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The splicing endoribonuclease from Methanococcus
jannaschii, a member of a recently defined family of
enzymes involved in splicing of archaeal introns and
eukaryotic nuclear tRNA introns, was isolated and
shown by cross-linking studies to form a homotetramer
in solution. A non-cleavable substrate analogue was
synthesized by incorporating 2-deoxyuridines at the
two cleavage sites and complexed to the splicing
enzyme. The complex was subjected to protein
footprinting and the results implicated an RNP1-
like sequence and a sequence region immediately
N-terminal to a putative leucine zipper in substrate
binding. In addition, a histidine residue (His125), posi-
tioned within a third RNA binding region, was shown
to be involved in catalysis by mutagenesis. The splicing
enzyme was localized on the central helix and the two
3 nt bulges of the conserved archaeal ‘bulge—helix—
bulge’ substrate motif by RNA footprinting. Sequence
comparison with the dimeric splicing enzyme from
Halobacterium volcaniidemonstrates that the latter is
a tandemly repeated duplication of the former, where
alternating segments within each protein half degener-
ated after the duplication event. Another duplication
event, in the eukaryotic domain, produced two different
homologues of theM.jannaschii-type enzyme structure.
The data provide strong evidence that the tetrameric
M.jannaschii enzyme consists of two isologously associ-
ated dimers, each similar to oneH.volcanii monomer
and each consisting of two monomers, where one face
of monomer 1 and the opposite face of monomer 2 are
involved in RNA binding.
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Introduction

RNA maturation involves RNA splicing in all three

domains of life. Three splicing mechanisms, which differ
both mechanistically and, probably, in their evolutionary
origins, are involved in removal of (i) group | introns,
(i) group 11, 1l and spliceosomal introns and (iii) archaeal
introns and nuclear tRNA introns (Cech, 1990; Moore
et al, 1993; Phizicky and Greer, 1993; Michel and
Ferat, 1995; Lykke-Anderseet al, 1997). The first two

ations and are essentially RNA catalysed, although factor
dependence has evolved which for the group | and I
introns usually consists of a single protein and for the
spliceosomal introns includes five RNA species aritD0
proteins. The third mechanism of pre-RNA splicing, for
archaeal tRNA and rRNA introns and eukaryotic nuclear
tRNA introns, involves cleavage by a splicing endoribo-
nuclease at each exon-intron junction, which generates a
2',3'-cyclic phosphate and d-®H (Peeblest al,, 1983;
Kjems and Garrett, 1988; Thompson and Daniels, 1988).
The exons are subsequently ligated by one of two altern-
ative mechanisms which involve either direct attack of
the 5-OH on the 2,3'-cyclic phosphate or a complex
series of reactions requiring ATP and GTP (Belfetdl,,
1993; Phizicky and Greer, 1993; Westawatyal., 1993).

In archaea the large rRNA introns contain open reading
frames (ORFs), some of which encode homing endonucle-
ases, and they circularize, after excision, to generate highly
structured and stable RNA species (Kjems and Garrett,
1988; Dalgaard and Garrett, 1992; Dalgaatdal., 1993;
Lykke-Andersen and Garrett, 1994; Lykke-Andersen
et al, 1994).

The genes encoding the splicing endoribonucleases of
yeast and the euryarchaedialobacterium volcanihave
recently been sequenced and the results reveal that two
subunits of the heterotetrameric yeast enzyme are homo-
logues of the homodimer fromd.volcanii (Kleman-Leyer
et al, 1997; Trottaet al, 1997). Despite their possible
common evolutionary origin, important differences exist
between the nuclear tRNA introns and archaeal introns.
For example, in contrast to eukaryotic tRNA introns,
which are always positioned 1 nt ®f the anticodon,
archaeal tRNA introns also exist at other tRNA positions
(Wich et al, 1987; Kjemset al, 1989; Lykke-Andersen
et al, 1997). Moreover, archaeal introns also occur in 16S
and 23S rRNAs of crenarchaeotes (Kjems and Garrett,
1985; Dalgaard and Garrett, 1992; Burggeafal, 1993).
Another difference is that a ‘bulge—helix-bulge’ motif
forms at the archaeal exon-intron junctions, which is
necessary and sufficient for cleavage (Thompson and
Daniels, 1988, 1990; Kjemet al, 1989; Kjems and
Garrett, 1991), whereas for the eukaryotic pre-tRNA the
splicing enzyme complex primarily recognizes the tRNA
structure (Phizicky and Greer, 1993; Tro#taal, 1997).

In the present work the protein sequences of the yeast
andH.volcanii splicing enzymes were exploited to isolate
the enzyme of Methanococcus jannaschiusing the
recently sequenced genome of the archaeon (Biuél,
1996). An artificial RNA substrate lacking-®H groups
at the cleavage sites was used to generate a stable,
uncleaved RNA—protein complex, which was subjected to
both RNA and protein footprinting studies. Furthermore,
to investigate the catalytic reaction possible hydrogen

mechanisms both involve two consecutive transesterific- donor and acceptor residues were subjected to mutagenesis
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Fig. 1. Cleavage activity and temperature optimum for Mgannaschiisplicing enzyme.4) The enzyme was incubated with three different intron-
containing RNA substrates. The substrate in the left panel is a 363P5end-labelled transcript corresponding to the exon—intron junctions of
H.volcanii pre-tRNA™ (J.Diener and P.Moore, unpublished results). The RNA (~1 pmol) was incubated at 65°C for 60 min, alone (-) or in the
presence of &yrobaculum islandicuncell extract (Pi), or for 2, 5, 20 or 60 min in the presence of the splicing enzyme (endo, ~0.05 pmol) as
indicated. Basic hydrolysis (O and RNase T (guanosine-specific) and,W{adenosine-specific) reactions with the substrate are run alongside as
sequence markers. The substrates in the centre and right panels are T7 RNA polymerase transcripts containing int®marftomagre-23S

rRNA and the intron fronD.mobilis pre-23S rRNA respectively, with flanking exons. The substrates (~2 pmol) were incubated alone (-) or in the
presence of splicing enzyme (endo, ~0.05 pmol) for 2, 5, 20 or 60 min as indicated. Cleavage sites were determined by primer extension from
oligonucleotide primers downstream of the @nd B-cleavage sites of th8.marinusand D.mobilis pre-23S rRNA transcripts respectively.
Dideoxynucleotide sequencing reactions were co-electrophoresed (A, G, C and U). The cleavage sites, which correspond to the exon—intron
junctions, are indicated on the right of each autoradiogram. TheeBvage site of th&.marinuspre-23S rRNA, which is immediately below a

control band, is barely visible, probably due to concurrent cleavagé-airél 5-sites on each moleculeB) Temperature optimum of the
M.jannaschiisplicing enzyme. Th®.mobilis pre-23S rRNA transcript (~2 pmol) was incubated for 15 min, alone (=) or in the presence of

