Characterization of a heat-stable enzyme possessing
GTP-dependent RNA ligase activity from a
hyperthermophilic archaeon, Pyrococcus furiosus
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ABSTRACT

Using an expression protein library of a hyperthermophilic archaeon, Pyrococcus furiosus, we identified a gene (PF0027) that
encodes a protein with heat-stable cyclic nucleotide phosphodiesterase (CPDase) activity. The PF0027 gene encoded a 21-kDa
protein and an amino acid sequence that showed ~27% identity to that of the 2’-5’ tRNA ligase protein, ligT (20 kDa), from
Escherichia coli. We found that the purified PF0027 protein possessed GTP-dependent RNA ligase activity and that synthetic
tRNA halves bearing 2’,3’-cyclic phosphate and 5’-OH termini were substrates for the ligation reaction in vitro. GTP hydrolysis
was not required for the reaction, and GTPyS enhanced the tRNA ligation activity of PF0027 protein, suggesting that the ligation
step is regulated by a novel mechanism. In comparison to the strong CPDase activity of the PF0027 protein, the RNA ligase
activity itself was quite weak, and the ligation product was unstable during in vitro reaction. Finally, we used NMR to determine
the solution structure of the PF0027 protein and discuss the implications of our results in understanding the role of the PF0027

protein.
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INTRODUCTION

It has been proposed that the last universal common
ancestor (LUCA) was a thermophile or a hyperthermophile
(Achenbach-Richter et al. 1987; Brown et al. 2001; Di
Giulio 2003). The hyperthermophilic archaeon Pyrococcus
species thrives at temperatures above 95°C and is thought
to be an evolutionarily ancient organism. Thus, analyzing
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genome-wide gene functions in Pyrococcus could lead to
new insights into the fundamental knowledge of life. For
example, the results of DNA microarray analysis of Pyro-
coccus furiosus (Schut et al. 2001; Schut et al. 2003) and of a
genome-wide protein—protein interaction study in Pyrococ-
cus horikoshii OT3 (Usui et al. 2005) have contributed to
our general understanding of archaeal biology, in addition
to pointing to features unique to these species. We have
been studying RNA metabolism in P. furiosus (Kanai et al.
2003, 2006; Sato et al. 2003; Fujishima et al. 2007). It has
been hypothesized that RNA played a central role in the
very beginning of life (Forterre 2005; Gesteland et al. 2006);
thus, analyzing gene regulation at the RNA level of the
organism may contribute to a better understanding of the
basis of gene function. Our strategy has been to discover
novel RNA-binding proteins and RNA-related enzymes of
P. furiosus. In a previous study (Kanai et al. 2003, 2006),
we screened a recombinant protein library for P. furiosus
proteins that can bind RNA. Using gel-shift assays to detect
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RNA binding, we found a gene product, which we named
FAU-1 (P. furiosus AU-binding protein), that demonstrated
the strongest binding activity of all the genomic library-
derived proteins tested in our study against an AU-rich
RNA sequence, r(A-U);, (Kanai et al. 2003). We also
demonstrated that a flavin-dependent thymidylate syn-
thase, Pf-Thyl, possessed RNA-binding activity at the
stem—loop structure located near the translational start
codon AUG of its own mRNA (Kanai et al. 2006).

In the present study, we found that the PF0027 gene in
P. furiosus encodes a highly heat-stable cyclic nucleotide
phosphodiesterase (CPDase). The amino acid sequence of
the PF0027 protein showed ~27% identity to that of the
Escherichia coli 2'-5" RNA ligase, ligT protein, which is
known to be capable of joining yeast Saccharomyces cerevisiae
half-tRNAs (Arn and Abelson 1996). Thus far, all known
archaea express two or more intron-containing pre-tRNA
species whose introns are excised by the well-characterized
tRNA splicing endonuclease (Tocchini-Valentini et al.
2005a,b). In the P. furiosus genome, two pre-tRNA genes
(Met, Trp) have introns in their anticodon loops (Marck
and Grosjean 2003). However, the enzyme involved in the
ligation of tRNA halves is as yet unknown in the archaea
kingdom. Therefore, we used an in vitro reconstitution
system to analyze Pyrococcus tRNA ligation. Using this
system, we found that the PF0027 protein possesses GTP-
dependent tRNA ligation activity and that synthetic tRNA
halves with 2',3"-cyclic phosphate and 5'-OH end struc-
tures were a suitable substrate. These are well-known
terminal structures of tRNA exons after the removal of
tRNA introns by tRNA splicing endonuclease. We also
found that GTP hydrolysis is not required for the ligation
reaction, suggesting that the ligation step is regulated by a
novel mechanism, although the ligation activity itself
is quite low. Moreover, in order to help determine the
structure—function relationship between the protein and its
substrate, we analyzed the solution structure and interac-
tion of PF0027 protein by NMR. Recently, the structures of
PF0027-related proteins from Thermus thermophilus and
Pyrococcus horikoshii have been determined by X-ray
crystallography (Kato et al. 2003; Rehse and Tahirov
2005). A possible mechanism of PF0027 protein activity
is discussed based on comparison of the protein to other
RNA ligase and CPDase proteins.

