Human RNA 5’-kinase (hClp1) can function as a tRNA
splicing enzyme in vivo
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ABSTRACT

Yeast and human Clp1 proteins are homologous components of the mRNA 3’-cleavage-polyadenylation machinery. Recent
studies highlighting an association of human Clp1 (hClp1) with tRNA splicing endonuclease and an intrinsic RNA-specific 5'-OH
polynucleotide kinase activity of hClp1 have prompted speculation that Clp1 might play a catalytic role in tRNA splicing in
animal cells. Here, we show that expression of hClp1 in budding yeast can complement conditional and lethal mutations in the
essential 5'-OH RNA kinase module of yeast or plant tRNA ligases. The tRNA splicing activity of hClp1 in yeast is abolished by
mutations in the kinase active site. In contrast, overexpression of yeast Clp1 (yClp1) cannot rescue kinase-defective tRNA ligase
mutants, and, unlike hClp1, the purified recombinant yClp1 protein has no detectable RNA kinase activity in vitro. Mutations of
the yClp1 ATP-binding site do not affect yeast viability. These findings, and the fact that hClp1 cannot complement growth of a
yeast clp1A strain, indicate that yeast and human Clp1 proteins are not functional orthologs, despite their structural similarity.
Although hClp1 can perform the 5’-end-healing step of a yeast-type tRNA splicing pathway in vivo, it is uncertain whether its
kinase activity is necessary for tRNA splicing in human cells, given that other mammalian counterparts of yeast-type tRNA

repair enzymes are nonessential in vivo.
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INTRODUCTION

Intron-containing tRNAs are found in all eukaryal and
archaeal species. The intron is usually located in the
anticodon loop of the pre-tRNA and must be removed
for the tRNA to function in protein synthesis. A tRNA
splicing endonuclease recognizes the fold of the pre-tRNA
and makes incisions at the exon—intron borders to yield
2",3" cyclic phosphate and 5'-OH termini at both break
sites (Peebles et al. 1983). The human tRNA splicing
endonuclease is a component of a stable nuclear protein
complex that includes human Clpl (hClp1), a conserved
eukaryal polypeptide required for 3’ processing of pre-
mRNAs (Paushkin et al. 2004). In yeast, the splicing
endonuclease resides on the outer mitochondrial surface;
consequently, yeast tRNA splicing is a cytoplasmic event
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(Yoshihisa et al. 2003, 2007). Notwithstanding these differ-
ences in localization, the structures and mechanisms of
tRNA splicing endonucleases are conserved among lower
and higher eukaryal species and archaea (Trotta et al. 1997,
2006; Li et al. 1998; Paushkin et al. 2004; Xue et al. 2006).

In contrast, the tRNA sealing reactions of the splicing
pathway diverge in archaea and eukarya. The ends of
cleaved archaeal tRNAs are rejoined in a single step by attack
of the 5'-OH on the 2',3" cyclic phosphodiester to form a
3',5" phosphodiester at the splice junction (Zofallova et al.
2000; Salgia et al. 2003). The responsible archaeal enzyme is
not known. Yeast tRNA splicing takes a totally different
biochemical route. A single tRNA ligase enzyme, Trl1, heals
and seals the broken tRNA ends. Trll performs three
reactions, each catalyzed by a discrete protein domain:
(1) the 2",3" cyclic phosphate of the proximal tRNA half-
molecule is hydrolyzed to a 3'-OH, 2'-PO, by a cyclic
phosphodiesterase (CPD); (2) the 5'-OH of the distal half-
molecule is phosphorylated by an NTP-dependent poly-
nucleotide kinase; and (3) the 3’-OH, 2'-PQOy,, and 5'-PO,
ends are sealed by an ATP-dependent RNA ligase to form a
spliced tRNA containing an unconventional 2'-PQy,, 3'-5’
phosphodiester at the splice junction (Greer et al. 1983).
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The 2'-PO, at the splice junction is removed by the 2’-
phosphotransferase Tptl (Spinelli et al. 1998).

Yeast Trll consists of an N-terminal ligase domain and a
C-terminal end-healing domain (Fig. 1). The ligase domain
is an ATP-dependent strand-sealing enzyme that belongs
to the ligase family exemplified by bacteriophage T4 RNA
ligase 1 (Wang and Shuman 2005). The end-healing
domain is composed of distinct kinase and CPD modules
(Fig. 1). The kinase module resembles T4 polynucleotide
kinase (Pnk), which belongs to the P-loop phosphotrans-
ferase superfamily (Fig. 2; Wang et al. 2002, 2006). The
CPD component of yeast tRNA ligase belongs to the 2H
phosphotransferase superfamily (Mazumder et al. 2002;
Wang et al. 2006), which is defined by two HxT motifs (Fig.
1), and includes the mammalian 2',3" cyclic nucleotide
phosphodiesterase, CNP (Braun et al. 2004). An Arabidop-
sis tRNA ligase ortholog (AtRNL) is a 1104-amino acid
polypeptide with a similar tripartite domain structure (Fig. 1;
Englert and Beier 2005; Wang et al. 2006). Plant AtRNL is
capable of performing all three essential splicing reactions
in vivo in yeast cells that lack Trll (Wang et al. 2006).

