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Human RNase P exhibits and controls distinct ribonucleolytic
activities required for ordered maturation of tRNA
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Precursor tRNAs are transcribed with flanking and intervening sequences known to
be processed by specific ribonucleases. Here, we show that transcription complexes
of RNA polymerase III assembled on tRNA genes comprise RNase P that cleaves
precursor tRNA and subsequently degrades the excised 5’ leader. Degradation is based
on a 3'-5’ exoribonucleolytic activity carried out by the protein subunit Rpp14,
as determined by biochemical and reverse genetic analyses. Neither reconstituted
nor purified RNase P displays this magnesium ion-dependent, processive exoribo-
nucleolytic activity. Markedly, knockdown of Rpp14 by RNA interference leads to a
wide-ranging inhibition of cleavage of flanking and intervening sequences of various
precursor tRNAs in extracts and cells. This study reveals that RNase P controls tRNA
splicing complex and RNase Z for ordered maturation of nascent precursor tRNAs
by transcription complexes.
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The human genome has hundreds of transfer RNA (tRNA) genes mapped in several
chromosomes. These small genes are transcribed by RNA polymerase (Pol) III, which
generates precursor transcripts with flanking and intervening sequences shown to be
removed by specific ribonucleases. Thus, the 5" leader and 3’ trailer are excised by RNase
P and RNase Z, respectively, whereas the intron is spliced out by the tRNA splicing
complex (1-4). However, it remains unknown how these ribonucleases coordinate mul-
tistep processing with transcription of precursor tRNAs.

Human RNase P consists of HI RNA and 10 protein subunits, termed Rpp14, Rpp20,
Rpp21, Rpp25, Rpp29, Rpp30, Rpp38, Rpp40, Popl, and Pop5 (5-10). These subunits
orm an interlocked ribonucleoprotein structure via extensive interactions (11). Except
for Rpp14, the remaining protein subunits have homologs in yeast and Archaea (12, 13).
In addition to its role in tRNA maturation, RNase P and its individual subunits serve
unconventional tasks in chromatin structure and function (14). This ribonucleoprotein
is implicated in transcription of small noncoding RNA genes by Pol I1I in cells and extracts
(15, 16), but not in a defined reconstitution system (17). Genomic loci of transcriptionally
active tRNA genes are bound by Rpp14, Rpp20, Rpp21, Rpp25, Rpp29, Rpp30, and
Rpp40 (15, 16, 18). Since cleavage of precursor tRNA by RNase P is executed by H1
RNA (19, 20), the protein subunits seem to serve complementary tasks in transcription
and maturation of this precursor. Here, we demonstrate that the Rpp14 subunit of RNase
P found in transcription complexes of Pol III has a biologically relevant exoribonucleolytic
activity that degrades the 5’ leader after its excision from precursor tRNA. Rpp14 is
required by RNase P for controlling ordered cleavage of flanking and intervening sequences
of nascent precursor tRNAs by the tRNA splicing complex and RNase Z preassembled

in transcription complexes.

Results

RNase P Degrades the Excised 5’ Leader of Precursor tRNA. Transcription complexes
were assembled on a human tRNA™" gene (Fig. 1B) in S100 extract of HeLa cells. The
resulting complexes were then purified by gel filtration chromatography using a Sephacryl
S-500 HR column, which has a broad resolution range of 4 x 10%t0 2 x 107. Transcription
complexes proficient in synthesis of >*P-labeled precursor tRNA"" (GUA) were eluted
in fractions F32 to F45 with peak activiTty seen in F38 to F40 (Fig. 14, lanes 5 to 10).
Extensive cleavage of the primary tRNA™" (Fig. 1B; 112-nt) by RNase B, as manifested
in generation of the intermediate precursor tRNA™", was evident in the same fractions
(Fig. 14, lanes 5 to 10; 96-nt band). This intermediate lacked the two flanking sequences,
but retained the intron (Fig. 1B) (21), which was subsequently removed to produce tRNA
(Fig. 14, F38, 76-nt band). Fractions with the peak activities of RNase P and Pol I1I were
enriched with their corresponding protein subunits (Fig. 1C, lanes 6 to 10; Dataset S2).
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Significance