~0.05 pmol enzyme (endo), at different temperatures ranging from 20 to 80°C as indicated. Endonucleolytic cleavage was visualized by primer
extension and dideoxynucleotide sequencing reactions were included (U, C, G and A).

and tested for cleavage activity and substrate binding. cleavage with the endoproteinase thrombin and the proteins
These data provide important insights into the endoribo- were, in some experiments, site specificafp-labelled
nuclease—RNA interaction and subunit structure of the at either the N-terminus (pGEX-2TK) or the C-terminus
recently identified family of splicing enzymes and, together (pGEX-GTH) using heart muscle kinase ang’{P]ATP.

with amino acid sequence comparisons, they provide aBoth derivatives were used in the protein footprinting
detailed new insight into the evolution of the proteins. experiments in order to distinguish primary from secondary
proteinase cuts, but only the pGEX-GTH derivative was
used in the following experiments designed to characterize

Results

the enzyme.
Selection, cloning and purification of the splicing These included testing the purified protein for its
endoribonuclease from M.jannaschii capacity to cleave different intron-containing substrates
The ORF of the splicing enzyme was located in the (Figure 1A). All substrates were cut specifically at both
genome of the archaed¥l.jannaschii(Bult et al,, 1996) intron—exon junctions, confirming that thd.jannaschii

by sequence comparison with the Sen2p subunit of the protein is a splicing enzyme. The temperature optimum
tRNA splicing endoribonuclease fronsaccharomyces of the enzyme was determined by treating the pre-23S
cerevisiae(Rauhutet al, 1990; Trottaet al, 1997) and rRNA of Desulfurococcus mobiliover the range 20—
the enzyme fronH.volcanii (Kleman-Leyeret al,, 1997). 80°C; maximum cleavage occurred at 65—70°C (Figure
A protein of 179 amino acids, and unknown function 1B). At 80°C cleavage was obscured by extensive RNA
(MJ1412) showed 21% identity to the yeast enzyme and hydrolysis, probably induced at 10 mM Kig

30% identity to the C-terminal half of the 341 amino acid

H.volcanii enzyme respectively. This ORF was inserted The splicing endoribonuclease from M.jannaschii is

into the glutathioneStransferase (GST) fusion protein a homotetramer

expression vectors pGEX-2TK and pGEX-GTH (Jensen Protein cross-linking experiments were performed to
et al, 1995a), allowing one-step purification on a gluta- investigate the quarternary structure of the endoribonucle-
thione—Sepharose matrix. The GST tag was removed byase. C-terminally®?P-labelled enzyme was incubated at
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Fig. 2. Quarternary structure of the splicing enzyme determined by
protein cross-linking32P-labelled enzyme (~20 kDa) was incubated at
1 nghul for 2 h at65°C alone (control) or in the presence of 0.005,
0.01, 0.02 or 0.04% glutardialdehyde as indicated. Products were run
on an 8% polyacrylamide—SDS-tricin gel which was subsequently
subjected to autoradiography. Migration and molecular mass of
unlabelled marker proteins (in kDa) are indicated on the left and the
migration of cross-linked protein species containing one, two, three
and four subunits are indicated on the right. *, a degradation product
always present with the full-length purified splicing enzyme (see also
Figure 4A).

a low concentration (1 npgl) at 65°C before adding
glutardialdehyde at different concentrations. After 2

incubation the products were separated on SDS—tricin—

A B DmU1-dU
DmULU WU AU pyecleaved
ol

b,
OH' T Uz - 5 &FOH - 6 OH . &lf

..
°
'U

i K =3"site
s cla
’C C’ a-c a-c
o ] a-¢ G-c
v 58 H
W cAan(;) c-oa@')
e-a'na c-agAa c=-an -
g a-c a-c
a-c a-c o me
vG-e AG-C AG-¢C
Sha-¢ ‘?aa-: ?no-c
nALE a-c a-c
it a-¢ a-c
i c-0 c-9
Lo uxn‘ ::g -
EIE g - - S-site
- -
Q - Bt i
Kd = 1 pM
D2 "
D. mobilis
235 FANA intron Ao
1234 5 67 K92
c S'-site cleavage 3'-site cleavage
1204 * 4 nM Dmuz-du 120
1 uM DmUi-dU
10 100
5 b3 1 4M DmU1-aU
w0 S8 .
2 Na competitor 'E 4 nM DmU2-dy
E
ELS W
£ £ No competitor
04 40
FJ_._._._._
432 12345 432001 2345
LIS (uM-) /S (uM-1y

Fig. 3. Formation of a stable endoribonuclease—substrate complex.

(A) The cleavage motif of th®.mobilis pre-23S rRNA (left) was used
as the basis for constructing the substrates DmU1 (middle) and DmU2
(right). DmU1 and DmUZ2 contain only two uridines (circled Us), one

in the middle position of each 3 nt bulge. This enables the insertion of
2'-deoxynucleotides at each cleavage site, indicated by arrows. The

h dissociation constant¥) for binding of the splicing enzyme to

DmU1 and DmU2, as determined in (C), are given below the
sequencesB) Cleavage assays on-8P-end-labelled DmU1

polyacrylamide gels and subjected to autoradiography (~1 pmol) containing uridines (DmUZ-rU) or deoxyuridines
(Figure 2). Four bands appeared in the cross-linking (Dmu1-du) at the cleavage junctions or deoxyuridine-containing
reactions, at ~20, 40, 60 and 80 kDa, which correspond DmuU1 gel purified after preincubation with splicing enzyme

in size to monomeric, dimeric, trimeric and tetrameric
enzyme respectively, with no bands larger than the 80 kDa

(DmU1-dU precleaved) were incubated at 65°C alone (-) or in the
presence of the enzyme (~0.05 pmol) for 5 or 60 min as indicated.
Products were separated on 20% polyacrylamide—7 M urea gels and

band at the highest glutardialdehyde concentration. This autoradiographed. Basic hydrolysis reactions (ere performed on
strongly suggests that the endoribonuclease is a tetramep!l three substrates and RNasganhd U, reactions were performed on

in solution. This inference received support from the mor

rapid disappearance of the trimeric than the dimeric

e DmuU1-rU only. The 5 and 3-cleavage sites are indicated on the

right; notice the gaps in the basic hydrolysis reactions on the
DmU1-dU substrates at these positions. Theldavage is barely

_pI’O_dUC_t on increasing the glutafdiald_ehyde concentration, visible, probably due to concurrent cleavage at theaBid 3-sites of
indicating that a 2:2 symmetry exists in the tetramer the molecules. Cleavage at thesdte was confirmed on a

(Figure 2). Addition to the reaction mixture of bovine
serum albumin at 100 ngl or DmU2 RNA substrate (see

below) at 1uM produced unaltered cross-linking patterns

(data not shown).