RESULTS

Identification of P. furiosus gene with cyclic
nucleotide phosphodiesterase activity

Previously, we have systematically identified novel RNA-
binding proteins in a protein library overexpressing the P.
furiosus genome (Kanai et al. 2003, 2006). In the present
research, we found a protein, PF0027, in the same library
with heat-stable cyclic nucleotide phosphodiesterase

(CPDase) activity (Fig. 1A,B; also see Supplemental Fig. 1;
Supplemental Table 1). The PF0027 protein consists of a
184-amino-acid protein that has a calculated molecular
mass of 21.0 kDa. After searching the NCBI protein
database using the PSI-BLAST program (http://www.ncbi.
nlm.nih.gov/BLAST/), we found that the PF0027 protein
has a high degree of amino acid similarity to 2'-5" RNA
ligases from many kinds of archaea (Supplemental Fig. 2).
For example, the PF0027 protein shows 89% identity and
96% similarity to the 184-amino acid-long 2’-5" RNA
ligase-like protein from P. horikoshii (NCBI protein data-
base accession number NP_142114) and 76% identity and
88% similarity to the 184-amino acid-long 2'-5" RNA
ligase-like protein from Thermococcus kodakarensis KOD1
(NCBI protein database accession number YP_184151).
Because the data for all these predicted related proteins
came from the archaeal genome or structural projects, we
next compared the amino acid sequence of the PF0027
protein with that of an experimentally characterized pro-
tein from E. coli, 2'-5" RNA ligase protein, or ligT (formerly
known as yadP) (Arn and Abelson 1996). A lower level of
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FIGURE 1. Time-course analyses of cyclic nucleotide phosphodies-
terase (CPDase) activities of PF0027 and ligT proteins. (A) Repre-
sentative time-course analysis of CPDase activity on 8 M urea—20%
PAGE gel. The reaction was carried out with 125 ng/mL purified
PF0027 protein at 60°C using the FAM-R8 probe digested by RNase
T1. Quantitative plots of the time-course analysis for (B) PF0027
protein and (C) ligT protein are shown. Data shown are mean = SEM
of three experiments.
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sequence identity (27%) and similarity (66%) was observed
in the N-terminal 131-amino acid-long region between
proteins PF0027 and ligT' as compared with the predicted
proteins from archaea. However, it is notable that the
amino acid sequences and positions for two HXTX motifs
(X: hydrophobic) were conserved between the two
enzymes. This motif has been reported to be strictly
conserved among members of the 2H phosphoesterase
superfamily (Kato et al. 2003; Sakamoto et al. 2005).
Biophysical analysis of the three phosphodiesterases (from
Arabidopsis thaliana, yeast, and E. coli) has shown that
CPDase activity depends on the presence of HXTX motifs
(Hofmann et al. 2002).

To obtain large amounts of PF0027 and ligT proteins for
biochemical and biophysical study, we overexpressed recom-
binant C-terminal His-tagged PF0027 and ligT proteins in
E. coli and purified the protein to near-homogeneity. The
purified His-tagged recombinant PF0027 and ligT proteins
had molecular masses of ~22 and 20 kDa, respectively, as
determined by SDS-polyacrylamide gel electrophoresis
(Supplemental Fig. 3). We used a ribonuclease T1-digested
tetraribonucleotide (see Supplemental Fig. 1b,c) in order to
further characterize the CPDase activity of the PF0027
protein. We conducted a CE-TOFMS study of the substrate
oligoribonucleotides before and after incubation with the
PF0027 protein. In the elution profile, we detected two
close peaks that appeared to correspond to the two bands
(positions II and III) on the 20% polyacrylamide gel
containing 8 M urea shown in Supplemental Figure Ic.
The molecular masses of the substrates corresponding to
these peaks were 1285.1666 and 1303.1771, respectively,
and the relative amounts of these peaks had traded places
(Supplemental Table 1). These results show that the
difference between the molecular masses of the two sub-
strates was ~18 and suggest that the former substrate was
r(CAUG>p), where >p refers to the 2',3'-cyclic phosphate
group, and that the latter substrate was the hydrolyzed
form, r(CAUG-2'-p).

To determine whether a 2’ or 3’ phosphate group at the
3’ terminus of an RNA oligomer was produced by the
PF0027 protein, we next investigated the structure of the
reaction products by NMR. Most of the non-exchangeable
"H and ’'P resonances were assigned successfully. For the
reference sample (Supplemental Fig. 4a), the resonances at
5.6 and 5.4 ppm were derived from H2' and H3' of G4 of
r(CAUG>p), respectively. The HP-COSY experiment
showed the connectivity between a low-field-shifted phos-
phorus resonance (17.5 ppm) and both the H2' and H3’
resonances, confirming the formation of a 2',3’-cyclic
phosphate group at G4. In the case of the PF0027-treated
sample (Supplemental Fig. 4b), although the H3' resonance
overlapped with the water signal (4.8 ppm), the HP-COSY
experiment showed that the H2', H3’, and P resonances
were up-field shifted and a 2'-phosphate group had
formed. Thus, the PF0027 protein was found to cleave
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the 2',3"-cyclic phosphate group to produce a 2’-phosphate
group at the 3’ terminus of an RNA oligomer.

We also found that purified ligT protein possessed the
same activity (Fig. 1C). However, the specific activity at the
optimal temperature of the PF0027 protein (60°C) was 100
times that of the ligT protein (22°C) (Table 1). As the
CPDase activity of the PF0027 protein was strong over a
wide range of temperatures (37°-70°C) (data not shown),
the 100-fold difference between the specific activities of the
two enzymes is not likely to be due to using a suboptimal
temperature for PF0027 (Supplemental Fig. 5). Moreover,
the PF0027 protein was still active at 95°C, whereas activity
of the ligT protein was lost at high temperatures, indicating
that the PF0027 protein possesses highly heat-stable
CPDase activity.