The mechanism of tRNA exon ligation in animal cells is
poorly understood. Initial studies demonstrated a direct tRNA
end-joining reaction in human cell extracts in which the
2",3" cyclic phosphate is retained as a 3'=5’ phosphodiester
at the splice junction of the mature tRNA (Filipowicz and
Shatkin 1983; Filipowicz et al. 1983; Laski et al. 1983). The
identity of the responsible enzyme remains a mystery. Later
work suggested that human cells also have a yeast-like
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FIGURE 1. Domain organization of yeast and plant tRNA ligases and
conservation of polynucleotide kinase motifs in tRNA repair kinases
and yeast and human Clpl. (A) The tRNA ligases of yeast (Trll) and
plant (AtRNL) are composed of three discrete catalytic domains: an
N-terminal ligase module; a central 5'-OH polynucleotide kinase
module; and a C-terminal RNA 2',3" cyclic phosphodiesterase (CPD)
module. The positions of the P-loop motif and essential aspartate at
the kinase active site and the two HxT motifs that comprise the CPD
active site are depicted above the AtRNL polypeptide. (*) Lethal and
conditional AfRNL alleles used in the present study contained
substitutions for these residues. (B) Alignment of the amino acid
sequences in the vicinity of the P-loop of yeast and human Clp1, yeast
and plant tRNA ligases, and T4 Pnk. (Gray boxes, dots) The conserved
lysine, serine/threonine, and aspartate residues subjected to alanine
mutagenesis.
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FIGURE 2. Structural homology between Clp1 and T4 Pnk. (A) The
structures of the yClpl phosphoesterase domain (PDB ID 2NPI) and
the T4 Pnk kinase domain (PDB ID 1LTQ and 1LY1) were super-
imposed and then offset horizontally. The folds are shown as ribbon
traces with shared structural elements (magenta). (Green) Distinctive
structural components of yClpl, (beige) distinctive structural com-
ponents of T4 Pnk. The ATP and ADP ligands are depicted as stick
models. In the T4 Pnk structure, a sulfate ion occupies the position of
the terminal phosphodiester of the 5'-OH polynucleotide substrate.
(B) Stereo view of the ATP-binding site of yClpl highlighting the
oxyanion hole formed by main-chain amides and the side chains of
the P-loop motif QTGKTS'?®, (Cyan sphere) Magnesium ion, (dashed
lines) atomic contacts of yClpl with ATP and magnesium.

pathway of tRNA splicing (Zillman et al. 1991) in which the
junction 3'-5" phosphate in mature tRNA derives from
ATP and the starting 2',3" cyclic phosphate is converted to
a 2'-PO, that is ultimately removed. The existence of a
yeast-like tRNA repair system in metazoa is consistent with
the presence of Tptl-type phosphotransferase, 2',3" cyclic
phosphodiesterase, and RNA-specific 5'-OH polynucleo-
tide kinase activities in human cells (Shuman and Hurwitz
1979; Spinelli et al. 1998; Braun et al. 2004).

Solving the “division of labor” problem for the two
distinct human tRNA exon-joining pathways hinges on
identifying the relevant enzymes and probing their function
genetically. Recent studies in this vein have cast doubt on
the importance of the yeast-type ligation pathway for
splicing of animal tRNAs. For example, mammalian CNP
and Tptl have been shown to complement the essential
functions of their yeast homologs, thereby attesting to their
capacity to catalyze 3'-end-healing and junction dephos-
phorylation reactions of tRNA splicing in vivo (Spinelli
et al. 1998; Schwer et al. 2008). However, neither CNP nor
Tptl is essential in mice (Lappe-Siefke et al. 2003; Harding
et al. 2008). The relatively benign effects of completely
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deleting CNP in mice seem to exclude an essential role for
the yeast-type splicing pathway, if one assumes that CNP,
which is the source of all measurable 2’,3"-cyclic phospho-
diesterase activity in mouse brain (Lappe-Siefke et al.
2003), is the only available source of 3’-end-healing for
the yeast-like splicing pathway. Similarly, Tptl is the sole
source of measurable tRNA 2’-phosphotransferase activity
in mouse cells, yet homozygous tpt1 '~ null mice develop
normally and are healthy and fertile (Harding et al. 2008).
These results appear to relegate the yeast-type pathway in
mammals to either no role, or a functionally redundant
role, in tRNA splicing. Further consolidation of this infer-
ence will require genetic assessments of the ligase and kinase
components of the yeast-type pathway in mammalian cells.