Synthesis of a non-cleavable substrate analogue

A stable enzyme—substrate complex was produced by

3'-3%p_end-labelled substrate (data not showg). Cleavage

competition experiments. The initial cleavage rate of $wmarinus

23S rRNA intron with flanking exons was measured at four different
RNA concentrations (0.2, 0.5, 1.0 and 31®1) in the absence or
presence of competitor RNA and the results for theahd

3'-cleavages are given in a double reciprocal plot. In the experiments
shown the competitors were DmU1-dU (open circle) and DmU2-dU
(open diamond) at 4M and 4 nM respectively, as indicated. The
cleavage rates were measured using interraiylabelled RNA

constructing 36 and 54 nt substrates, termed DmUL andsubstrate. The RNA substrate, with or without competitor, was
DmU2 respectively. They were generated on the basis of incubated under mineral oil in 60l cleavage buffer (see Materials
the exon—intron sequence of the pre-23S rRNA of and methods) at 65°C for 5 min and the enzyme was added to ~4 nM.

D.mobilis (Figure 3A). Both substrates contain only two
uridines, which are positioned on thé &de of each of the

Samples (1Qul) were stopped after 2, 4, 8, 14 and 20 min incubation
and products were separated on 8% polyacrylamide—7 M urea gels.
Band intensities were measured in an Instant Imager (Packard,

two cleavage sites, corresponding to the central positions ofMeriden) and the extents of cleavage at the two cleavage sites were

the 3 nt bulges (Figure 3A). 2Deoxyribonucleotides were
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specifically inserted at these positions by replacing rUTP vyield (~10-15%). This fragment probably derives from a
with dUTP in in vitro transcription reactions (Conrad ‘nicked’ endoribonuclease molecule where the N- and
et al, 1995). The DmU1 substrate was prepared with both C-terminal regions are maintained together in the structure,
uridines (DmU1-rU) and deoxyuridines (DmU1-dU) at since the C-terminal fragment co-purified with the full-
the cleavage site positions ant-BP-end-labelled before  length endoribonuclease (the GST tag is at the N-terminus)
testing for cleavage (Figure 3B). While the uridine derivat- on the glutathione—Sepharose matrix. Furthermore, after
ive of DmU1 was strongly cleaved, the deoxyuridine removal of the GST tag the fragment did not separate
derivative was cleaved at a very low level (Figure 3B, from the full-length protein during gel filtration (data not
lanes 1-9). The residual cleavage of the latter is due shown). A subset of the proteinase cuts was specifically
to low levels of contaminating ribonucleotides at the protected in the presence of the DmU2 substrate (summar-
deoxyuridine positions, since purified, pre-cleaved DmU1- ized in Figure 4C). They were located at, or near, L30,
dU was not cut by the splicing endoribonuclease (Figure Y35, Y108, F112, Y115, E116, Y128, F139, E143 and
3B, lanes 10-12). Cleavage experiments with DmU2 gave F147, which were all protected in both N- and C-terminally
similar results (not shown). labelled endoribonuclease, and at Y176, which was pro-
Next, the deoxyuridine-containing DmU1 and DmUZ2 tected for one end-label while cleavage could not be
substrates were tested for specific binding to the splicing resolved from full-length protein with the other (Figure
enzyme in cleavage competition experiments at 65°C 4A—C). Protections at K131 and R149 and enhanced
(Figure 3C). Intron 1 from the pre-23S rRNA Staphylo- cleavages at E72/73, R79 and R155 were seen exclusively
thermus marinusvas used as substrate and the uncleavablefor one end-label and might result from secondary cuts.
DmU1-dU and DmU2-dU RNAs were added as com-  In contrast to protein footprinting studies on other RNA
petitors (Figure 3C). Initial rate kinetics were measured and binding proteins (Jenseet al, 1995b; B.T.Porse and
approximateK,,, values were calculated for tf&marinus R.A.Garrett, unpublished results), none of the proteinase
intron. Cleavage at the’5and 3-bulges gaveK,, values cleavage sites were protected 5%0% on RNA substrate
of 0.29 = 0.05 and 0.34+ 0.05pM respectively. While binding (Figure 4A and B). For example, band intensities
no competition was observed with non-specific RNA are given for two strong chymotrypsin cleavages (Y100
(total RNA from Escherichia coli at a concentration and Y128) on titrating DmuU2-dU RNA with the
corresponding to DmU1 at M (12.5 ngful) (data not C-terminally labelled splicing endoribonuclease in Figure
shown), the splicing endoribonuclease specifically bound 4D. These band intensities were quantified and the curves
to the uncleavable DmU1-dU and DmU2-dU RNAs with show the extent of cleavage at each site compared with
dissociation constantKg) of 1.0 £ 0.2 uM and 4 = the uncomplexed protein. Residual cleavage at the pro-
1 nM respectively (Figure 3C). The relatively hidfy tected site (Y128) was>50% at the highest substrate
value for the DmU1-dU RNA probably reflects its small concentrations and half-protection was obtained at ~4 nM,
size and relative instability at 65°C. This interpretation in accordance with the previously calculatéqd. To
was reinforced by competition experiments at 50°C that eliminate the possibility that the residual 50% proteinase
yielded aKy of ~0.1uM for DmU1-dU (data not shown).  cleavage of the complexed endoribonuclease was due to
the presence of a large fraction of inactive enzyme, the
Mapping the RNA substrate on the splicing protein footprinting experiments were performed on three
endoribonuclease independent protein preparations, with similar results.
Formation of the stable enzyme—substrate complex enabled
us to map RNA binding regions on the enzyme using a Mapping the endoribonuclease on the RNA
protein footprinting approach (Jensetral., 1995b; Lykke- substrate
Andersenet al, 1996; Tangeet al, 1996). The endoribo-  The stable endoribonuclease—substrate complex was also
nuclease wa$?P-labelled at either the N- or C-terminus subjected to RNA footprinting experiments using?He
and complexed with DmU2-dU RNA at 100 nM and EDTA/H,O, (RNA backbone) and diethyl pyrocarbonate
65°C. This concentration was found to be optimal from (DEP, N-7 positions of adenines) as probes (Figure 5).
titration experiments (see Figure 4D). Samples were cooled The DmU2-dU substrate, labelled at either the(&igure
to 50°C and subjected to limited proteolysis with eight 5A) or 5-end (data not shown), was complexed with the
different proteinases (Figure 4A). Endoribonuclease incub- splicing enzyme at 65°C and the complex was probed
ated with totalE.coli tRNA served as a control for each with the chemicals (Figure 5A, lanes 4 and 7). RNA
reaction. Several proteinase cleavage sites were detectegrobed alone (lanes 3 and 6) and the RNA—protein complex
in the endoribonuclease and all of the major sites were incubated in the absence of chemicals (lanes 5 and 8)
present in both the N- and C-terminally labelled protein, served as controls. A minor part of the DmU2-dU species
although the sites near the unlabelled ends could not be(~0.5%) was cleaved by the enzyme (see Figure 3B), but
separated from the full-length protein. This shows that the this did not affect interpretation of the data (Figure 5A,
cleavages are primary events, as opposed to secondaryanes 4, 5, 7 and 8).
cuts that occur as a result of cleavage elsewhere in the The RNA footprinting data obtained for thé-3and 3-
protein. The positions of the cuts were determined by end-labelled DmU2-dU RNA are summarized in Figure
analysing the cleavage patterns generated by the amindbB. Similar protections were seen with both labellings,
acid-specific proteinases and plotting the logarithm of the indicating that all the events are primary. A symmetrical
molecular weights of the assigned fragments against theprotection pattern was observed on the RNA substrate;
migration distances in the gels (not shown). For the only the middle 4 bp helix and the two 3 nt bulges
C-terminally labelled endoribonuclease a fragment of ~125 were protected against chemical probes on binding the
amino acids was invariably detected in relatively high tetrameric enzyme.
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Fig. 4. Protein footprinting of the enzyme in the presence of DmU2-d\).¢-terminally and B) N-terminally 32P-labelled enzyme was incubated