PF0027 protein possesses GTP-dependent
tRNA ligase activity

Since the PF0027 protein has a degree of amino acid
similarity to an experimentally characterized 2'-5" RNA
ligase protein, E. coli ligT, we next tested the PF0027
protein for RNA ligase activity (Fig. 2). Previous studies
have shown that the ligT protein requires tRNA substrates
for its ligation activity (Arn and Abelson 1996), and yeast
tRNA ligase preferentially binds pre-tRNA substrates
(Apostol and Greer 1991). Thus, we chose synthetic tRNA
half oligoribonucleotides that corresponded to the 5" and
3’ halves of P. furiosus tRNA"P. We also checked the effect
of terminal structures of the tRNA substrate (3’ end of 5’
half-tRNA, 2’ or 3’ phosphate or 2’,3"-cyclic phosphate;
and 5’ end of the 3’ half-tRNA, 5-OH or 5'-phosphate) on
tRNA ligase activity.

As shown in Figure 2, A and B, tRNA substrates
containing tRNA halves with 2',3"-cyclic phosphate or 2’
phosphate at the 3’ end and -OH at the 5 end were
appropriate substrates for ligation by PF0027. The ligation
reaction was completely dependent on the addition of GTP
to the reaction mixture. Although we could not determine

TABLE 1. Comparison of cyclic nucleotide phosphodiesterase
(CPDase) activities of PF0027 and ligT proteins

Specific activity Relative activity®

Protein (unit/umol protein)® (percent)
PFO027 17.8 100
ligT 0.18 1.0

Data shown are the means of three experiments, and SEM was
<10% in each individual experiment.

“One unit of enzymatic activity was defined as the amount of enzyme
required to hydrolyze T wmol of substrate per minute. Specific activity
was defined as the enzymatic activity per wmole of protein.

PThe activity derived from PFO027 protein was set at 100%.



Archaeal RNA ligase

A
Pl W g W ol W il] |l
PFo027 o1 4 01 4 01 4 01 4 01 4 pgml
tRNA e <

c () ATP CTP GTP_ UTP dJATP dGTP

PFOO27 1 4 1 4 1 4 1 4 1 4 1 4 1 4 pgml

(RNA v - =<

(RNA halves M Bl RNAhne

it Do Bt Do Lot

¢) GIP _() GTP

PF0O027 1 4 1 4 1 4 1 4 pgml

tRNA — i o~

(RNA halves (RDINEHEEE

'D’mrj' -?;H on;}'

tRNA halves

GMP-
GTP GDP  GMP GIPTS pyp dGTP

D s W s O o O

0 0210 0210 0210 0210 02 1.0 02 1.0 mM

tRNA -

FIGURE 2. GTP-dependent tRNA ligase activity of PF0027 protein. (A) tRNA ligase activity using synthetic tRNA halves with different terminal
structures. (Bottorn) A combination of the 5'- and 3'-end structures. The reaction was carried out with 1 or 4 pg/mL purified PF0027 protein for
15 min at 37°C in the presence of 1 mM GTP. (B) GTP (1 mM)-dependent tRNA ligase activity. (C) Effect of various ribonucleotides and
deoxyribonucleotides (1 mM each) on tRNA ligase activity. (D) Effect of GTP-analogs on tRNA ligase (4 pug/mL) activity. Synthetic tRNA halves
bearing 2',3'-cyclic phosphate and 5'-OH termini were used for Experiments C and D. (Arrowheads) Indicate the positions of ligated product (tRNA).

the chemical linkage at the ligation junction directly
(discussed below), the results suggested that the PF0027
protein possesses 2'-5" tRNA ligase activity. This is sup-
ported by the observation that the PF0027 protein is similar
to the known 2'-5" RNA ligase protein from E. coli, ligT,
and by the data presented here showing that the PF0027
protein can cleave the 2',3'-cyclic phosphate group to
produce a 2'-phosphate group at the 3’-terminus of an
RNA oligomer. Since ligT did not require any ribonucle-
otide for the RNA ligation reaction, we further checked the
effect of several ribonucleotides and deoxyribonucleotides
on the tRNA ligation activity of the PF0027 protein in vitro
and found that GTP is specific and indispensable for the
tRNA ligation reaction (Fig. 2C): ATP, CTP, UTP, dATP,
and dGTP cannot substitute for GTP. Interestingly, GTP~S,
a GTP analog, enhanced the RNA ligation activity, while
GMPPNP, another GTP analog, did not. Neither GDP nor
GMP enhanced the ligation activity (Fig. 2D). Since it is
reported that y-S NTPs are capable of serving as a substrate
for nucleotide hydrolysis (Shuman et al. 1980; Peck and
Herschlag 2003), we further conducted a trace experiment
using fluorescence-labeled GTP (Mant-GTP) and con-
firmed that GTP hydrolysis did not occur during the
ligation step (although we detected almost the same
ligation activity as GTP). The observation was also con-

firmed in our NMR experiment (data not shown). Thus,
these results suggested that the GTP structure is important
but GTP hydrolysis is not required for the RNA ligation
reaction by the PF0027 protein. Using our in vitro system,
we confirmed that purified ligT' protein possessed tRNA
ligase activity (Arn and Abelson 1996); however, the
presence of an auxiliary ribonucleotide was not required
for tRNA ligase activity. Next, we checked if GMPPNP or
GDP has any inhibitory effect on the ligation activity of
PF0027 protein in the presence of GTP or GTPvS (Fig. 3).
For this purpose, we first titrated the amount of GTP or
GTPyS and calculated their apparent K, values for the
ligation reactions as ~0.5 mM each, respectively. Compe-
tition experiments with GMPPNP or GDP showed that
>60% of the ligation product was still detected even when
the same amounts of competitors were used. These results
suggested that the ligation step is not regulated by the
GTP-GDP switching mechanism.