Precursor tRNAs have flanking
and intervening sequences
removed by specific
ribonucleases. We have previously
demonstrated that transcription
complexes of RNA polymerase IlI
transcribe and process precursor
tRNAs to mature forms. However,
the control of processing of these
extra sequences was unknown.
Here, we show that RNase P
cleaves the 5’ leader and then
degrades it by its exoribonuclease
subunit Rpp14. Biochemical and
reverse genetic studies reveal that
Rpp14 is required for removal of
flanking and intervening
sequences of precursor tRNAs by
the tRNA splicing complex and
RNase Z. RNase P coordinates the
function of these complementary
ribonucleases in transcription
complexes consisting of two main
modules, one for precursor tRNA
polymerization and the other for
processing and degradation of
this transcript.
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Fig. 1. Transcription and cleavage of precursor tRNA™" by transcription complexes. (4) Transcription complexes were assembled on a human tRNA™ gene
in S100 extract of HeLa cells and then were purified by gel filtration chromatography using a Sephacryl S-500 column (Materials and Methods). Eluted fractions
were immediately tested for transcription of the tRNA™ gene in reactions containing *>P-UTP for 3 h. The resulted labeled RNAs were separated in a denaturing
8% polyacrylamide gel and visualized by autoradiography. The positions of the primary tRNA™" (112 nt), intermediate tRNA™ (96 nt) lacking the 5’ leader and 3’
trailer, tRNA (76 nt), and two excised exons (37/39 nt) bands are indicated. The positions of copurifying 40S and 80S ribosomal particles are pointed by arrows.
(B) A scheme of the tRNA™" gene and processing of its primary transcript to mature forms. (C) Western blot analysis of Rpp40 and RPC7. Proteins in eluted
fractions seen in A were analyzed by western blotting using antibodies against Rpp40 and RPC7. S100 cell extracts (WCE) were used as controls. The positions of
the two proteins are shown. (D) Processing of an in vitro synthesized, internally **P-labeled precursor tRNA* (S) by RNase P found in eluted fractions seen in A.
The precursor tRNA (S), tRNA (3'), and 5’ leader (5’) were analyzed by electrophoresis in an 8% sequencing gel and visualized by autoradiography. The band seen
in the gel front represents mononucleotides (asterisk) peaked in F35 to F42. (E) Quantitation of the intermediate 96-nt band (black bars) seenin A and 5’ leader
band (gray bars) seen in D. Note the overlapping activities of the same RNase P, which acted on nascent precursor tRNA™ for generating the intermediate in A
and synthetic precursor tRNA*®" in D. The error bars denote three independent experiments. (F) Kinetic analysis of cleavage (5' band) and degradation (dashed
line) of the 5 leader of internally labeled precursor tRNA®*" by RNase P of fraction F34 in D. Reactions were in 1 x MRP/TNET buffer, containing 15 mM MgCl,. As
controls, DEAE-purified HeLa RNase P (lane 2) and M1 RNA (lane 3) were checked for substrate cleavage. A typical one-nucleotide difference in 5’ leader sizes
was produced by the two enzymes (lane 2 vs. 3).
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‘The existence of RNase P in fractions F32 to F45 was corroborated
by exammmg the ability of thlS endorlbonuclease to cleave the 5’
leader of an in Vltro transcribed **P-labeled precursor tRNA> in the
presence of Mg ions (8] Appendix, Fig. S1D, lanes 7 to 12, 5 band).
As expected, the peak activity was detected in fractions F38 to F40
(Fig. 1E), consistent with that exerted on nascent precursor (RNA D"
in generating the 96-nt intermediate (Fig. 14). Based on the size
exclusion of cofractionating 40S and 80S ribosomal partlcles
(Fig. 14; arrows) which have molecular weights of ~1.5 x 10° and
~45x10° , respectively, RNase P existed i in transcription complexes
with molecular weights of 1.5 to 3.5 x 10°. The activity of RNase P
was not detected in the latter fractions (Fig. 1D, lanes 13 to 18),
which corresponded to eluates with low molecular weights (Fig. 1.D;
see 5S rRNA).