with DmU2-dU (+) or, as a negative control, an equal amount (w/vEafoli tRNA (-) and then probed with different proteinases. Products were
separated on large 20% polyacrylamide—SDS—tricin gels and subjected to autoradiography. A control sample of endoribonuclease incubated in the
absence of proteinase was included (Cont.). Assignments of the cleaved positions are given on the left. Those positions that were protected against
cleavage on substrate binding are indicated by filled arrows and enhanced cleavages are denoted by open arrows. In (A) the top and bottom halves
are short and long exposures of the same gel and a major control band is indicated with an asterisk (see text). HMK, a major short fragment
generated by cleavage at an arginine in the heart muscle kinase site. Proteinases, with amino acid specificities given in parentheses, are:

R, endoproteinase Arg-C (R); K, endoproteinase Lys-C (K); Tr, trypsin (R, K); E, endoproteinase Glz~@JECh, chymotrypsin (Y, F, W> L,

A, M); Pn, pronase (non-specific); PK, proteinase K (hydrophobic); Th, thermolysin (L, F, I, V, MG))P({oteinase footprinting data

superimposed on the amino acid sequence oMtjannaschiienzyme. The data summarizes at least four independent sets of experiments, of which
only one is shown in (A) and (B). Cleaved sites that were not affected by substrate binding are denoted by dots. Positions of reduced and enhanced
proteinase cleavage on substrate binding are given by filled and open arrows respectively. Large symbols (dots or arrows) indicate effects seen with
both C- and N-terminally labelled proteins. Residues mutated to alanines in this study are given in bold and His125, which participates in catalysis,
is circled (see Figure 6). Aromatic residues conserved between the seven known splicing enzyme sequences are given as outline letters. Lines below
the sequence, denoted by roman numerals, indicate segments defined in Figure 7A. The approximate site of strand breakage generating the major
control band in (A) is indicated by an asterisk. The translation start codon could correspond to either amino acid L1, V2 or M6 shown here.

(D) Proteinase protections do not exceed 50%. Proteinase footprinting experiments were performed on C-téfiladigiled endoribonuclease,

using chymotrypsin in the presence of DmU2-dU substrate at concentrations of from 0.05 to 4000 nM. Band intensities corresponding to strong
cleavages after an unaffected residue (Y100) and a residue protected on substrate binding (Y128) were measured in an Instant Imager (Packard,
Meriden). Band intensites, normalized to intensities obtained on chymotrypsin cleavage of the protein in the absence of substrate, are shown as a
function of substrate concentration (nM, logarithmic scale). The maximum protection on Y128 is ~45% #&Qdvtiiee is ~4 nM (indicated by

dashed lines).
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Fig. 5. Footprinting the splicing enzyme on DmU2-dU RNA.

(A) 3'-3%P-end-labelled DmU2-dU substrate was incubated in the
absence and presence of enzyme (Endo), as indicated, and
subsequently probed with F&EDTA (F) or DEP (D). Reaction

products were separated on 20% polyacrylamide-7 M urea gels and
autoradiographed. Basic hydrolysis (QHind RNase Yreactions

were run as sequence markers. Regions protected by the enzyme are
indicated by vertical lines on the left. Adenine positions in the 3 nt
bulges and in the terminal tetra-loop are indicated on the right. A
minor part £0.5%) of the substrates contained a ribonucleotide,
instead of deoxyuridine, at one of the cleavage site junctions (see
Figure 3B) and this leads to cleavage (indicated by asterisks) of the
otherwise uncleavable substrate. The fragment generated by the
DEP/aniline reaction at A17 migrates just below tHecleavage

fragment and protection at this site is difficult to see in the
reproduction. B) RNA footprinting data superimposed on the
secondary structure of DmUZ2. Nucleotides protected against chemical
reagents on endoribonuclease binding in bdth(8) and 5-end-

labelled DmU2-dU RNA (not shown) are circled.

A conserved histidine residue is involved in
catalysis
TheM.jannaschiisplicing enzyme contains three histidines

Archaeal splicing endoribonuclease
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Fig. 6. Mutagenic approach to determining residues involved in the
catalytic site. A) T7 RNA polymerase transcript containing intron 1
from S.marinuspre-23S rRNA, with flanking exons, was incubated at
100 nM alone (-) or in the presence of ~2.5 nM splicing enzyme
containing no mutation (w.t.) or single residue alanine substitutions as
indicated (see also Figure 4C). RNA cleavage was visualized by
primer extension and dideoxynucleotide sequencing reactions are
included (A, G, C and U). Position of thé-3and B-cleavage sites are
indicated on the right. As in Figure 1A/ &leavage is barely visible.

(B) The His125. Ala mutant exhibits low catalytic activity. The
S.marinugntron transcript (~100 nM) was incubated alone (=) or in
the presence of ~2.5 nM unmutated (w.t.) or ~50 nM splicing enzyme
mutated at His125 (His125Ala). The cleavage sites are indicated to
the right. Note that, as expected for a slow catalyst with two separate
active sites, the 'ssite is visible for the catalytically impaired

His125- Ala mutant. This reflects slow catalysis compared with the
dissociation rate and results in non-concurrent cleavage at'then8
3'-sites. C) The His125- Ala mutant binds to the substrate with the
same affinity as the unmutated enzyme. Proteinase footprinting
experiments were performed on C-terminalfp-labelled His125. Ala
mutant endoribonuclease, using chymotrypsin, in the presence of
DmU2-dU substrate at concentrations of from 0.05 to 4000 nM, as
described in Figure 4D. As for the unmutated enzyme, the

and 22 acidic residues (Figure 4C), any of which could His125- Ala mutant showed a maximum protection on Y128 of ~45%
act as proton acceptors or donors in a cleavage reactionand aKq value of ~4 nM (indicated by dashed lines).