Because the amount of ligation product produced by the
PF0027 protein was quite low, we characterized the
equilibrium of the RNA ligation reaction (Fig. 4). Time-
course analysis of the ligation reaction indicated that the
PF0027 protein possessed both forward and reverse (and/or
nuclease) activities. In fact, we detected degradation prod-
ucts of the substrate oligoribonucleotide after incubation
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FIGURE 3. Effect of GMPPNP and GDP on tRNA ligation activity of
PF0027 protein. The effect of GMPPNP on (A) GTP-dependent and
(B) GTPyS-dependent tRNA ligation activities and the effect of (C)
GDP on GTP-dependent tRNA ligation activity were examined. The
reaction was carried out with 4 pg/mL purified PF0027 protein for 15
min at 37°C with the indicated concentration of GMPPNP, GTP, or
GDP. Synthetic tRNA halves bearing 2',3"-cyclic phosphate and 5'-
OH termini were used for all the experiments. (Arrowheads) Indicate
the positions of ligated product (tRNA). (Bottorm) For competition
experiments, the relative amounts (%) of ligation products are
indicated. Similar results were obtained from at least two independent
experiments.

with PF0027 protein (data not shown). This observation
was consistent with a previous report of the characteristics
of the ligT protein in E. coli (Arn and Abelson 1996).
Therefore, the PF0027 protein may perform both ligation
and cleavage in vitro, just like the ligT protein did.
Interestingly, the peak of the ligation product in time
course analysis was dependent on the substrate structures.
For the wild-type tRNA substrate, the peak was 180 min
after the start of incubation (Fig. 4A), while for the 5’
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deletion mutant of the tRNA substrate, the peak was
between 30 and 60 min after the start of incubation (Fig.
4B). Since the PF0027 protein could ligate the 5’ deletion
mutant substrate, we further restricted the ligation sub-
strate to determine the specificity. The results shown in
Figure 5A indicated that a small stem-loop structure
substrate mimicking the anticodon loop of the tRNA was
sufficient for a detectable amount of the ligation product. It
is of note that the ribonucleotide sequences in this substrate
followed the consensus sequences found in the tRNAs
(Marck and Grosjean 2002). For example, in Figure 5A,
the fifth ribonucleotide from the 3’ end of the 5’ half-
substrate should be a pyrimidine base (C or U), and the last
ribonucleotide of the 5 half-substrate should not be a C
base. When mutations were introduced into the ribonu-
cleotides in the substrates, the ligation efficiency was
decreased (Fig. 5B,C). Especially, the two ribonucleotide
replacements shown in Figure 5C markedly reduced the
RNA ligation activity. These results suggest that the
consensus sequences in the tRNA anticodon loop region
are important for the efficiency of ligation by the PF0027
protein. Based on all these results, it is suggested that the
PF0027 protein may be involved in tRNA-related role(s),
but the protein alone is not an exact candidate for the
tRNA ligase in archaea (discussed below).
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reaction of PF0027 protein. (A,B) Two different substrates bearing
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protein at 37°C in the presence of 1 mM GTP.
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Three different substrates bearing 2',3’-cyclic phosphate and 5'-OH
termini were used for the ligation reaction. The reaction was carried
out with 0-50 ng of purified PF0027 protein for 15 min at 37°C in
the presence of 1 mM GTPyS. (Circles) Mutated ribonucleotides.
The substrates used were (A) tRNA5S-P and tRNA3S-FAM, (B)
tRNA5SSM1-P and tRNA3S-FAM, and (C) tRNA5SM2-P and
tRNA3S-FAM.

Solution structure and interaction of PF0027 protein

In order to examine the structure—function relationship,
the solution structure and interaction with oligonucleotide
as well as with GTP were analyzed by NMR methods. Using
standard triple-resonance assignment methodology, back-
bone assignments could be made for almost all residues
(except for 15N of 1le100; >N and *C,, of Ser10; and *CO
of Arg2, Gly79, and 11e100), as described previously (Okada
et al. 2006). A total of 3615 NOE, 220 dihedral angles, and
10 hydrogen bond restraints were obtained from the NMR
data, and 20 structures converged to low total energy (Fig.
6A). These 20 structures were well defined, with a heavy
atom and backbone root-mean-square deviation (RMSD)
of 132 * 0.17 A and 0.68 * 0.16 A, respectively
(Supplemental Table 2). The converged structures did not
contain experimental distance violation of >0.3 A or
dihedral violation of >5°. The convergence was further
assessed by the (o, o) spacing for all selected structures. In
a Ramachandran plot, the backbone dihedral angles for all
the residues of the final converged structures fell either in
the most favored region or in the additional allowed region.

The solution structure of the PF0027 protein included
four a-helices and nine 3-strands, and was characterized by
two lobes with similar architecture (Fig. 6B,C). Following
the previously established nomenclature, the lobe contain-
ing the N- and C-terminal regions was referred to as the
terminal lobe (blue in Fig. 6), whereas the other lobe was
referred to as the transit lobe (red in Fig. 6). The terminal

lobe consisted of an antiparallel B-sheet (B 1, 3, 8, and 9)
and two a-helices (o« 2 and 3), and the transit lobe also
consisted of an antiparallel B-sheet ( 2, 4, 5, 6, and 7) and
two a-helices (o 1 and 4). The antiparallel B-sheets came
together to form a B-barrel. A putative active site that
included the two HXTX motifs existed in a cavity at the
center of the B-barrel. Moreover, there were four helices on
the outside of each lobe. The relationship between the
secondary structure elements and the sequence is shown in
Supplemental Figure 2.