Copurification of RNase P and Pol III was also obtained when
transcription complexes were preassembled on a human intron-
containing tRNA*® (TCT) gene in S100 extracts of HEK293 cells,
and purified by velocity sedimentation in a 15 to 35% glycerol gra-
dient (Materials and Methods). Synthesis and processing of precursor
tRNA™® peaked in fractions F14 to F16, as manifested in the pro-
duction of mature tRNA (Fig. 24, lanes 7 and 8; 76-nt band). These
fractions contained protein subunits of copurifying RNase P and Pol
111, as determined by mass spectrometry analysis (Dataset S3).

Cleavage of precursor tRNA*" by RNase P found in fractions
F32-45 described above was accompanied by a degradation activity,
as reflected by the increased label of the fuzzy band seen in the gel
front (Fig. 1D, lanes 8 to 11; asterisk). This activity peaked with the
endoribonucleolytic activity of RNase P in fraction F38 (Fig. 1,
F38). Kinetic analysis demonstrated that the degradation activity was
exerted on the 5" leader since this 28-nt sequence was digested to
shorter fragments (Fig. 17, lanes 4 to 9; 5 and dashed line). A similar
result was obtained when transcription complexes, purified by veloc-
ity sedimentation in glycerol gradient (Fig. 24; F 14) were checked
for cleavage of a 5'-end *P-labeled precursor tRNA*" and degrada-
tion of the excised 5’ leader (Fig. 2B, lanes 5 to 10; dashed line). The
5’ leader was degraded by a processive exoribonucleolytic activity
that proceeded in the 3" to 5’ direction, generating a ladder of cleav-
age intermediates (Fig. 2B, lanes 5 to 10; dashed line). These inter-
mediates were finally digested to mononucleotides seen 1n the gel
front (Fig. 2B, lanes 5 to 10; Mono). The precursor (RNA™" form
was cleaved by RNase P, but without generating a ladder (Fig. 28, S
band). Hence, the detected mononucleotides were not produced by
an exorlbonucleolytlc activity acting on precursor tRNA in the pres-
ence of Mg ions (Fig. 2C) (see below). Degradation of the 5 leader
to mononucleotide was observed when Schizosaccharomyces pombe
precursor (RNA>" (ST Appendix, Flg S1A4, lanes 5 to 9 vs. 2; 5’ band)
and Escherichia coli precursor tRNA B s1 Appendix, Fig. S14, lanes
10 to 14 vs. 4; 5" band) were used as substrates. However, the addition
of cold substrate to the cleavage reaction resulted in the appearance
of the ladder due to the decrease in the excision and subsequent
degradation of the 5’ leader to mononucleotides (ST Appendix,
Fig. S1C'vs. SI Appendix, Fig. S1B, lanes 6 to 10 vs. 1 to 5; 5" band
and dashed line) (Materials and Methods).

The overlap of 5" leader cleavage and degradation (Fig. 2B, lanes
5 to 10; 5" band vs. ladder) implies that the latter activity is asso-
ciated with RNase P (see below).

Recombinant Rpp14, but not Pop5 and OIP2, Increases
Degradation of the Excised 5’ Leader. To assess whether one
of the subunits of RNase P was responsible for the degradation
activity described above, transcription complexes (Fig. 24, F14)
were examined for removal and degradation of the 5’ leader of
precursor tRNA*" in the presence and absence of recombinant

Rpp14 (Fig. 3) and Pop5 (Fig. 4) proteins, which were purified to
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near homogeneity (S Appendix, Fig. S2 A and B) (Materials and
Methods). Rpp14 and its partner, OIP2 (EXOSCS), are parts of a
putative exosome acting on the 3’ end of precursor tRNA in the
absence of Mg ions (22), whereas Pop5 has an overall structure
similar to that of Rpp14 (11). The addition of recombinant Rpp14
increased the cleavage of the 5" leader of a labeled precursor
tRNAS, as well as its degradation to mononucleotides (Fig. 34,