Aligning the sequence of thkl.jannaschiienzyme with

those of other organisms reveals that one histidine (His125, While all four acidic residue mutants produced activities

M.jannaschiinumbering, Figure 4C) is conserved in all
proteins, while the other two are exclusiveMgannaschii
This histidine and four acidic residues (Aspl7, Glu49,

similar to that of the unmutated enzyme, the histidine
mutant (His125, Ala) showed greatly reduced reactivity.
This result was confirmed for two separate protein puri-

Asp94 and Asplll), which at an early stage appeared tofications. Raising the enzyme concentration 20 times
be conserved but of which only Glu49 is now conserved showed that the His125Ala mutant exhibited some

in the seven sequences available, were changed intoactivity (Figure 6B), but this was too low to permit reliable
alanines. Mutant proteins were purified and tested for studies of initial rate kinetics. Therefore, the His12Bla

activity on the intron substrate & marinugFigure 6A).

mutant was tested for substrate binding in protein foot-
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printing experiments using DmU2-dU RNA. The same A
pattern of altered proteinase reactivities was obtained as

Ia Ib Ic
for the unmutated protein, _WIthPéd of ~4 nM, establlshmg M.jan. & ::%f‘f‘ff'{“jfggégi;gg;;;;_f
that only the catalytic activity was affected by the mutation H.vel.Ct 1e0 5oi? 2010 EfLs b LMo VDR 1Y QR G F P 6 0L R T D sle D EERAI]

i . i i II IIT
(Figure 6C; compare with Figure 4D). wpm mmm____L_C
H.vol.Nt 383 -------- DD} A PVEAARLISR DD IDG VDGMGLEELLARTGT TRDF V i
H.vol.Ct 215 [EIATBHARADAMAIDEAVLSR- -~ --- -~ - - -~ -] [chip TG DEIF- DRRLA
i i v v VI VII
DISCUSSIO“ M. jan. 92 I -------- VErBLEY e REYEIRG-
H.vol.Nt 75 Egsi SDkieF|YLSPAREGWP GVADA ADE # /L VEP L ek - GP WDGEV E H REAR i
The 37 kDa splicing endoribonuclease from H.vol.Ct 251 JAAMBJEAKTV-------- s ErirEs i avidT e FEs v Bin sERE P LR 1
H i i VIIT IX X
H. volcanii arose by duplication of the 20 kDa A 5 155 L ) 38 00 0oL Mmg
I - . vol. & SISHGE - - - - - - - - - - v men] pTEGDD
M'Iannas‘:h"-type enzyme ﬂ ‘;g;g: ;5; xng;‘én -vkmmmxm v:gg WLSVSRLT

Amino acid sequence comparisons showed that the small
enzyme fromM.jannaschii exhibited 30% identity with
the C-terminal half of theH.volcanii enzyme (Kleman-
Leyeret al, 1997; Trottaet al,, 1997). However, a more

v/ VII/

careful examination of the sequences reveals that the  y nnaschi i S ———— O,
M.jannaschiienzyme is also homologous to the N-terminal

half of the H.volcanii enzyme, showing that the latter is lDUP”Ca“W

a duplication of the former, with the N- and C-terminal : rrrmv v VM x 1 rrimav VI VM ox x
halves of the 339 amino acld.volcanii enzyme showing e
26 and 30% identity over 159 and 180 amino acids v v/ loege"e““““ v/ viz/
respectively, to the full-length 179 amino acid T B T B T B T o e B T M B
M.jannaschiienzyme (Figure 7A). This correlates with

the finding that théd.volcaniienzyme is a dimer (Kleman- l

Leyer et al, 1997) while theM.jannaschiienzyme is a H.volcanii . . . = v v
tetramer (this work). Therefore, where the former enzyme o e - ——-e— - - o
can be denoted as,, the latter will have the structure

(a’,),, wherea is similar in size and structure ', (see

Figure 8A). However, the N- and C-terminal halves of c i

the H.volcanii enzyme show only 17% identity to each Eucarya P acrophium 2

other and a closer analysis of the sequence reveals that P tutosus | 5 SOMeneus - Archaea
the relative locations of the conserved regions in the N- and 5 e M jannaschii oty
C-terminal halves, when compared with thigjannaschii momusous N\ p i remoatooRniean

M. barkeri 0l,*)

enzyme, are different (Figure 7A). The conserved regions
constitute 10 segments (segments 1-X, Figure 7A) and,
whereas they occur in th®l.jannaschiienzyme in the Gone duplication
order | to X (where segment | is split into la, Ib and Ic), = 20— B4y
in the duplicated protein oH.volcanii every second

segment is missing from each protein half, so that all even Fig. 7. Evolution of the splicing enzymeA) Amino acid alignment of
numbered segments are present in the N-terminal half andthe enzyme fronM.jannaschii(top line) with the N- and C-terminal

: _ : halves (middle and bottom lines) of tihévolcanii enzyme. Residues
all odd numbered segments occur In the C-terminal half in the M.jannaschiienzyme found in either the N- or C-terminal half