A recent advance on this front was the assignment of
RNA 5'-OH kinase activity to the human Clpl protein
(Weitzer and Martinez 2007). An RNA-specific 5'-kinase
was isolated from HeLa cell nuclei and characterized
biochemically nearly 30 years ago (Shuman and Hurwitz
1979). It was speculated then that the human RNA kinase
might provide sealable 5'-monophosphate ends for an RNA
ligase in tRNA splicing (Shuman and Hurwitz 1979),
notwithstanding that the 5'-OH terminus of the cleaved
tRNA ends and requirements for a polynucleotide kinase in
yeast tRNA splicing, plant RNA ligation, and bacteriophage
T4 tRNA restriction/repair had not yet been established
(Knapp et al. 1979; Konarska et al. 1981, 1982; Greer et al.
1983; Amitsur et al. 1987). Interest in metazoan RNA
kinase was revived by the realization that exogenous
siRNAs acquire a 5'-monophosphate end in order to be
effective agents of RNAi. Weitzer and Martinez (2007)
purified an siRNA kinase from HeLa cells and identified
hClpl (425 amino acids) as the active principle. A re-
combinant GST-hClp1 fusion protein sufficed for siRNA
kinase activity. Remarkably, the kinase purified from
human cells consisted of a complex of hClpl with all of
the subunits of the human tRNA splicing endonuclease,
hSEN (Weitzer and Martinez 2007). The hClp1-hSEN
complex could phosphorylate the 5'-OH end of cleaved
pre-tRNA. Based on siRNA knockdown experiments, Clpl
was suggested to be an agent of mammalian tRNA splicing
(Weitzer and Martinez 2007). The model for hClp1 tRNA
splicing function remains to be tested by generating a viable
mammalian cell line or organism in which the tRNA kinase
activity of Clpl is eliminated without affecting other
aspects of Clp1 function. This is a potentially complicated
task, given the essential role of Clpl in mRNA 3’ processing
(de Vries et al. 2000; Gross and Moore 2001).

Yeast Clp1 (yClpl; 445 amino acids) is essential for the
viability of Saccharomyces cerevisiae. yClp1 is a subunit of
pre-mRNA 3’ cleavage factor 1 (CF1); the other subunits
are Rnal4, Rnal4, Hrpl, and Pcfll (Amrani et al. 1997;
Minvielle-Sebastia et al. 1997; Gross and Moore 2001). The
crystal structure of yeast Clpl bound to a peptide derived
from Pcfll revealed a central P-loop phosphotransferase

module to which ATP and magnesium were bound (Fig. 2;
Noble et al. 2007). Efforts to demonstrate ATP hydrolysis
by yClpl were unsuccessful (Noble et al. 2007), which
makes sense in light of the subsequent findings that hClpl
catalyzes transfer of the ATP y-phosphate to a 5'-OH RNA
terminus, not to water (Weitzer and Martinez 2007). The
fold of the central yClpl segment resembles that of
bacteriophage T4 polynucleotide kinase (Wang et al.
2002; Galburt et al. 2002). T4 Pnk and yClpl share a
central parallel four-strand [ sheet flanked by three
homologous « helices (colored magenta in Fig. 2A). The
loop between the first B strand and a helix includes the
signature GXGKTS motif that coordinates the ATP phos-
phates and the divalent cation (Fig. 2B). The two structures
diverge considerably outside the shared core. Yeast Clpl
has no counterpart of the essential T4 Pnk “lid” module
that covers the NTP phosphoryl donor (Fig. 2A). Indeed,
yClpl has a larger central 3 sheet (seven strands) than does
T4 Pnk, and it includes several o helices and loops that
have no equivalent in the phage kinase (Fig. 2A).

To our knowledge, it is not established if the yClpl ATP-
binding site, or an imputed phosphoryl transferase activity
of yClpl1, is required for yeast viability. A corollary question
is whether yClp1, like its human homolog, is an RNA-
specific kinase and whether that activity is relevant to RNA
metabolism in S. cerevisiae. Available evidence would argue
against yClpl being the catalyst of the 5'-end-healing step
of yeast tRNA splicing, insofar as Trll itself has the
requisite kinase function and kinase-inactivating mutations
in Trll are lethal in vivo (Sawaya et al. 2003). However, a
different scenario might pertain to human cells.

The findings that tRNA repair enzymes from heterolo-
gous sources can complement the catalytic function of one
or all of the domains of yeast Trl1 (Schwer et al. 2004, 2008;
Wang et al. 2006) provides a way to interrogate whether
candidate proteins can perform tRNA splicing reactions in
vivo. Here, we apply this approach to show that hClp1 can
indeed execute the 5'-end-healing step of tRNA splicing in
yeast. Major functional differences between the yClp1l and
hClp1 are revealed by the following findings: (1) Comple-
mentation of kinase-defective tRNA ligase alleles by hClpl
is abolished by mutations in the hClp1 kinase active site;
(2) equivalent mutations of the yClpl ATP-binding site do
not affect yeast viability. (3) overexpression of yClp1 cannot
rescue kinase-defective tRNA ligase mutants; (4) yClpl has
no detectable RNA kinase activity in vitro; and (5) hClpl
cannot complement growth of a yeast clpIA strain.