lanes 10 to 15 vs. 4 to 9, and Fig. 3B). Recombinant Rpp14
acted via RNase P (Fig. 34, lane 6 vs. 13; 5" band, and Fig. 30),
as evidenced from the increase of the endonucleolytic cleavage of
the 5" leader (SI Appendix, Fig. S2C, lanes 3 to 10 vs. 2; 5" band).
Surprisingly, the addition of recombinant Pop5 also enhanced
the cleavage of the 5’ leader and generation of mononucleotides
in the presence of divalent ions (Fig. 44, lanes 15 to 18 vs. lanes
5 to 8, Fig. 4 Band C). However, these rlbonucleolytlc activities
coincided with a decline in precursor tRNA Ser (Fig. 44, lanes 14
to 18 vs. lanes 4 to 8; S). Hence, Pop5 is an exoribonuclease,
but it produces mononucleotides by acting on precursor tRNA
(SI Appendix, Fig. S2C, lane 12 vs. 1, 11 and 13). The addition
of recombinant Rpp25 showed no effect on precursor tRNA
(SI Appendix, Fig. S3A, lanes 8 to 11 vs. 4 to 7; SI Appendix,
Fig. S3 B and Q).

In contrast to the above findings, the presence of recombinant
Rpp14 and Pop5 in a reconstituted RNase P, consisting of H1
RNA and eight recombinant protein subunits, did not bring to
degradation of the correctly cleaved 5’ leader of precursor tRNA>
(Fig. 54, lanes 2 and 5). Exclusion of the Mg ions from the
reconstitution reaction led to degradation of the substrate (Fig. 54,
lanes 2 and 5 vs. 3). Since neither the reconstituted nor purified
RNase P eliminates the 5’ leader (Fig. 54, lanes 2, 4, and 5, respec-
tively), the context in which this enzyme occurs in transcription
complexes is critical to degradation. Of note, except for Rpp14,
the absence of the other recombinant proteins had only a minor
effect on the reconstituted activity of RNase P (Fig. 54, lane 11
vs. 6 to 13; 5’ band; Fig. 5 Band (), indicating that each protein
is individually dispensable for substrate cleavage, which is based
on H1 RNA (19, 20). Reconstitution required freshly prepared
recombinant proteins, since these polypeptides become function-
ally impaired shortly after affinity purification and storage.

The results supported further assessment of Rpp14 as the exo-
ribonuclease responsible for degradation of the 5" leader by RNase
P present in transcription complexes. The proximity of Rpp14 to
the 5" end of tRNA (Fig. 3D) seen in the cryo-EM structure of
purified human RNase P holoenzyme (11) supports this view.

