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ABSTRACT

RNase MRP is a eukaryotic endoribonuclease involved in nucleolar and mitochondrial RNA processing events. RNase MRP is
a ribonucleoprotein particle, which is structurally related to RNase P, an endoribonuclease involved in pre-tRNA processing.
Most of the protein components of RNase MRP have been reported to be associated with RNase P as well. In this study we
determined the association of these protein subunits with the human RNase MRP and RNase P particles by glycerol gradient
sedimentation and coimmunoprecipitation. In agreement with previous studies, RNase MRP sedimented at 12S and 60–80S. In
contrast, only a single major peak was observed for RNase P at 12S. The analysis of individual protein subunits revealed that
hPop4 (also known as Rpp29), Rpp21, Rpp20, and Rpp25 only sedimented in 12S fractions, whereas hPop1, Rpp40, Rpp38, and
Rpp30 were also found in 60–80S fractions. In agreement with their cosedimentation with RNase P RNA in the 12S peak,
coimmunoprecipitation with VSV-epitope-tagged protein subunits revealed that hPop4, Rpp21, and in addition Rpp14
preferentially associate with RNase P. These data show that hPop4, Rpp21, and Rpp14 may not be associated with RNase
MRP. Furthermore, Rpp20 and Rpp25 appear to be associated with only a subset of RNase MRP particles, in contrast to hPop1,
Rpp40, Rpp38, and Rpp30 (and possibly also hPop5), which are probably associated with all RNase MRP complexes. Our data
are consistent with a transient association of Rpp20 and Rpp25 with RNase MRP, which may be inversely correlated to its
involvement in pre-rRNA processing.
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INTRODUCTION

Eukaryotic ribosome synthesis starts with transcription of
the rDNA genes by RNA polymerase I. The human 18S,
5.8S, and 28S rRNAs are transcribed as a long polycistronic
RNA, designated 47S pre-rRNA. In order to yield the
mature 18S, 5.8S, and 28S rRNAs, the 47S pre-rRNA
undergoes a series of endo- and exonucleolytic processing
steps, and in addition many nucleotides are chemically
modified. These post-transcriptional modifications include
pseudouridinylation and 29-O-ribose methylation. Most of
these processing and maturation steps are catalyzed by
small nucleolar ribonucleoprotein complexes (snoRNPs).
These protein–RNA complexes reside in the nucleolus and
are typically composed of multiple protein subunits asso-
ciated with a single snoRNA species that serves as a guide in
substrate recognition. Based upon common characteristics

in their RNA moiety, snoRNPs are categorized into three
major classes (Tollervey and Kiss 1997; Terns and Terns
2002). The first class is the box H/ACA snoRNPs, which are
involved in the pseudouridinylation of rRNA (Ganot et al.
1997). The second class is the box C/D snoRNPs, which
guide the modification of rRNA by methylation of riboses
(Kiss-Laszlo et al. 1996). Some box C/D snoRNPs, for
example, the U3 snoRNP, are involved in endonucleolytic
cleavage steps of the pre-rRNA (Hughes and Ares 1991).
Two snoRNPs cannot be classified as box H/ACA or box
C/D snoRNPs (Tollervey and Kiss 1997). These snoRNPs
are RNase MRP (ribonuclease for mitochondrial RNA pro-
cessing) and RNase P. RNase P is a ubiquitous enzyme that
functions in the maturation of tRNA by the removal of
the 59 leader sequence of pre-tRNAs (Altman 2000; Jarrous
2002). In the yeast Saccharomyces cerevisiae, RNase MRP
has been reported to cleave site A3 within internal
transcribed spacer 1 (ITS1) of pre-rRNA, thereby contrib-
uting to the maturation of the 59-end of the 5.8S rRNA
(Lygerou et al. 1996a). In addition to this nucleolar
function, RNase MRP has been reported to be involved
in the generation of RNA primers for mitochondrial DNA
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replication by cleavage of an RNA transcript that originates
from the mitochondrial origin of replication (Chang and
Clayton 1987). Recently, a third function for S. cerevisiae
RNase MRP, the cleavage of Clb2 mRNA, has been de-
scribed (Gill et al. 2004). In spite of the reported mito-
chondrial and mRNA cleavage functions, the vast majority
of RNase MRP is found in the nucleolus, the site of pre-
rRNA processing (Reimer et al. 1988).