RESULTS AND DISCUSSION
Human Clp1 complements conditional
kinase-defective tRNA ligase mutations in yeast

To query whether hClp1 can act as a tRNA splicing enzyme,
we expressed the full-length hClpl protein in S. cerevisiae
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under the control of a constitutive promoter on a 2
plasmid and asked whether hClpl could complement the
temperature-sensitive growth defect caused by the S444P-
I487V double mutation in the kinase module of yeast Trll
(Schwer et al. 2008). S444P-1487V cells failed to form
colonies at 37°C. Growth of S444P-1487V cells at restrictive
temperature was revived by a plasmid-borne copy of TRLI-
(389-827) (the yeast kinase-CPD domain), but not by an
empty plasmid vector (Fig. 3A). Growth was also rescued
by the T1001A allele of plant tRNA ligase AtRNL, which has
an inactivating mutation in the CPD active site (Wang et al.
2006; Fig. 3A). Thus, the ability to complement the S444P-
I487V strain is a specific readout of 5'-kinase function in
tRNA splicing. The instructive finding was that hCLPI
expression restored growth of S444P-I487V cells at the
restrictive temperature, signifying that the mammalian
enzyme could act in lieu of the Trll kinase (Fig. 3A).

Plant tRNA ligase AtRNL can provide all of the essential
tRNA healing and sealing functions in a yeast trlIA
background. The AtfRNL-R804A allele has a single mutation
in the kinase module that causes a slow-growth phenotype
in yeast at 25°C and 30°C and abolishes colony formation
at 37°C (Fig. 3B). This growth defect was reversed by
introduction of a 2 plasmid expressing the yeast kinase-
CPD domain or the CPD-defective plant tRNA ligase, but
not by the empty vector control (Fig. 3B). These results
signify that AfRNL-R804A is defective purely in its kinase
activity. The key finding was that expression of hCLPI
restored growth of AfRNL-R804A cells to wild-type levels at
25°C, 30°C, and 34°C (gauged by colony size) and rescued
colony formation at 37°C (Fig. 3B).

A
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hCLP1-(K127A-S128A) ER 1487V)
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AtRNL-(T1001A) ®
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TRL1-(389-827)
bl ARNL
(R804A)
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FIGURE 3. Complementation by hClpl of kinase-ts mutations in
yeast and plant tRNA ligases. Functional complementation was tested
by spotting on SD-His™ agar plates serial 10-fold dilutions of #r/IA
pTRLI-(5444P-1487A) (TRP1 CEN) vyeast cells (A) or trlIA AtRNLI-
R804A (TRPI CEN) yeast cells (B) that had been transformed with a
CEN HIS3 TRLI1-(389-827) plasmid or a CEN HIS3 AtRNL-T1001A
plasmid (positive controls) or with 2 HIS3 plasmids bearing genes
encoding either wild-type yCLP1, wild-type hCLPI, or hCLPI kinase
active site mutants K127A-S128A or DI51A. Cells transformed with
the empty 2 HIS3 vector served as a negative control. The plates
were photographed after incubation for 3 d at 25°C, 30°C, 34°C, or
37°C.
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hClp1 activity in yeast is abolished by mutations
of the kinase active site

The central kinase domain of hClpl includes conserved
counterparts of the ATP-binding P-loop motif
(GxxxxGKS'*® in hClpl) and the downstream aspartate
(Asp151) that are essential for the kinase activity of T4 Pnk
and yeast and plant tRNA ligases (Fig. 1; Wang and
Shuman 2001, 2002; Sawaya et al. 2003; Wang et al.
2006). The P-loop motif forms an oxyanion hole for the
binding of the NTP phosphates via a network of hydrogen
bonds to the phosphate oxygens from the main chain
amides and the signature lysine side chain (Fig. 2B). The P-
loop serine/threonine side chain coordinates the divalent
cation cofactor for phosphoryl transfer (Fig. 2B). The
downstream aspartate is located in the active site near the
5'-OH terminus of the polynucleotide (Wang et al. 2002;
Eastberg et al. 2004), where it is proposed to activate the 5'-
OH for its attack on the ATP vy phosphorus (Wang et al.
2002). Weitzer and Martinez (2007) have shown that hClp1
kinase activity in vitro is abolished by P-loop mutations
K127A and S128A. Here, we found that a K127A-S128A
double mutation abolished the capacity of hClpl to
complement conditional kinase-defective mutants of either
yeast Trll or plant AtRNL (Fig. 3). Moreover, we find that a
single alanine substitution of the hClpl active site Asp151
also abolished hClp1 tRNA splicing activity in yeast (Fig. 3).
We surmise that hClpl kinase activity is critical for its
execution of the 5’ healing step of yeast tRNA splicing.

Human Clp1 complements lethal kinase-defective
tRNA ligase mutations in yeast

To consolidate the inference from these initial experiments
that the 5’ kinase activity of hClp1 can replace the kinase
activity of yeast or plant tRNA ligases, we tested the ability
of hClpl to substitute for lethal mutations in the kinase
active site of AtRNL (Wang et al. 2006). Yeast #r/1A strains
carrying TRLI on a CEN URA3 plasmid were transformed
with CEN TRPI plasmids bearing lethal S701A and D726A
alleles of AtRNL. We introduced into these strains HIS3
plasmids expressing wild-type yeast kinase-CPD domain,
wild-type hClp1, or the hClp1 active site mutants K127A-
S128A and DI51A. AtRNL-701A and AtRNL-D726A were
unable to sustain growth on medium containing the drug
FOA (5-fluoroorotic acid), which selects against the URA3
TRLI plasmid. Growth on FOA was restored by yeast
kinase-CPD, as expected. The salient findings were that
hClp1 complemented the lethal kinase mutations, whereas
the hClpl active site mutants did not (Fig. 4).