In order to analyze the interaction between the PF0027
protein and its substrate RNA, uniformly °C- and "°N-
labeled PF0027 was titrated against the r(CAUG-2'-p)
oligoribonucleotide. Upon addition of the oligoribonucleo-
tide, some of the amide '"H and '°N resonances showed a
chemical shift change (Fig. 7A, left panel), and, thus, the
amino acid residues of PF0027 involved in binding of the
oligoribonucleotide could be assigned. Residues of the
PF0027 protein could be classified into four categories: 1,

A

FIGURE 6. Tertiary structure of PF0027 protein. (A) Stereo view of
superposition of final 20 structures obtained by NMR structure
determination. (B) Ribbon diagram. (Blue) The terminal lobe; (red)
the transit lobe. (C) Schematic diagram of secondary structure
topology. (Arrows) Secondary structure elements ((-strands) and
cylinders (a-helices).
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FIGURE 7. Analglsis of interaction between PF0027 protein and substrates. (A) HSQC spectra of PF0027 protein. For r(CAUG-2'-p), uniformly
C-labeled and '°N-labeled PF0027 protein was used at a concentration of 0.1 mM. For GTP or GMPPNP, uniformly ’N-labeled PF0027 protein
was used at a concentration of 0.3 mM. The molar ratios of PF0027 protein and substrates were 0, 0.5, and 1 for r(CAUG-2'-p) and 0, 1, and 3 for
GTP and GMPPNP as indicated by black, blue, and red, respectively. (B) Chemical shift changes of NH signals mapped on PF0027 protein
structures. For r(CAUG-2'-p) or GTP/GMPPNP, the residues whose signals disappeared are shown in dark red or blue, respectively. Large (>0.05
ppm) and moderate (0.02-0.05 ppm) average amide chemical shifts (Adav) are indicated by the brightness of the red or blue color of each residue.
(White) Residues showing small }2<O.02 ppm) or no changes. Changes in the average amide chemical shifts were calculated using
Abav = {0.5[(0.2A8N)2 + ASHZ}} , where A3N and A8H are the amide nitrogen and amide proton chemical shift differences between the

free and bound states of the protein.

disappearance of resonances; 2, large (>0.05); 3, moderate
(0.02-0.05 ppm) changes in average amide chemical shifts;
and 4, small or no change (<0.02 ppm) in chemical shift.
Unassigned residues, mainly due to signal overlap, were
included in the no change category. The locations of
perturbed residues in the structure of PF0027 are shown
in red in Figure 7B (left panel). Furthermore, uniformly
""N-labeled PF0027 protein was titrated against GTP or
GMPPNP, and the results are also shown in Figure 7
(middle and right panels, respectively). Most of the
perturbed residues were located at the periphery of the
two HXTX motifs. In the case of GTP as well as GMPPNP,
perturbed residues were located only in the vicinity of the
HXTX motifs. The magnitude of perturbation for
GMPPNP was significantly smaller than that for GTP.

DISCUSSION

In this study, we present the biochemical and structural
characterization of the PF0027 protein. As the PF0027
protein could ligate synthetic tRNA halves with a cyclic
phosphate at the 3’ end and —OH at the 5’ end, tRNA
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ligation appears to be markedly dependent on the substrate
terminal structures. However, the RNA ligation activity
itself was low as compared to the activity of the ligT protein
(data not shown). Since we used synthetic tRNA substrates,
there were no base modifications. E. coli 2'-5" RNA ligase
required tRNA half-molecules containing nucleotide base
modifications (Arn and Abelson 1996), suggesting that base
modifications in pre-tRNA molecules are also important
for the ligation step in archaea. In addition to this, we
detected a reversible reaction (and/or nuclease activity)
mediated by the PF0027 protein. The combination of these
factors may produce low amounts of ligation product.
Because of this, we could not determine the chemical
linkage at the junction. A huge amount of background
derived from unligated substrates obscured the junction
determination in several experiments (data not shown).
In eukaryotes, the yeast tRNA splicing endonuclease
cleaves pre-tRNA, resulting in an intron and two tRNA
half-molecules bearing 2'-3" cyclic phosphate and 5'-OH
termini (Trotta et al. 1997). The tRNA ligase is reported to
be a multifunctional enzyme with cyclic phosphodiesterase
activity (CPDase activity), NTP-dependent polynucleotide
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kinase activity, and ATP-dependent RNA-ligase activity
(Sawaya et al. 2003; Wang and Shuman 2005). Comparable
characteristics were reported for a plant tRNA ligase
(Englert and Beier 2005). Similarly, the CPDase activity
of the PF0027 protein may open the 2'-3" cyclic phosphate
of tRNA after digestion by archaeal tRNA endonuclease.
Looking at the amino acid sequence of archaeal and
bacterial F0027 protein family proteins, however, the
presence of an NTP-dependent polynucleotide kinase
domain similar to that found in eukaryotes is not obvious.
Moreover, eukaryotic tRNA ligase produced a standard
3',5'-phosphodiester linkage in mature tRNA. However,
our present study suggested that P. furiosus possesses more
bacterial type 2'-5" tRNA ligase. The GTP dependency of
the ligation reaction is another novel feature of the PF0027
protein. Eukaryotic tRNA ligase also requires either ATP or
GTP for the ligation reaction. In this case, the eukaryotic
tRNA ligase transfers the y-phosphate of an NTP cofactor
to the donor 5" end of the tRNA exon (Wang and Shuman
2005), whereas E. coli 2'-5" tRNA ligase is not required by
the NTP cofactor. Our present study indicated that the
archaeal PF0027 protein shows intermediate features be-
tween bacteria and eukaryotes, in that the enzyme requires
the cofactor GTP, but not the transfer of y-phosphate.
We considered that the 2'-5" linkage in the splicing
junction site is not appropriate for providing functional
tRNAs in the cell. In fact, the ligation junction was quite
unstable during in vitro reaction mediated by the PF0027
protein. Since we have characterized the tRNA ligation
reaction using purified PF0027 protein, it is also possible
that another factor(s) may be required for the stable
formation of the ligation junction, and possibly forms the
3’-5" linkage. Recently, Weitzer and Martinez (2007a,b)
reported that the human RNA kinase hClpl phosphory-
lated not only the 5" end of short interfering RNAs
(siRNAs) but also the 5" end of the 3" exon during human
tRNA splicing. They showed that silencing by the siRNA
against this enzyme impaired mature tRNA formation. We
have screened the proteome in P. furiosus and found that
the PFO112 gene encodes a putative RNA kinase that has a
degree of similarity to hClpl (data not shown). Further-
more, in the P. furiosus genome, one of the genes that
neighbors PF0027, PF0026, encodes a putative tRNA
nucleotidyltransferase or CCA-adding enzyme (NCBI pro-
tein database accession number NP_577755). An E. coli
tRNA nucleotidyltransferase has been reported to possess
three different activities: 2',3'-cyclic phosphodiesterase
activity, 2'-nucleotidase activity, and phosphatase activity
(Yakunin et al. 2004). Based on the report and our present
observations, the genomic DNA regions of PF0026 and
PF0027 may correspond to a tRNA-processing pathway,
including tRNA splicing and repair of tRNA breakage, in
this organism. Because a genetic engineering system for P.
furiosus is not yet available, it is also true that analysis of
PF0027 protein function in vivo remains very difficult now.