(Figure 7A and B). Some overlaps are found in S€YMENtS of the H.volcanii enzyme are shaded and similar sequence segments
Ib, IV, VIII and X that further strengthen the duplication are boxed. These segments are numbered from | to X (see Discussion).
hypothesis. A ‘mosaic’ protein, generated by combining (B) Possible evolutionary steps leading to generation of the duplicated
the conserved segments from the N- and C-terminal halvesggﬂigfgﬂg’f%ﬁ%ﬁ’;gﬁ; erggg'sbeon’:gg'%ﬁnejj;‘;“nrf's-gﬁi'ic;g)"mm the
N o i oo .
of Fhe H'_Vmcan” er_]Zyme' ShOWS 43% 'dent'ty m_ 165 Protein sequences are indicated as open boxes and the conserved
amino acids to th#l.jannaschiienzyme, ~1.5 times higher  segments (see above) are shown as black boxes. Partly conserved
than for each separate enzyme half and comparable withsegments are shaded)(Evolutionary tree with organisms where one
the identity found between other archaeal enzymes. This or mare subunits Of(;he splicing endoribonuclease TaS(’)k;elentiequenced
T . or will be sequenced in genome sequencing projects (?). In the
has Im.pl.lcatlons both f.or the stru.qure and PTVOIU'[Ion of archaeal domain’, anda, indicate proteins with primary structures
the splicing enzyme. First, the original endoribonuclease |ike the tetrameridvi.jannaschiiand duplicated dimeriéi.volcanii
must have been structured like thkjannaschiienzyme, enzymes respectively (see Discussion). In the eukaryotic doofid
since the eukaryotic homologues have a similar primary represents the yeast heterotetrameric enzyme, of whicp (8en2p)
structure. Thus, during evolution, somewhere after the ZRY S0 B SR Bt Jome T elogues of e yeast
Sp“,t between the ancegtO(SMjannaschlandH.volcanu,_ subunits are available are shown. The possible point of in-frame gene
an m-franje gene dup|lC§IIOn mUSt. have taken place in the duplication is indicated by an arrow within the euryarchaeotal branch
H.volcaniibranch and, since that time, alternate segments and a putative gene duplication event that produced two proteins
degenerated to produce the present splicing enzyme ofgomo!Og%J]S to the afC:‘ae?' enzgfm:'bssl?own in the gl)lkafym'c
o . Lt omain. The primary structure of tié.barkeri enzyme (*) was
H-VO'Ca.”.” (Flgure 7B)' Locatlo.n of the dUp“C.at.'on event deduced from the molecular weight, which is ~40 kDa (Gametil.,
was facilitated by t_he observ_atlon that the splicing enzyme 1994). TheHomo sapiensndMus musculusequences are from
from Methanosarcina barkeias approximately the same expressed sequence tags. e mayssequence is an ORF in the
size as the enzyme froid.volcanii (Garrettet al,, 1994) intron of HMG (X72692). TheP.aerophilumsequence is from the

while the enzyme fromMethanobacterium thermoauto-  Published genome (Fitz-Gibbeet al., 1997).

H. sapiens
H. volcanii 0L,
In-frame gene
duplication
o' —o
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Fig. 8. Structural and catalytic model of the splicing endonucleas® A structural model deduced from the sequence alignments and protein
footprinting data. Each segment (I-X), shown in Figure 7A and B is represented by an arrow. Every second segment lies on the same face of the
M.jannaschiimonomer (upper panel). In the lower panel the heterologously assod@ehaschiimonomers, which constitute the dimer, which is

similar to eachH.volcaniimonomer, are shown (see Discussion). The segment positions are arbitrary and the RNA substrate can be accommodated
between the two subunitsBY Model of the splicing enzyme on the RNA substrate deduced from protein and RNA fooprintind/.Jarenaschii

tetramer @',), which corresponds to thid.volcanii dimer @5), binds to the two bulges and the middle helix (4 bp helix) of the ‘bulge—helix—bulge’

motif (see Figure 5). The RNA substrate is drawn as a bent molecule, based on unpublished gel shift results (J.Z.Dalgaard and R.A.Garrett). The two
faces of each monomer are shown in white and hatched. Notice that according to this model a proteinase site that is protected on substrate binding
within the hatched region in monomer 1 will not be protected in monome€PModel of the catalytic reaction leading to cleavage at each of the
exon—intron junctions. (1) A hydrogen acceptor, which can be either a hydroxyl ion, as depicted, or an acidic or histidine residue of the
endoribonuclease (see Discussion), extracts the proton from'#&&1yroup of the 3terminal exon or intron nucleotide. (2) The resulting

2'-oxoanion performs a nucleophilic attack on thepBosphate group, releasing thedxoanion, which is subsequently (3) protonated by His125 of

the enzyme. It cannot be ruled out from our data that His125 is involved in the first and not the third step of the reaction.

trophicum is similar to that of M.jannaschii (Kleman-
Leyer et al, 1997; Trottaet al, 1997). A phylogenetic
tree showing the possible point of in-frame gene duplic-
ation within the euryarchaeotal domain is given in
Figure 7C.

Structural predictions

The following can be inferred about the overall structure
of the splicing endoribonucleases. Since thevolcanii
enzyme is a dimero(,) and theM.jannaschiienzyme is a
tetramer [(1',),], each dimeric subunit of thigl.jannaschii
tetramer ¢’',) must be similar to eacH.volcaniimonomer
(a). As a consequence of the 2-fold symmetry axis of the
‘bulge—helix—bulge’ substrate each cleavage site is likely
to be cut by oneH.volcanii monomer subunita), which
corresponds to ondl.jannaschiidimeric subunit ¢'»),
and each subunit will show an isologous association

corresponding to a 180° turn around an axis perpendicular

to the ‘bulge—helix—bulge’ motif(:a anda’,:a’,) (Figure

are important in monomer 1 of eadhjannaschiidimeric
subunit ¢',) are unimportant in monomer 2 and vice
versa. It is likely, therefore, that every second segment
lies on one face of each monomer such that one face of
monomer 1 is involved in cleavage at one site, together
with the opposite face of monomer 2 (Figure 8A and
B). This inference is further supported by the protein
footprinting results, where substrate binding produced
only partial protection{<50%) against proteinase cleavage
(Figure 4A, B and D). Assuming that proteinase sites on
each monomer are cleaved equally, a theoretical maximum
of 50% protection can be obtained for this model (Figure
8A and B). A similar result was obtained when the
subunit of theE.coli RNA polymerase was subjected to
protein footprinting; 50% protection was seen on assembly
of the polymerase, due to the presence of two asymmetric-
ally associatedr subunits (Heydulet al,, 1996).

Possible subunit interactions

8A and B). Since every second segment has degenerated leucine zipper-like region identified in the proteins

in the duplicatedH.volcanii monomer, the segments that

(Kleman-Leyeret al, 1997) corresponds to segment Ic

6297



J.Lykke-Andersen and R.A.Garrett

and such motifs are often involved in protein dimerization region contains three fully conserved aromatic residues,
of DNA or RNA binding proteins. In theM.jannaschii all protected on substrate binding, and it is likely that one
splicing enzyme this region is characterized by high or more of these residues stack on bases in the 3 nt bulges
resistance to proteinase cleavage (see the gap betweeat the cleavage site junctions, which may be partly
E39 and F71 in Figure 4B) and, although we cannot rule unstacked in solution (Lykke-Andersen and Garrett, 1994).
out that the region is buried in each monomer, the data Segment Ib, which is also protected on substrate binding,
are consistent with the region being involved in inter- s positioned just N-terminal of the putative leucine zipper

subunit contacts. Another region that might be involved (see above). A third region protected by the RNA substrate
in subunit interactions is segment X, which constitutes a lies C-terminal of a conserved histidine involved in

region rich in hydrophobic residues with some acidic catalysis (see below).

residues in the centre. This region is conserved between

all of the splicing enzymes, including the homologous .