Increased gene dosage of yeast Clp1 fails to rescue
kinase-defective tRNA ligases

The finding that hClp1 can catalyze the 5’ healing step of
tRNA splicing in yeast raises the question: Why does
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FIGURE 4. hClpl complements lethal mutations in plant tRNA
ligase. Yeast trlIA p360-TRLI (URA3 CEN) cells containing CEN
TRPI plasmids bearing lethal AfRNL alleles S701A (A) or D726A (B)
were transformed with 2u HIS3 plasmids bearing genes encoding
either wild-type yCLPI, wild-type hCLPI, or hCLPI kinase active site
mutants K127A-S128A and DI51A. Control cells were transformed
with the empty 2 HIS3 vector (negative control) or a CEN HIS3
plasmid expressing the wild-type kinase-CPD domain TRLI-(389-
827) (positive control). Trp* His" transformants were selected at 30°C
and then streaked on agar medium containing 0.75 mg/mL FOA. The
plates were photographed after 4 d at 30°C.

endogenous yeast Clp1 not perform this function when the
Trll kinase domain is disabled? We considered the prospect
that the basal levels of yClp1 protein might be sequestered
in the pre-mRNA 3’-end forming CF1 complex and
therefore unavailable for tRNA splicing. We endeavored
to increase yClp1 expression by placing the CLPI gene on a
multicopy plasmid under the control of the strong yeast
TPI1 promoter. Increased gene dosage of yCLPI failed to
complement any of the conditional or lethal kinase-
defective alleles of yeast or plant tRNA ligases that were
readily rescued by expression of hClpl (Figs. 3, 4). Thus,
yeast and human Clpl proteins have distinct activity
profiles with respect to tRNA repair in vivo.

Yeast Clp1 has no detectable polynucleotide
kinase activity

One simple explanation for the inability of yClp1 to serve
as a tRNA repair enzyme could be that it does not have an
RNA kinase activity, notwithstanding its membership in
the P-loop superfamily and its primary structure similarity
to hClpl. To address this issue, we produced yClpl in
bacteria as a His;p-Smt3 fusion protein and purified the

recombinant yClp from a soluble bacterial extract by Ni-
agarose chromatography. The preparation was enriched
with respect to the His;o-Smt3-yClp1 polypeptide (Fig. 5),
the identity of which was verified by its susceptibility to
cleavage by the Smt3-specific protease Ulpl (not shown).
In parallel, we purified His;o-Smt3-tagged hClpl and
His;o-tagged T4 Pnk (Fig. 5). The proteins were tested
for RNA and DNA kinase activities by label transfer from
[v**P]ATP to oligo(rA), and oligo(dA),, substrates. As
expected, T4 Pnk was adept at phosphorylating RNA and
DNA strands, while hClpl displayed a strong preference
for RNA as the phosphoryl acceptor (Fig. 5). A protein
titration experiment indicated that the kinase specific
activity of hClpl with oligo(rA),, was ~80-fold higher
than with oligo(dA),o (not shown). We did not detect any
RNA or DNA kinase activity associated with the yClpl
preparation (Fig. 5). The assay sensitivity is such that we
can estimate that yClpl has <0.03% of the RNA kinase
activity of hClpl under the assay conditions used (not
shown). A mixing experiment verified that the yClpl
preparation did not contain a trams-acting inhibitor of
the RNA kinase activities of T4 Pnk or hClp1 (not shown).
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FIGURE 5. Assays of RNA kinase activity of yeast and human Clpl
and T4 Pnk. (A) Aliquots of recombinant hClpl, yClpl, and T4 Pnk
proteins (adjusted to contain 5 pg of full-length polypeptide) were
analyzed by SDS-PAGE. The Coomassie Blue-stained gel is shown.
The positions and sizes (kDa) of marker polypeptides are shown on
the left. (B) Polynucleotide kinase reaction mixtures (10 pwL) con-
taining 70 mM Tris-HCI (pH 7.8), 12 mM imidazole, 15 mM NaCl,
10 mM MgCl,, 5 mM DTT, 50 pM [y-"P]ATP, 50 pmol 5'-OH
oligoribonucleotide rA,, or a 5'-OH oligodeoxyribonucleotide dA,,
as specified, and 1 pg of hClpl, yClp, or T4 Pnk (full-length
polypeptide) were incubated for 30 min at 37°C. Enzyme was omitted
from control reactions (lane —). The reactions were quenched with
15 pL of 95% formamide, and the products were analyzed by electro-
phoresis through a 20-cm 18% polyacrylamide gel (19:1) containing
7 M urea in TBE (80 mM Tris-borate, 1 mM EDTA). The radiolabeled
oligonucleotide products were visualized by autoradiography of the
gel. (Top panel) 20-min exposure, (bottom panel) 2.5-h exposure. The
extent of label transfer to the oligonucleotide was quantified by
scanning the gel with a Typhoon phosphorimager (GE Life Sciences).
The rA,q substrate was phosphorylated quantitatively by T4 Pnk and
hClp1. The dA,, substrate was phosphorylated quantitatively by T4
Pnk; hClpl phosphorylated ~2% of the DNA acceptor. No kinase
activity was detected for yClp1.
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We surmise that yClp1 either lacks the ATP phosphotrans-
ferase activity imputed to it based on the crystal structure,
or that its activity is targeted to non-nucleic acid substrates
as phosphate acceptors.