Exogenous Expression of Rpp14 Elicits Assembly of Atypical
Transcription Complexes. A Rpp14 protein fused to a myc-tag
epitope was expressed in transiently transfected Hela cells and
S100 extracts were prepared for assembly and purification of
transcription complexes, as described in Fig. 24. Fractions derived
from the glycerol gradient were then examlned for cleavage and
degradation of the 5’ leader of precursor tRNA*" and compared
to control activities exhibited by purified transcription complexes
prepared from untransfected cells (Fig. 64 vs. Fig. 6B). Tagged
Rpp14 was integrated into competent transcription complexes, but
these were sedimented in fractions near the bottom of the gradient,
when compared to the control complexes found in the upper
fractions (Fig. 6 A and B, lanes 7 to 14), as expected (Fig. 24).
Apparently, expression of the tagged Rpp14 led to the assembly of
large transcription complexes comprising RNase . These atypical
complexes exhibited 1ncreased endonucleolytic cleavage of the 5
leader of precursor tRNA™, when compared to that displayed by
the control complexes (Fig. 64, lanes 11 to 14 vs. Fig. 6B, lanes
9 to 12; 5" band). This effect, however, was not accompanied by
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Fig.2. Transcription complexes contain a processive exoribonucleolytic activity that degrades the excised 5’ leader. (A) Transcription complexes were assembled
on the human tRNA""® gene in S100 extracts of HEK293 cells and then were purified by velocit%/ sedimentation using a 15 to 35% glycerol gradient (Materials
and Methods). Derived fractions were immediately tested in transcription reactions containing **P-UTP for 2 h. The products were analyzed in a denaturing 8%
polyacrylamide sequencing gel. Positions of the primary tRNA* (93 nt), intermediate tRNA"® (88 nt) lacking the 5’ leader and 3’ trailer, tRNA (76 nt), excised
exons and intron are indicated. The asterisk points to a labeled transcript likely generated from inaccurate termination. (B) Fraction F14 in A was tested for site-
specific cleavage of the 5 leader of **P-labeled precursor tRNA*®" and its subsequent, overlapping degradation in the presence of Mg?* ions, for the indicated
times. Cleavage products were then separated in 8% sequencing gel and visualized by autoradiography. The positions of precursor tRNA**' (S) and 5 leader (5')
are shown. The ladder is marked by a dashed line. The mononucleotide (Mono) band is indicated. The large gel was exposed to two x-ray films (arrowhead) for
the same exposure time. Precursor tRNA*®" and 5’ leader (lane 1) were not degraded by M1 RNA (lane 2), recombinant Rpp14 (lane 3), or recombinant Rpp29
(lane 4) in the presence of Mg?" ions. (C) The signal intensities of precursor tRNA**" and excised 5’ leader bands seen in B were quantitated and plotted. The
error bars are shown for at least three independent experiments.
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Fig. 3. Recombinant Rpp14 increases cleavage and degradation of the 5’ leader by RNase P found in transcription complexes. (A) RNase P in fraction F14
described in Fig. 2B was tested for cleavage and degradation of the 5" leader of an internally *?P-labeled precursor tRNA* for the indicated time points. Excess
amounts of cold substrate were added to the reactions to slow down degradation of the 5’ leader. Cleavage products were analyzed in an 8% sequencing gel. The
positions of the substrate (S), tRNA (3'), 5" leader (28 nt), and mononucleotides (Mono) are shown. For cleavage controls, DEAE-purified HEK293 RNase P (lane 2)
and M1 RNA (lane 3) were included (lane 1). The gel was exposed to two autoradiograms (arrowhead) for the same time. The asterisk points to a truncated
substrate, as evident in lane 1. (B) The signal intensities of the 5’ leader bands seen in A were quantitated and plotted. (C) Bars depict quantitation of the peak
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position is close to the 5’ end of tRNA. Position of Rpp14 (red) relative to those of H1 RNA (green) and tRNA (blue) in RNase P, based on the cryo-EM structure of
the holoenzyme (11). The other protein subunits were omitted for clarity. The distance of Rpp14 from the 5’ end of tRNA is ~71A, which fits a 5’ leader of 21-nt
in length. This length falls in the wide range of 5" leader sizes, 2 to 40 nt, of human precursor tRNAs (1).

an increase in 5’ leader degradation to mononucleotides (Fig. 64,
lanes 11 to 14 vs. Fig. 6B, lanes 9 to 12; Mono; Fig. 6C'vs. Fig. 6D).
Thereby, the tagged RNase P in the fractions was defective in 5’
leader degradation (see below), ruling out the possibility that the
multiplexes were generated by aggregation of insoluble Rpp14.

Knockdown of Rpp14 Leads to a General Inhibition of Cleavage

of Nascent Precursor tRNAs. Attempts to investigate Rpp14 by
knocking out its respective gene using standard and inducible

PNAS 2023 Vol.120 No.42 e2307185120

CRISPR-Cas9 techniques were unsuccessful, as the resulting cell
clones survived for a few passages in culture. Therefore, Rpp14
mRNA was targeted in HEK293 cells by the use of three shRNAs
directed against the coding region and 3'-UTR (Materials and
Methods) (23). The shRNAs were expressed by minigenes cloned
in psi-U6 vector. S20 extracts and total RNA were prepared from
transfected cells at 24, 48, and 72 h. Knockdown was confirmed
by semiquantitative RT-PCR using specific primers that amplified
the open reading frame sequence of the Rpp14 mRNA (Fig. 74,