yeast enzyme subunits Sen2p and Sen32p. Moreover,The cleavage reaction pathway

analysis of the two non-homologous yeast enzyme subunitsRibonucleases generating-2-cyclic phosphates or'3
Sen54p and Sen15p shows that both contain sequencefhosphates on cleavage, like the three families of ribo-
with strong similarity to segment X at their C-termini hucleases homologous to RNase A, RNagad RNase
(424-SFIIAIMDNGLISFV and 102-ILLALLNDDGTI-  T2/Rh, use a hydrogen acceptor and a hydrogen donor
VYY respectively; compare with Figure 7A). Sen54p and residue to promote catalysis (Deawhal, 1966; Wodak
Sen15p are known to interact with Sen2p and Sen32peét al, 1977; Gohdeet al, 1994; Kuriharaet al,, 1996).
respectively, and therefore, by analogy, the segment X The hydrogen acceptor residue is a histidine in the RNase
region may contribute to the heterologous subunit—subunit A family and a glutamate and/or histidine in the RNase
contact proposed between the monomers of each dimerT; and T/Rh families, and they extract the proton from

(a’,) in the M.jannaschiienzyme. the Z-hydroxyl group at the cleavage site. This leads to
nucleophilic attack by the 'Zoxoanion on the cleavage

Splicing endoribonuclease-RNA substrate site phosphate and the resultingdxoanion leaving group

interactions is subsequently protonated by the hydrogen donor residue,

A schematic model for association of the tetrameric which is a histidine in all three RNase families. The
M.jannaschiienzyme with the RNA substrate is given in observation that the eukaryotic and archaeal splicing
Figure 8B. It is evident from the RNA footprinting endoribonucleases, like the above-mentioned RNase
experiments that the splicing enzyme only protects the families, generate '2B'-cyclic phosphates on cleavage
RNA backbone at the two 3 nt bulges and the central 4 bp (Peeblet al., 1983; Kjems and Garrett, 1988; Thompson
helix of the the ‘bulge—helix—bulge’ motif and not at the gng Daniels, 1988) and that a substrate lacking-@Id

two adjoining double helical segments (Figure 5). This at the cleavage junctions was bound to but not cleaved
correlates well with the phylogenetic data on archaeal py the enzyme (Figure 3B) points to a similar acid—base
introns, which show that while the the ‘bulge—helix-bulge’ catalysed cleavage mechanism for the splicing reaction
motif is always conserved, it is often flanked by only one (Figure 8C). For theM.jannaschii enzyme a histidine
stable double-helical segment in either the intron or exon acique (His125) is involved in catalysis and mutation at
part of the structure (Kjems and Garrett, 1991; Lykke- the same histidine in the Sen34p subunit of the yeast
Andersenet al, 1997). Therefore, the presence of the on,yme aiso showed impaired cleavage activity (Trotta
flanking heI]x, or hehces, probably only serve‘s to stab|I|.ze et al, 1997). Since histidines can both donate and accept
the th’ree-d'|men5|onal structure of the the “bulge-helix- protons, we cannot definitely decide what the function of
bulg‘e motif. G_el retarglanon experiments indicated that this residue is, although it is most likely to be a proton
the ‘bulge-helix-bulge’ RNA siructure generates a bent donating residue, since the two other histidine residues
molecule (J.Z.Dalgaard and R.A.Garrett, unpublished found in the M.jannaschii enzyme are not conserved.

results) and one can envision that the two 3 nt bulges, . ; .

which are located on one side of the RNA substrate, are Mu.ta.non of four p_ossmle can(_:hdates for proton acceptor

accessible to the tetrameric enzyme, which can contactactiVity, one of which (Glu49) ISa fqlly cor]serv_ed acidic

the bulges and the central helix (Figure 8B). re_S|due of the enzymes, did not serlt_)usly impair cleavage
(Figure 6A). Possible explanations include that, as may

The proteinase cleavage sites protected by the RNA )
substrate fall in segments Ib, V and VII, which would be D€ true for RNase jfand RNase Rh (Gohdzt al, 1994,

protected in monomer 1, and in VI and VIII in monomer Kuriharaet al, 1996), more than one residue can act as
2, according to the structural model described above. Proton acceptor or that the enzyme uses a solvent hydroxyl
Segments V and VI together contain a sequence similarion; Whl_ch eventually gould be positioned and actlva_ted
to the RNP1 motif of the RNP consensus RNA binding by a divalent metal ion, as occurs for self-cleaving
sequence (Kleman-Leyeet al, 1997). Four proteinase hammerhead ribozymes, which also generat&'zyclic
cuts observed in this region were all protected in the Phosphates on cleavage (Scettal, 1996). In support of
protein-RNA complex, demonstrating that this region is the latter explanation, human and plant tRNA introns were
involved in RNA binding (Figure 4A—C). The co-crystal found to be cleaved at, and near, each of the exon-intron
structure of the U1A spliceosomal protein with an RNA junctions in the absence of protein (van Tilal, 1989;
hairpin ligand demonstrated that the RNP1 motif generatesWeber et al, 1996). Resolution of this problem must
a B-strand that can interact with an RNA substrate via probably await the co-crystallization of the enzyme—RNA
stacking of an aromatic residue on a nucleotide base substrate complex, which could be achieved using the
(Oubridge et al, 1994). The RNP1-like segment V/VI uncleavable substrate analogue described here.
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Materials and methods substrate orE.coli tRNA at the same concentration (w/v) in 1
cleavage buffer containing 0.2 mg/ml bovine serum albumin. The mixture
Preparation of GST splicing endoribonuclease fusion was incubated at 65°C for 10 min, followed by 50°C for 5 min and 2
proteins proteinase were added. Proteinase concentrations were similar to those
PCR was performed oRl.jannaschiitotal genomic DNA, using oligo- used earlier (Lykke-Andersest al, 1996). After incubating at 50°C for
deoxynucleotide primers’8B5AGGATCCATGGTGAGAGATAAAAT- 15 min the reactions were stopped by adding 6.1 M Tris base, 1.5%
GGGCA (upstream primer) and-‘SAGAATTCCTGGTTTACATAGG- SDS, 100 mM DTT, 15% glycerol and 0.2% bromophenol blue.

TCATGTT (downstream primer). All PCRs were performed with the The samples were denatured at 95°C for 2 min before running on

Pfu DNA polymerase (Stratagene) at 0.02ulih reactions containing 35X43%x0.04 cm 7% stacking/20% separation polyacrylamide—SDS—

20 mM Tris—HCI, pH 8.75, 2 mM MgS) 10 mM (NH,),SO,, 10 mM tricin gels and being subjected to autoradiography.