Human Clp1 cannot perform the essential functions
of yeast Clp1 in vivo

The findings that hClpl and yClpl are not orthologous
with respect to the RNA end-repair capacity raises the issue
of whether hClpl can perform the essential functions of
yClpl in vivo. To answer the question, we established a
plasmid shuffle assay for complementation of a lethal clpIA
mutation. A haploid S. cerevisiae strain in which the
chromosomal CLPI gene is disrupted depends for growth
on a wild-type yCLPI gene carried on a URA3 plasmid.
This clpIA strain is unable to grow on agar medium
containing FOA, which selects against retention of the
URA3 yCLPI plasmid. Transformation of cIpIA cells with
a 2u HIS3-marked plasmid containing another copy of
yCLP1 allows them to form FOA-resistant colonies,
whereas transformation with an empty 2p vector does
not (Fig. 6). The 2 yCLPI plasmid that complemented
clpIA in this experiment is the same vector that failed to
rescue kinase-defective mutations in tRNA ligase. By
contrast, a 2 HIS3 hCLPI plasmid failed to confer on
cIpIA cells the ability to form FOA-resistant colonies (Fig.
6), signifying that human Clp1 cannot perform the essential
functions of yClp1 in S. cerevisiae. Note that the 2 hCLP1
plasmid that failed to complement clpIA is the same vector
that did successfully complement kinase-defective tRNA
ligases. These results suggest that human and yeast Clpl
proteins are not true orthologs.

Yeast Clp1’s essential function in vivo is unaffected
by mutations in the “active site”

If it is the case that phosphoryl transfer by yClp1 to an as
yet unknown substrate is essential in vivo, we would expect
that mutations in the yClpl “active site” should elicit an

vector

yCLP1
(K136A-T1374) £

yCLP1 " hep1

(D161A)

FIGURE 6. Test of clpIA complementation by hClpl and yClp1l and
mutants thereof. Yeast clpIA pYX212-yCLP1 cells were transformed
with 2 HIS3 plasmids bearing wild-type hCLPI, wild-type yCLP1, or
yCLP1 mutants K136A-T137A or DI161A. His" transformants were
selected at 30°C and then streaked on agar medium containing 0.75
mg/mL FOA. The plate was photographed after 3 d at 30°C.
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obvious phenotype in S. cerevisiae. Accordingly, we intro-
duced a double alanine mutation K136A-T137A in the
yClpl P-loop and a single alanine mutation D161A at the
putative catalytic aspartate. The Asp161 side chain of yClpl
occupies the same spatial position in the crystal structure
as Asp35 of T4 Pnk (not shown). The equivalent alanine
mutations in the P-loop and distal aspartate of T4 Pnk
abolish its kinase activity (Wang and Shuman 2001, 2002).
Here, we found that the K136A-T137A and D161A alleles of
yCLP1 were active in vivo in supporting the growth of
cIpIA cells on medium containing FOA (Fig. 6). Moreover,
the viable yCLPI1-(KI36A-T137A) and yCLPI-DI6IA
strains grew as well as wild-type CLPI cells on YPD agar
medium at 25°C, 30°C, 34°C, and 37°C (not shown). We
surmise that a putative phosphotransferase activity of yClp1,
if it does exist, is not an essential part of yClp1’s functional
repertoire. We do not exclude the prospect, discussed by
Noble et al. (2007), that ATP binding might be important
for yClpl function, because it is quite possible that the
mere loss of the atomic contacts between Lys136 and ATP
in the P-loop mutant would not seriously compromise ATP
binding, given that there are nine other hydrogen bonds
between the protein and the ATP ligand (Fig. 2B).

Implications for Clp1 function in tRNA splicing

Here, we provided genetic evidence that human Clpl is an
RNA repair enzyme in vivo and is capable of performing
the 5'-end-healing step of yeast tRNA splicing. hClp1 has
structural homology with the kinase domain of bacterio-
phage, yeast, and plant tRNA repair systems, and the
outcomes of their kinase reactions are the same: a 5'-
monophosphate end that could be a substrate for a
“conventional” RNA ligase. The RNA end-healing function
of hClpl might be relevant to either of two cases of
programmed RNA breakage and repair in mammals: (1)
tRNA splicing and (2) mRNA splicing during the endo-
plasmic reticulum unfolded protein response (UPR) (Ron
and Walter 2007). The existence of two different RNA
repair pathways in mammalian cells (yeast-type and
archaeal-type) raises the issue of whether they are func-
tionally redundant or dedicated to particular physiological
substrates. The key features of the yeast-type pathway are
the need for end-healing prior to sealing and removal of
the 2'-PO, at the splice junction. The fact that at least two
mammalian homologs of yeast-type tRNA splicing enzymes
(CNP and Tptl) are nonessential in mice hints strongly
that the yeast-type pathway is not required for mammalian
tRNA splicing or mRNA splicing in the UPR (Lappe-Siefke
et al. 2003; Harding et al. 2008).