https://doi.org/10.1073/pnas.2307185120 5 of 9
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Fig. 4. Recombinant Pop5 elicits
degradation of precursor tRNA,
but not excised 5' leader, to
mononucleotides by transcrip-
tion complexes. (A) RNase P in
transcription complexes eluted
in fraction F39 of the gel filtration
described in Fig. 1A were tested for
cleavage and degradation of the 5
leader of precursor tRNA*" in the
absence (lanes 4 to 8) or presence
(lanes 14 to 18) of recombinant
Pop5 protein. Protein alone was
examined as a negative control
(lanes 9 to 13). Excess amounts
of cold precursor tRNA*" was
added to the reactions to slow
down degradation of the 5’ leader.
Cleavage products were analyzed
in a sequencing gel and exposed
to two x-ray films (arrowhead), as
in Fig. 1A. (B) The signal intensities
of the 5" leader bands seen in A,
lanes 4 to 8 and 14 to 18, were
quantitated and plotted. Error
bars are shown for at least three
independent experiments. (C) The
signal intensities of the mononu-
cleotide bandsinA, lanes 8, 13, and
18, were quantitated and plotted.
Error bars are shown for at least
three independent experiments.

in 72 h (Fig. 74, lanes 11 to 13 vs. 7 t0 9). The steady-state levels
of GAPDH mRNA remained largely unchanged (Fig. 7B, lanes
2 to 13). Repeated attempts to demonstrate Rpp14 knockdown
at the protein level by western blot analysis using commercially

Fig. 5. Reconstituted and purified
RNase P do not degrade excised 5’
leader. (A) RNase P was reconstituted
fromin vitro-transcribed H1 RNA and
eight recombinant proteins, Rpp14,
Rpp20, Rpp21, Rpp25, Rpp29, Rpp30,
Rpp40, and Pop5 (lanes 2 and 5). The
resulted activity was determined by
site-specific cleavage of the 5’ leader
of a labeled precursor tRNAS®,
Reconstituted RNase P forms lacking
one of the eight recombinant proteins
were also examined under the same
reaction conditions (lanes 6 to 13).
Reconstituted RNase P degrades the
precursor tRNA in the absence of
Mg?" ions (lane 3 vs. 2 and 5). (B) The
signal intensities of the tRNA bands
in A were quantitated and plotted.
Error bars are shown for at least
three independent experiments. (C)
The signal intensities of the 5’ leader
bands in A were quantitated and
plotted. Error bars are shown for at
least three independent experiments.
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Fig. 6. Exogenous expression of Rpp14 enhances cleavage, but not degradation, of the 5’ leader by RNase P existing in transcription complexes. (A and B)

A myc-tagged Rpp14 was expressed in transfected Hela cells for 42 h and S100 extract was prepared. Transcription complexes assembled on a tRNA*"® gene
in this extract (A) and control extract (B), prepared from untransfected cells, were purified by velocity sedimentation in 15 to 35% glycerol gradients. Selected
fractions derived from the two gradients were then checked for RNase P activity and cleavage products were analyzed in a denaturing 8% polyacrylamide gels,
which were exposed to x-ray autoradiography. The 5’ leader (Upper) and mononucleotide (Lower) bands are shown. A sign of a sellotape is seen in the gel right
side. (C) The 5’ leader and mononucleotides bands seen in A were quantified and plotted. Error bars are shown for at least three independent cleavage assays.
(D) The 5" leader and mononucleotides bands seen in B were quantified and plotted. Error bars are shown for at least three independent assays.