Alignment of PF0027 protein family member sequences
revealed that the proteins are approximately 200 amino
acid residues long and are well conserved between bacteria
and archaea (Supplemental Fig. 2). Comparison of the 3D
structures of PF0027-related proteins from T. thermophilus
(PDB entry 1IUH) (Kato et al. 2003), P. horikoshii (PDB
entries 1VDX and 1VGJ) (Rehse and Tahirov 2005), and
P. furiosus (this study) showed that the global folds in these
proteins are similar to one another, although a-helix 4,
which makes up the C-terminus lobe in PF0027 and the
PF0027-related protein from P. horikoshii, is absent in the
PF0027-related protein from T. thermophilus (Fig. 8).
Furthermore, the local conformations of the HXTX motifs
are similar to one another, and the electrostatic surface
potentials are also similar (Fig. 8), indicating that the
catalytic properties of these PF0027-related proteins are
also similar. On the other hand, there are local structural
differences in the C-terminal B 7" and B 8 regions. In fact,
the backbone RMSD between PF0027 and the PF0027-
related protein from P. horikoshii (PDB entry 1VDX) is 2.23

FIGURE 8. Comparison of tertiary structure, (left) HXTX motif, and
(right) electrostatic surface potential of PF0027 and two structurally
related proteins. (A) PF0027 (PDB entry 2FYH), (B) PF0027-related
protein from Pyrococcus horikoshii (PDB entry 1VDX), and (C)
PF0027-related protein from Thermus thermophilus (PDB entry
1TUH). (Red) The a-helices and (light green) 3-strands. The histidine
and threonine residues in the HXTX motif are shown in stick model
format. Images were produced by ICM Pro (Molsoft Inc.). Another
structure for the PF0027-related protein from P. horikoshii (PDB entry
1VGJ) is essentially the same as the 1VDX structure shown.
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A for residues 1 to 184 (the backbone RMSD for residues
1-160 is 1.55 A). The structure of the B 7' and B 8 regions
did not converge well (data not shown). Furthermore, the
B-factor of this region is large in the crystal structure. These
observations suggested that the B 7' and 8 regions are
highly flexible. Moreover, chemical shift perturbation
analysis of the PF0027 protein using the r(CAUG-2'-p)
oligoribonucleotide suggested that the tRNA binding site
is located at the 9 B-strand cleft (Fig. 7), at the base of the
HXTX motifs (His40-Leu43 and His125-Leul28). In the
case of GTP, most of the perturbed residues were located
near the HXTX motifs, suggesting direct involvement of
GTP in the reaction. The magnitude of perturbation for
GMPPNP is significantly smaller than that for GTP,
indicating that GMPPNP binds the PF0027 protein with
low affinity, probably due to the difference in conformation
and/or charge distribution between GTP and GMPPNP.
These data are consistent with the result that GMPPNP did
not enhance the ligation activity. Although Kato et al.
suggested that the large positive cleft of the PF0027-related
proteins from T. thermophilus is essential for recognition of
the large negatively charged tRNA molecule, the active site
cleft of the PF0027 protein is both deeper and more narrow
than that of the PF0027-related proteins from T. thermo-
philus (Kato et al. 2003; Rehse and Tahirov 2005). Thus,
conformational change in the B 7’ and 3 8 regions is likely
to be required for effective recognition of the tRNA halves.
In the crystal structure of a complex of CPDase from
Arabidopsis thaliana and 2',3'-cyclic uridine vanadate,
there are two nucleoside-binding sites: the abovementioned
active site and the second binding site, which is located
outside of the cleft and close to the 3 7' and 8 8 regions
(Hofmann et al. 2002). Figure 7 shows that the region
corresponding to the second binding site is affected by the
addition of r(CAUG-2'-p). Together with the fact that the
B 7" and B 8 regions are flexible, the cleft including the
second binding site forms a large platform for the oligo-
nucleotide ligands. NMR titration of CPDase from goldfish
with 3’-AMP showed that only the active site was affected
(Kozlov et al. 2007), probably because the affinity of GTP
for PF0027 protein is higher than that of 3’-AMP for
CPDase from goldfish.