KCI, 0.1% Triton X-100, 10ug/ml bovine serum albumin, 0.25 mM

dNTPs and 0.2uM oligodeoxynucleotide primers. Products generated RNA footprinting

with the upstream and downstream primers contaBaiH! and EcaRl A stable splicing enzyme—RNA complex was generated by mixiag 5

restriction sites at the upstream and downstream ends respectively.or 3-32P-end-labelled DmU2-dU (~50 000 d.p.m., 1 pmol) with ~10 pmol

These products were ligated inBanHI/EcoRI-cleaved pGEX-2TK freshly purified splicing enzyme in 50 cleavage buffer and incubating

(Pharmacia) and pGEX-GTH vectors (Jens&nal, 1995a) and the the mixture at 65°C for 10 min. The complex was subsequently probed

resulting recombinant plasmids were transformed Himoli BL21/DE3 at 65°C with 5pl 20 mM Fe(NH,),SO,, 50 mM EDTA, 100 mM

cells (containing the F-factor fronk.coli XI1-blue) and GST fusion ascorbate and gl 10% H,O, for 1 min or with 1pl DEP (>97% pure;

proteins were expressed and purified by a general procedure (Lykke- Sigma) for 2 min. RNA incubated with BSA and RNA-enzyme complex

Andersenet al, 1996). After purification the GST tags of the fusion incubated in the absence of chemical probe were included as control

proteins were removed by cleavage with the endoproteinase thrombin. samples. Reactions were stopped by adding @0ize-cold 100 mM
thiourea, 0.3 M sodium acetate, pH 6.0, 5 mM EDTA, 50uhdpeavily

Preparation of intron transcripts methylatedE.coli tRNA (Christianseret al, 1990) and 75Qul ethanol.

In vitro transcripts of introns with flanking exons from the 23S rRNA ~ The RNA was precipitated, redissolved in 2000.3 M sodium acetate,

of S.marinusand D.mobilis were prepared from the linearized T7 ~ PH 6.0, 5 mM EDTA, extracted with phenol (sodium acetate-saturated)

promotor-containing plasmids described earlier (Lykke-Andersen and @nd CHCS, precipitated with 50Qul ethanol, washed in 80% ethanol

Garrett, 1994). The 36 nt DmU1 and the 54 nt DmU2 substrates were and dried. For the DEP reactions strand cleavage was induced by

prepared by the method described by Milligan and Uhlenbeck (1989). dissolving the pellet in 2Qu 30% acetic acid, 10% distilled aniline and

Oligodeoxynucleotides 'EGGCGCTATCGGGGGGCTCTCGCCCTAT- mcubatlng_ for 20 min at 60°C in the dark, before addition of 180

CCCGGCGCCTATAGTGAGTCGTATTA and'sCTGGCGGCGCTAT-  0-3 M sodium acetate, pH 6.0, 5 mM EDTA and 60ethanol. RNA

CGGGGGGCCGGGTCTCCCCGGCCCTATCCCGGCGCCGCCCCTA- Was precipitated, redissolved and phenol extracted as described above.

TAGTGAGTCGTATTA, for DmU1 and DmU2 respectively, were mixed ~RNA samples were dissolved in 1@ deionized formamide, 5 mM

in water with the oligodeoxynucleotide - FAATACGACTCACTATAG EDTA, pH 8.0, and Sl of each reaction were applied to 20%

at 1 pM, heated at 95°C for 5 min and placed on ice. Transcription Polyacrylamide—7 M urea gels.

reactions were performed with OuiM annealed oligonucleotides, 1 mM 3 .

NTPs and 1Qug/ml T7 RNA polymerase in 40 mM Tris—HCI, pH 8.0, Pre_p_arat:on of splicing enzyme mutants .

2 mM MnCl, 5 mM DTT, 1 mM spermidine for 2 h at 37°C. Mh Splicing enzyme mutants were prepar_ed by PCR using Pfu DNA

was included instead of Mg in the transcription reactions, which pqumerase (Stratagene).Foreach mu;atlonthe upstream and downstream

resulted in higher RNA yields. DmU1 and DmU?2 transcripts containing Oligonucleotide primers used for cloning of the splicing enzyme gene

deoxyuridines at the splice junctions were generated as described by(S€€ above) were used in separate PCRs, each together with an internal

Conrad et al. (1995), by replacing rUTP with dUTP at the same Mutagenic primer encompassing the mutation site on the nonsense and

concentration. The 36 rH.volcanii tRNAT™ substrate derivative was a  the sense strand respectively. The PCR products were pur_|f|ed from an

gift from John Diener and Professor Peter Moore (Yale University). agdarose gel, ~0.01 pmol each DNA fragment was mixed in a {00

All RNAs were purified from denaturing polyacrylamide gels and PCR containing no primers and the mixture was s_ubjected to 15 cycles

concentrations were estimated frolpg, measurements. of 94°C 30 s, 42°C _45 s, 72°C 1.5 min, k_)efore a_lddlng 20 pmol upstream

and downstream primer and continuing incubation for 30 cycles of 94°C

30 s, 50°C 45 s, 72°C 1.5 min. The PCR product was cleaved with

restriction endoribonucleas&anHI| and EcaRl, gel purified and ligated

into BamHI/EcoRI-cleaved pGEX-GTH vector (Jensen al, 1995a).

Mutant proteins were expressed and purified as described above for the

unmutated protein.

Intron cleavage assays
Assays with the splicing endoribonuclease were performed with either
5'- or 3-3%p-end-labelled2P-internally labelled or unlabelled RNA
transcripts as specified in the figure legends. RNA substrates were
incubated with the purified splicing enzyme in cleavage buffer (20 mM
HEPES-KOH, pH 8.0, 100 mM KCI, 10 mM Mg&l5 mM DTT, 1 mM
spermidine) at different temperatures and incubation times. Reactions Acknowledgements
were stopped by adding 4 vol. ice-cold 0.3 M sodium acetate, 5 mM
EDTA and extracted with phenol:CH{(1:1, sodium acetate-saturated).  We thank Dr Charles Daniels for sharing lsvolcanii splicing enzyme
RNA was ethanol precipitated, washed and dried. In reactions with sequence before publication and for an earlier 4 year collaboration
labelled RNA the pellet was dissolved in 30 formamide, 5 mM (unpublished) on purifying the splicing enzyme frokh.barkeri and
EDTA, denatured at 95°C for 30 s and run on denaturing polyacrylamide John Diener and Peter Moore for sharing their RNA substrate. Hoa Phan
gels before subjecting to autoradiography. Reactions with unlabelled Thi-Ngoc is thanked for excellent technical assistance. This research
RNAs were analysed by primer extension assays as described earlierwas supported by the Novo-Nordisk Fund and the Biotechnology
(Lykke-Andersen and Garrett, 1994). program of the Danish Research Councils. J.L. was supported by
Copenhagen University.

Protein cross-linking
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