available antibodies were unsuccessful. Strikingly, transcription of
the tRNA™ gene in S20 extracts prepared from cells with Rpp14
knockdown produced a large amount of precursor tRNA™, when
compared to that produced by the control extracts (Fig. 7D, lane 2
vs.31t05,6vs.7t09,and 10 vs. 11 to 13; Fig. 7H). By contrast,
production of the mature tRNA*® sharply declined at 24 and
48 h (Fig. 7D, lanes 2 vs. 3 to 5, and 6 vs. 7 to 9; 75-bp band;
Fig. 71), but reestablished at 72 h (Fig. 7D, lane 10 vs. 11 to 13;
Fig. 71) owing to the transient knockdown. Similarly, examination
of transcription of a human tRNA"" gene revealed synthesis of the
precursor (RNA™ (UUU) containing a long 5" leader of 23-nt
in length during Rpp14 knockdown (Fig. 7E, lane 6 vs. 7 to 9;
Fig. 7/). Unabated transcription of the tRNAM gene was also
evident, as manifested in the continuous synthesis of unprocessed
precursor tRNAiMEt (Fig. 7G, lane 2 vs. 3 t0 5, lane 6 vs. 7 to 9 and
lane 10 vs. 11 to 13; Fig. 7L). Transcription of a human tRNAM
(GTG) gene, which codes for a primary transcript with a long 3’
trailer of 38-nt in length, was unaffected too (Fig. 7F, lane 2 vs.
3t05,6vs.7to9and 10 vs. 11 to 13; Fig. 7K). These precursor
tRNAs were generated from their respective cloned genes, as
exemplified for the precursor tRNAM (Fig. 7, lane 2 vs. 3 and
4). Moreover, the cells with Rpp14 knockdown had high steady-
state levels of endogenous precursor tRNAS, precursor tRNAD,
and precursor tRNA™™, as verified by RT-PCR analysis of total
RNA (Fig. 7 N-P, lane 2 vs. 3 to 5; Fig. 7 Q--S).

'The results uncover that Rpp14 knockdown leads to inhibition
of cleavage of flanking and intervening sequences of various pre-
cursor tRNAs in cells and extracts.

PNAS 2023 Vol.120 No.42 e2307185120

Discussion

We have shown that human RNase P exhibits two consecutive
ribonucleolytic activities by which this holoenzyme cleaves pre-
cursor tRNA and subsequently degrades the excised 5’ leader.
These activities are interdependent and coordinated by RNase P
present in transcription complexes. The 5’ leader sequence is
removed from precursor tRNA before it is degraded by a processive
3’ to 5’ exoribonucleolytic activity displayed by the Rpp14 sub-
unit. It remains unknown, however, if this exoribonuclease subunit
recognizes and degrades 5’ leader sequences of all precursor tRNAs
from diverse organisms (S Appendix, Fig. S1). The two overlap-
ping ribonucleolytic activities of RNase P require cooperation of
Rpp14 with H1 RNA, which is supported by the proximity of
this subunit, as part of the Pop5-Rpp14-(Rpp30),-Rpp40 sub-
complex (11), to the catalytic core of H1 RNA (Fig. 3D).
Noticeably, highly purified and reconstituted RNase P possess
Rpp14, but these catalytic ribonucleoproteins do not degrade
excised 5 leaders (Fig. 54). Accordingly, Rpp14 displays its 3 to
5" exoribonuclease activity in a context-dependent manner, as a
subunit of RNase P existing in transcription complexes. Since the
5" leader of nascent precursor tRNA (Fig. 14) or in vitro-
transcribed precursor tRNA (Fig. 1D) is eliminated by RNase P
in transcription complexes, the function of Rpp14 as an exorib-
onuclease subunit is independent of transcription. Though, pre-
cursor tRNAs are synthesized in transcription factories in the cell
(24), and hence, the cleavage and degradation of the 5’ leader of
precursor tRNA by RNase P should be linked to transcription.
The assembly of multiplexes of transcription complexes that are
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Fig. 7. Rpp14 knockdown leads
to a wide-ranging inhibition of pro-
cessing of flanking and intervening
sequences of nascent precursor
tRNAs. (A) Rpp14 mRNA was target-
ed for destruction in HEK293 cells
(lanes 2, 6, and 10) by the use of
shRNA A (lanes 3,7, and 11), shRNA
B (lanes 4, 8, and 12) or shRNA C
(lanes 5, 9, and 13) for the indicated
time points. shRNA A and B were di-
rected against the coding region of
Rpp14, whereas shRNA Ctargeted
the 3'-UTR (Materials and Methods).
S20 extracts and total RNAs were
then prepared from transfected
and control cells. The steady-state
levels of Rpp14 MRNA were deter-
mined by semiquantitative RT-PCR
at 24, 48, and 72 h. The PCR prod-
uct, 321 bp in size, was visualized
by electrophoresis in 2% agarose
gel. The identity of the product was
confirmed by direct DNA sequenc-
ing. Lanes 1 and 14 depict DNA size
markers. (B) The steady-state levels
of GAPDH mRNA were determined
by RT-PCR and used as internal
controls and for standardization.
(C) The PCR products of Rpp14 seen
in A were quantitated and plotted.
(D-G) S20 extracts of control and
transfected cells described in A
were examined for transcription
of tRNA*E (D), tRNAY® (E), tRNA™S
(P, and tRNAM (G). In D, the lower
band (75 bp) denotes the mature
tRNAYE, whereas the larger one (88
20 bp) represents intron-containing
precursor tRNA*8, The sizes of the
PCR products are indicated and
their identities were confirmed
by direct DNA sequencing. Lanes
1 and 14 have DNA size markers.
Schematics of precursor tRNAME,
tRNAYS, and tRNAM™S are shown
below. Precursor tRNA™S has long
5’ leader and 3’ trailer sequences
enabling the detection of the pri-
mary transcript using correspond-
ing primers. The lower band is un-
known. Error bars designate the SD
of three independent experiments.
(H and /) The PCR products that cor-
respond to precursor tRNA*® and
rNaws  tRNAYE seen in D were quantitated