Although the physical association of hClp1 with human
tRNA splicing endonuclease is tantalizing (Paushkin et al.
2004; Weitzer and Martinez 2007), it is difficult to envision
that the Clpl kinase activity is essential for tRNA splicing
in animal cells, when other enzymatic components of the
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yeast-type pathway are not, and because the archaeal-type
pathway in animal cells specifically requires an unhealed 5’-
OH terminus. To the extent that the RNA kinase activity of
hClpl might be critical for Clpl function in mammalian
cells, we suspect that it is directed to RNA substrates other
than cleaved intron-containing pre-tRNAs. Possible candi-
dates include: (1) processed siRNAs or miRNAs that have
undergone dephosphorylation at their 5 ends and would
required re-phosphorylation by hClp1 to restore their activ-
ity in gene silencing; or (2) decapped or cleaved mRNAs
that have undergone dephosphorylation at their 5" ends and
that require re-phosphosphorylation by hClpl to restores
their ability to be degraded by Xrnl-type 5" exoribonucleases.
A key step in establishing a physiological role for hClpl
kinase activity in RNA sealing will be to identify the ligase
component of the yeast-like pathway in mammalian cells.
To our knowledge, no Rnll-type RNA sealing enzyme has
been identified in a mammalian organism, and there is no
apparent homolog of Rnll or the Trl1 ligase domain in any
mammalian proteome. The surrogate genetic system we
describe here might afford a means to do so, by screening
mammalian ¢cDNA libraries for functional complementa-
tion of a yeast strain with a conditional mutation in the
RNA-sealing domain of yeast or plant tRNA ligases.

Major functional distinctions between yeast
and human Clp1

Yeast and human Clpl are closely related in primary
structure, with 107 positions of chain identity plus 74
positions of side chain similarity over the 425-amino-acid
hClp1 polypeptide. This similarity persists throughout the
three discretely folded structural domains of yCllp: an N-
terminal B sandwich module, a central P-loop-type phos-
photransferase domain, and a C-terminal globular o/
module (Noble et al. 2007). yClpl is essential in S.
cerevisiae, where it comprises part of the mRNA 3’-end-
forming machinery. Many protein—protein interactions
have been documented for yClp1 by affinity capture, two-
hybrid, and biochemical reconstitution methods (see Sac-
charomyces Genome Database at www.yeastgenome.org).
Prominent among these is the interaction between yClpl
and Pcfll, another essential component of the CFl1
complex (Amrani et al. 1997; Gross and Moore 2001).
The binding site for Pcf11 is located on a surface groove of
yClp1 at the interface between the central and C-terminal
domains; this site is quite remote from the ATP-binding
site of yClp1 (Noble et al. 2007). To our knowledge, there is
little published information concerning structure—activity
relations for yClpl. Here, we show that the conserved
amino acid constituents of the putative phosphotransferase
active site are not essential for yeast viability. This result
contrasts sharply with findings that the same residues in
hClp1 are required to sustain its ability to function in yeast
tRNA splicing. Although the RNA processing repertoire of

hClp1 appears to be broader than that of yClpl (which
lacks RNA kinase activity), it was somewhat surprising to
us that hClp1 does not function in lieu of yClp1 in vivo. It
is conceivable that the full network of protein—protein
interactions involving yClpl cannot be fulfilled by hClp1.
It is noteworthy that the original purification of human
pre-mRNA cleavage factor II.,, yielded a complex that
contained stoichiometric amounts of hClpl and hPcfll
(de Vries et al. 2000). Subsequent independent purifications
of human tRNA splicing endonuclease and human RNA
kinase yielded complexes containing stoichiometric amounts
of hClpl and hSEN subunits, but no reported presence of
hPcfl1 (Paushkin et al. 2004; Weitzer and Martinez 2007).
It is conceivable that hClpl exits as a subunit of distinct
macromolecular complexes that play different roles in the
maturation of mammalian tRNAs and mRNAs. The impor-
tance of the hClpl RNA kinase activity in the function of
such complexes is not fully understood. The present study
shows that RNA kinase is not a conserved or essential
property of the yeast Clpl homolog. Perhaps there is no
selection pressure to maintain an RNA kinase activity of
Clp1 in budding yeast, a species that lacks an siRNA pathway
and clearly has another essential RNA kinase enzyme (in
Trll) that is dedicated to tRNA splicing. It will be of interest
in future studies to survey Clpl homologs from diverse
eukarya for their ability to phosphorylate RNA 5'OH ends.