MATERIALS AND METHODS

Screen for oligoribonucleotide migration activity
using P. furiosus protein library, construction

of expression vectors, and expression

of recombinant protein

A protein library of P. furiosus DSM3638 was constructed using
the expression vector pRSET-A (Invitrogen) as reported pre-
viously (Kanai et al. 2003). We made 40 protein pools (P1-P40),
with each pool consisting of 20 independent lysates from E. coli
bacteria expressing the P. furiosus clones. A total of 800 indepen-
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dent clones were screened, a number expected to cover the 2-Mb
genome of P. furiosus. The protein pools were screened using an
oligoribonucleotide probe (see Supplemental Fig. 1). A protein
was considered positive in the assay if it changed the migration of
the oligoribonucleotide probe in polyacrylamide gel containing
8 M urea.

To construct deletion mutants based on the positive clone
pAL485, a Sau3AI-Pstl 4.4-kb fragment and a PstI-Sau3AI 6.2-
kb fragment from the original clone were ligated separately
into the pRSET-A plasmid vector. To purify proteins correspond-
ing to each of these, we constructed expression plasmids (pET-
PF0027 through pET-PF0030) as previously described (Sato et al.
2003). Each of the resulting vectors encodes a full-length pro-
tein with a six-histidine tag at its C-terminal end. Similarly,
in order to obtain an expression vector that encodes the ligT
protein (formerly, yadP; NCBI protein database accession number
NP_414689), genomic DNA from E. coli W3110 was prepared
and then used as a template to clone ligT' by PCR. Recombi-
nant proteins were prepared as described previously (Kanai et al.
2006).

The primers used for PCR cloning were as follows:

278, 5'-d(ACACATATGAGGGCGTTTATAGCTATAGACG)-3';
27A, 5'-d(ATTCTCGAGTTCGCTTAATTCGAATCTTGC)-3';
288, 5'-d(ACCCATATGGAATACACAATAGTTGAC)-3';

28A, 5'-d(ATCCTCGAGGATAGGCTTTTCCATTATCAGTG)-3';
298, 5'-d(CCGCATATGCTTCTCAAGTGCTTTGAC)-3';

29A, 5'-d(TCACTCGAGACTATTGTGTATTCCATGGAGG)-3';
308, 5'-d(TTGCATATGGAAAAGGCCCTAATCCTAG)-3';

30A, 5'-d(ATGCTCGAGAAGCACTTGAGAAGCATTTACG)-3';
ligTS, 5'-d(CGACATATGTCTGAACCGCAACGTC)-3'; and
ligTA, 5'-d(CGACTCGAGTTGCGTTAGCGCCCAGCG)-3'.

Protein ID (NCBI protein accession number): PF0027 (NP_577756),
PF0028 (NP_577757), PF0029 (NP_577758), and PF0030
(NP_577759).

Cyclic nucleotide phosphodiesterase (CPDase) assay

RNA band-shift activity or cyclic nucleotide phosphodiesterase
(CPDase) activity was assayed by analyzing the FAM-labeled
oligoribonucleotide probe on a 20% polyacrylamide gel contain-
ing 8 M urea. Basically, the 5'-end FAM-labeled oligoribonucleo-
tide, FAM-R8 [5'-FAM-r(CAUGUCAC)-3'], was chemically
synthesized by Hokkaido System Science and digested with
ribonuclease T1 for 15 min at 22°C (2 units of enzyme was used
per 700 pmol of FAM-R8 probe) to make a FAM-labeled tetramer
5'-FAM-r(CAUG)-3" with cyclic guanosine at the 3’-end (Zegers
et al. 1994). Reactions were performed in 20 L of reaction buffer
containing 20 mM Tris-HCI (pH 8.0), 1 mM DTT, 50 mM KCl,
1 mM MgCl,, 35 pmol of substrate, and purified recombinant
enzymes (0.05-2.5 pg/mL for PF0027 protein and 5-25 wg/mL for
ligT protein), or E. coli lysate expressing P. furiosus genomic DNA.
Samples were incubated for 15 min at 60°C (PF0027 protein) or at
22°C (ligT protein). Next, an equal volume of stop solution was
added (8 M urea, 1 M Tris-HCI at pH 7.2) along with a small
amount of blue dextran (Sigma Chemical). The reaction mixtures
were heated for 3 min to 70°C and cooled on ice, and then loaded
onto 20% polyacrylamide gel containing 8 M urea. So that kinetic
parameters could be determined, the amount of enzyme
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was controlled such that the cyclic phosphate to liberalized
phosphate exchange rate at the 3’ end of the substrate did not
exceed 30%.

RNA ligase assay

The tRNA half oligoribonucleotides were chemically synthesized
by Hokkaido System Science. The oligoribonucleotide sequence
was based on tRNA"P in P. furiosus, which possesses a single
intron in the anticodon loop region. The intronic region was
identified and removed in silico using the SPLITS program
(Sugahara et al. 2006). Typically, preparation of substrates and
ligation reactions were conducted as follows: We treated the
tRNAS5-P oligoribonucleotide with recombinant PF1549 protein, a
P. furiosus RNA-3'-phosphate cyclase, to generate a 2',3'-cyclic
phosphate in the 3’ terminus (data not shown). To generate the
2'-phosphate in the 3’ terminus, we further treated the tRNA5
oligo having a 2’,3"-cyclic phosphate with the PF0027 protein. In
some cases, the 5" terminus of the tRNA3-FITC oligoribonucleo-
tide was phosphorylated by T4 polynucleotide kinase (Takara Bio.
Inc.). These oligoribonucleotides were purified by CHROMA
SPIN+TE-10 Column (Clontech) and used for the ligation assay.
After annealing the two half oligoribonucleotides, a ligation
reaction was performed in 20 pL of reaction buffer containing
20 mM Tris-HCI (pH 8.0), 1 mM DTT, 50 mM KCl, 1 mM
MgCl,, 33 pmol of substrate, and 1 or 4 pg/mL purified
recombinant enzyme in the presence of 1 mM GTP. Samples
were incubated for 15 min at 37°C (PF0027 protein) or at 22°C
(ligT protein). The ligation products were analyzed as described
for the CPDase assay.