and plotted. The error bars denote
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dogenous tRNA counterparts, the tRNA“® gene was tested in control transcription reaction (lane 2) or reactions lacking extract (lane 3) or plasmid (lane 4) for 3
h. After extraction of nucleic acids, precipitation, and treatment with DNase | (Materials and Methods), total RNA was reverse transcribed and then analyzed for
tRNAM, as in G. The PCR product was seen only in lane 2, which represents the nascent tRNAY® generated by in vitro transcription. (N-P) RT-PCR analysis of
tRNA™E, tRNAY, and tRNA™S in total RNA extracted from cells with knockdown of Rpp14 or control (lanes 3to 5, 7 to 9, and 11 to 13 vs. 2, 6, and 10). (Q-S) PCR

bands of tRNA*E, tRNAYS, and tRNA™S seen in N-P were quantitated and plotted.

defective in degradation of the 5 leader (Fig. 6) supports a direct
role of Rpp14 in the latter activity. Further study is required to
assess whether multiplexes are formed in cells expressing high
levels of Rpp14.

Rpp14 has an interacting partner, OIP2, which has been shown
to degrade precursor tRNAs in the absence of divalent ions in vitro
(22). Our study, however, does not support a collaboration of
these two exoribonucleases in excision and elimination of the 5’
leader (Figs. 1 and 2). Therefore, the exosome, which contains
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OIP2 (EXOSCB), is not involved in the degradation of the leader
by transcription complexes. Instead, it is RNase P that eliminates
this sequence, a task that renders this catalytic ribonucleoprotein
a major degradation machinery, when considering the large num-
ber of precursor tRNAs transcribed in the cell and their corre-
sponding 5’ leaders are excised and degraded. In addition to
Rpp14, the related Pop5 also has an exoribonuclease activity, but
this highly conserved protein subunit (7) degrades precursor
tRNA. RNase P contains putative ribonucleases that form the
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Pop5-Rpp14-(Rpp30),-Rpp40 subcomplex, shown to bind the
catalytic domain of H1 RNA, a ribonuclease by itself.

The present study reveals that RNase P functions in transcription
complexes that comprise the tRNA splicing complex and RNase
Z. These three complementary ribonucleases form an intricate rib-
onuclease module, in which RNase P controls the other two ribo-
nucleases for ordered cleavage of flanking and intervening sequences
of nascent precursor tRNA. This module constitutes a counterpart
to the adjoining Pol module, which is made of Pol IIT and its core
and auxiliary transcription factors. In view of the primordial evo-
lutionary origins of H1 RNA and tRNA and their incomparable
coevolution as enzyme and substrate, the present study of Pol III
transcription complexes will help in elucidating the origin of short
RNA polymerization by exploring the opposite reaction, RNA
degradation, carried out by these versatile complexes.
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