MATERIALS AND METHODS

Yeast vectors for expression of hClp1 and yClp1

A 1.3-kb cDNA fragment spanning the h(CLP1 ORF was amplified
from total HeLa cell RNA by RT-PCR using the SuperScript One-
Step RT-PCR with Platinum Taq kit (Invitrogen). The hCLPI
gene-specific primers were designed to introduce an EcoRI site
immediately upstream of the ATG codon and an Xhol site
downstream of the stop codon. A DNA fragment spanning the
yCLP1 ORF was amplified from a S. cerevisiae genomic DNA
plasmid library by PCR with primers designed to introduce an
EcoRI site immediately upstream of the ATG codon and a HindIII
site downstream of the stop codon. The DNA fragments were
cleaved at their terminal restriction sites and then inserted into
pYX212 (2. URA3), a shuttle vector in which expression of
hCLPI and yCLPI is under the transcriptional control of the
constitutive TPI1 promoter. The TPII-hCLP1 and TPI1-yCLPI
expression cassettes, contained within 3.5-kb Pvull fragments,
were excised from the pYX212 plasmids and inserted into Pvull-
cut yeast shuttle vector pRS423 (2 HIS3). Alanine mutations
were introduced into the hCLPI and yCLP1 genes by two-stage
PCR with mutagenic primers; mutated genes were inserted into
pRS423. The inserts of all clones were sequenced to exclude the
presence of unwanted mutations.

Recombinant yClp1, hClp1, and T4 Pnkp proteins

DNA fragments encoding hClpl and yClpl were amplified by
PCR using pYX212-hCLP1 and pYX212-yCLP1 as templates and
primers designed to introduce Sacl restriction sites at the ATG
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codons and an Xhol or HindIII site, respectively, adjacent to the
stop codon. The PCR products were digested and inserted into
pET28-His;oSmt3 so that the CLPI genes are fused in-frame to a
leader sequence encoding an N-terminal His;,Smt3 polypeptide.
The inserts were sequenced to exclude the presence of unwanted
mutations and confirm that the ORFs were in-frame with the
leader. The pET28-His;(Smt3-hClpl and pET28-His,,Smt3-
ScClpl plasmids were transformed into Escherichia coli BL21
PLUS (DE3) (Invitrogen). Single kanamycin-resistant colonies
were inoculated into LB medium containing 0.05 mg/mL kana-
mycin and incubated at 37°C until Agyy reached 0.6-0.8. The
pET28-His;(Smt3-hClp1 culture (1000 mL) was placed for 30 min
on ice and then incubated for 18 h at 17°C with constant shaking.
The pET28-His;oSmt3-yClpl culture (500 mL) was adjusted to
0.4 mM IPTG and 2% (v/v) ethanol prior to incubation for 18 h
at 17°C with constant shaking. Cells were harvested by centrifu-
gation, and the pellets were stored at —80°C. All subsequent
procedures were performed at 4°C. Cell pellets were thawed on ice
and suspended in buffer A (50 mM Tris-HCl at pH 7.4, 250 mM
NaCl, 10% sucrose) to attain 5% of the original culture volume.
Lysozyme was added to 0.2 mg/mL final concentration. After 45
min, the lysates were adjusted to 0.1% Triton X-100 and then
sonicated to reduce viscosity. Insoluble material was removed by
centrifugation for 20 min at 15,000 rpm in a Sorvall SS34 rotor.
The supernatants were withdrawn and mixed with 1 mL of Ni-
NTA-agarose resin (Qiagen) that had been equilibrated with
buffer A. The slurries were poured into columns, which were
then washed with 20 mL of buffer B (50 mM Tris-HCl at pH 7.4,
250 mM NaCl, 10% glycerol) containing 25 mM imidazole.
Bound polypeptides were eluted in a stepwise fashion with buffer
B containing 100, 200, 300, 400, and 500 mM imidazole. The
protein compositions of the eluate fractions were monitored by
SDS-PAGE. The 200 mM and 300 imidazole fractions containing
hClp and yClpl, respectively, were stored at —80°C. Protein
concentrations were determined using the Bio-Rad dye-binding
assay with bovine serum albumin as a standard. His;,-tagged T4
Pnk was produced in E. coli (Wang and Shuman 2001) and
purified from a soluble lysate by Ni-agarose chromatography, in
parallel with yClp and hClp1, as described above.

Deletion of CLP1 in S. cerevisiae

The entire CLPI open reading frame was deleted in the S.
cerevisiae and replaced with a bacterial kanamycin-resistance gene
as follows. Diploid strain W303 was transformed with a linearized
pUC19-clp1 ::kan® fragment composed of a 1.44-kb kan® cassette
(a BgllI-Sacl fragment excised from pUGS6 [Giildener et al. 1996])
flanked by 505 base pairs (bp) of yeast genomic DNA 5’ of the
CLP] translation start codon and 390 bp of DNA 3 of the CLPI
translation stop codon. Correct gene targeting was confirmed by
Southern blotting of G418-resistant transformants. The CLPI
cpl::kan® diploid was transformed with pYX212-yClpl (2p
URA3 yCLPI). The resulting Ura® diploid was sporulated and
tetrads were dissected. We thereby recovered viable clpl ::kan®
haploids that were resistant to G418 and unable to grow on
medium containing 0.75 mg/mL FOA, a drug that selects against
the URA3 yCLPI plasmid. The clpIA strain yAR1 (Mata ura3 ade2
trpl his3 leu2 canl clpl::kan®, pYX212-yClpl [2n URA3]) was
used to test plasmid-borne alleles of yCLPI and hCLPI for clplA
complementation by plasmid shuffle.
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