The oligoribonucleotides used were as follows (mutated ribo-
nucleotides are underlined):

tRNA5-P, 5'-r(GGGGGCGUGGUGUAGCCUGGUCCAUCAUC
GCGGGCUCCAG)-phosphate-3';

tRNA5S-P, 5'-r(GUCCGCGGGCUCCAG)-phosphate-3';

tRNA5SM1-P, 5"-r(GUCCGCGGGCACCAG)-phosphate-3';

tRNA5SM2-P, 5'-r(GUCCGCGGGCACCAC)-phosphate-3';

tRNA3-FAM, 5'-r(ACCCGCGGACCGGGGUUCAAAUCCCCGC
GCCCCCACCA)-FAM-3'; and

tRNA3S-FAM, 5'-r(ACCCACUUACC)-FAM-3".

CE-TOFMS analysis

Capillary electrophoresis time-of-flight mass spectrometry (CE-
TOFMS) was performed using an Agilent CE capillary electro-
phoresis apparatus (Agilent Technologies) with an Agilent
G3250AA LC/MSD TOF system (Agilent Technologies). A cat-
ionic polymer-coated SMILE (+) capillary was used as the
separation capillary. The electrolyte for CE separation was 50
mM ammonium acetate (pH 8.5) (Soga et al. 2002). After
digestion of the R9 oligoribonucleotide [5'-r(CAUGUCACU)-
3’] with ribonuclease T1, the resulting substrate (2.5 nmol) was
incubated in 100 mL of reaction buffer containing 20 mM Tris-
HCI (pH 8.0), 1 mM DTT, 50 mM KCI, and 1 mM MgCl,, with or
without purified recombinant PF0027 protein (10 pg) for 15 min
at 50°C. The reaction mixtures were passed through an Ultrafree-
MC 5000 NMWL filter (Millipore) and injected at an injection
pressure of 50 mbar for 30 sec.

Solution structure determination and NMR titration
with oligonucleotide and nucleotides

3C-labeled and '°N-labeled PF0027 protein was generated in an
E. coli expression system and purified by Ni*" affinity chroma-
tography. The NMR spectrum of the PF0027 protein is charac-
terized by fine dispersion at higher temperature. Thus, all NMR
experiments were preformed at 313 K. NMR for the PF0027
protein was performed on AVANCE 700 and 800 MHz spec-
trometers (BRUKER Biospin). NMR spectra were analyzed using
several programs. The experimental details were described pre-
viously (Okada et al. 2006). The 'H, 3C, and °N chemical shift
assignments for the PF0027 protein have been deposited in the
BioMagnResBank (Accession number 10004).

For structure determination, automated NOE cross-peak
assignments (Herrmann et al. 2002) and structure calculations
with torsion angle dynamics were performed using the software
package CYANA 2.017 (Guntert et al. 1997). Peak lists for the two
NOESY spectra were generated as input using the program
NMRview (Johnson and Blevins 1994). The input further con-
tained a chemical shift list corresponding to sequence-specific
assignments. Dihedral angle restraints were derived using the
program TALOS (Cornilescu et al. 1999). Ten hydrogen bond
restraints were used. A total of 100 structures were independently
calculated, and the 20 final structures were obtained from the
CYANA cycle 7 with the lowest final CYANA target function
values. The structures were validated using PROCHECK-NMR
(Laskowski et al. 1996).

For PF0027 protein and substrate (oligoribonucleotide, GTP,
and GMPPNP) interaction analysis, 13C-labeled and '°N-labeled
PF0027 protein and '*N-labeled PF0027 protein concentrations
were set at 0.1 and 0.3 mM, respectively, in 20 mM sodium
phosphate buffer (pH 6.5) with 200 mM sodium chloride. The
r(CAUG-2"-p)  oligoribonucleotide =~ was  prepared from
r(CAUG>p) oligoribonucleotide via PF0027 protein activity,
and was then purified by polyacrylamide gel electrophoresis.
The r(CAUG-2'-p) oligoribonucleotide was added in six steps,
at molar ratios {[r(CAUG-2'-p) oligoribonucleotide]/[PF0027
protein]} of 0, 0.1, 0.2, 0.5, 0.7, and 1.0. GTP or GMPPNP was
added in five steps, at molar ratios ([GTP or GMPPNP]/[PF0027
protein]) of 0, 0.1, 0.5, 1.0, and 3.0. N-'H HSQC spectra were
measured at a probe temperature of 313 K using DRX-500
spectrometers (BRUKER Biospin). The backbone assignments at
pH 4.7 have been determined previously (Kato et al. 2003), and we
performed pH titration experiments from pH 4.7 to pH 6.5 to
determine the backbone assignments at pH 6.5 (data not shown).
Changes in average amide chemical shifts were calculated using
Abav= {0.5[(042A8N)2+A8H2]}1/2, where A3N and A8H are
the amide nitrogen and amide proton chemical shift differences
between the free and bound states of the protein.

Accession number

The Protein Data bank (http://www.rscb.org/pdb) accession
number for the coordinates of PF0027 protein is 2FYH.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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