing the COOH- and NH,-ter-
minal repeats. (C) Proposed
structural model for the
yeast endonuclease. Con-
served amino acid sequenc-
es near the COOH-termini of
archaeal enzymes M. jann-
aschii (M. jann.), H. volcanii
NH,-terminal repeat (H. vol.
Nt), and yeast Sen54 (Sc.
Sen 54p) and Sen15 (Sc.
Sen15p)  subunits  are
aligned. Important hydro-
phobic residues that stabi-
lize the isologous COOH-

M. jannaschii

M.jann.
H. vol. Ni.

versal substrate. Thus the precise position-
ing of two active sites in endonuclease ap-
pears to have been conserved in evolution.
Subunits Al and Bl comprise the active
site core of all tRNA splicing endonucle-
ases, and subunits A2 and B2 position the
two active sites precisely in space. The eu-
caryal enzyme has evolved a distinct mea-
suring mechanism for splice site recognition
by specialization of the A2 and B2 subunits,
and it has retained the ability to recog-
nize and cleave the primitive consensus
substrate.

Y115 H125 K156 Ly

Y115 Y115 H125 K156 L,

vocan: (NN N N |

W e

LA LLIATVD DG I VYY M
L VVLATVDEDG LTYF T

terminus interaction between M. jannaschii subunits A1 and A2 (or B1 and B2) are highlighted in green
and circled on the structural models of heterodimers derived from the two-hybrid matrix analysis (7). The
sequences of Senb4 and Sen15 aligned with L10 sequences in M. jannaschii and H. volcanii are
highlighted in red. Loops L10 on both Sen54 and Sen15 are labeled on the proposed heterotetramer
model of the yeast endonuclease. Abbreviation for amino acids are as follows: L, Leu; |, lle; A, Ala; V, Val;
D, Asp; G, Gly; Y, Tyr; N, Asn; M, Met; E, Glu; T, Thr; F, Phe; W, Trp; S, Ser; K, Lys.
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Conservation of Substrate Recognition
Mechanisms by tRNA Splicing Endonucleases
Stefania Fabbri, Paolo Fruscoloni, Emanuela Bufardeci,

Elisa Di Nicola Negri, Maria I. 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 (I). 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-tRNAAwcheuka
that is a substrate for both the eukaryal
and archaeal endonucleases. This mole-
cule consists of two regions derived from
yeast pre-tRNATP (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-tRNAAhewka 5 4 yniversal 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(L"(“)V, increases the size of the
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