RNase MRP from human, Arabidopsis thaliana, and
Nicotiana tabacum has been reported to be associated with
different complexes sedimenting at z12S and 60–80S in
glycerol gradients (Kiss et al. 1992; Lee et al. 1996). For the
U3 snoRNP, 12S (low molecular weight) complexes were
identified as core particles consisting of the U3 snoRNA
and the most stably associated proteins, whereas also in this
case high-molecular-weight (60–80S) complexes were ob-
served, which most likely represent pre-ribosomes (Tyc and
Steitz 1989; Lukowiak et al. 2000; Granneman et al. 2003).
Interestingly, Granneman and coworkers found that a sub-
set of the human U3 snoRNP-associated proteins only
cosediments with the 60–80S complexes and not with the
12S complexes. Therefore, these proteins were proposed to
be required for the function of the U3 snoRNP in ribosome
synthesis. The sedimentation of the human RNase MRP
RNA in similarly sized complexes suggested that the 12S
and 60–80S complexes correspond to a core particle and
the pre-ribosomal complexes, respectively. Today, 10 pro-
teins have been identified as RNase MRP components in
several organisms, and it is generally believed that most of
these proteins are stably associated with both RNase MRP
and RNase P (Lygerou et al. 1996b; Eder et al. 1997;
Chamberlain et al. 1998; Jarrous et al. 1998, 1999, 2001; van
Eenennaam et al. 1999, 2001; Guerrier-Takada et al. 2002).
To obtain experimental evidence on the protein composi-
tion of these particles in humans, their sedimentation
patterns in glycerol gradients were determined. The results
of these experiments not only revealed striking differences
between the sedimentation behavior of RNase MRP and
RNase P, but also demonstrated extensive heterogeneity in
the association of the protein subunits with the different
complexes. Taken together, our data demonstrate for the
first time that differences in protein subunit composition
between the human RNase MRP and RNase P complexes
exist and in addition show that the protein composition of
RNase MRP in part depends on its association with 60–80S
pre-ribosomal complexes.

RESULTS

Glycerol gradient sedimentation analysis of RNase
MRP and RNase P

To investigate the heterogeneity of the human RNase MRP
and RNase P ribonucleoprotein complexes, we fractionated

total cell extracts from HEp-2 cells in 5%–40% glycerol
gradients. The sedimentation behavior of these complexes
was first visualized by Northern blot hybridization using
probes specific for the RNase MRP and RNase P RNA
components. In parallel the fractionation of rRNAs was
monitored by agarose gel electrophoresis and ethidium
bromide staining; the positions of the 18S and 28S rRNAs
were used as markers for 40S and 60S complexes. A U3
snoRNA probe was used as an additional marker for the
positions of 12S and 60–80S complexes in the gradient (Fig.
1A; Granneman et al. 2003). As shown in Figure 1B, the
majority of RNase MRP RNA and RNase P RNA was found
in 12S fractions (fractions 6–10). Quantification of the
hybridization signals by PhosphorImaging revealed that
z65% of the total pool of RNase MRP RNA and z75%
of the RNase P RNA sedimented in these fractions. In
addition, both RNase MRP RNA and RNase P RNA
showed minor peaks sedimenting at z40S (fraction 14,
RNase P RNA; fraction 15, RNase MRP RNA). A third peak
(containing z17% of the total RNase MRP RNA pool) was
observed for RNase MRP RNA in 60–80S fractions (18–22).
The glycerol gradient sedimentation analysis was carried
out several times, and the results appeared to be very
reproducible. The sedimentation pattern of RNase P RNA
in 60–80S fractions was confirmed by analyzing RNase
P activity in the 12S, 40S, and 60–80S fractions. Rpp38-
containing complexes were immunoprecipitated from
pooled 12S, 40S, and 60–80S fractions (fractions 7–9, 13–
15, and 19–21, respectively), and the presence of RNase P
activity in the immunoprecipitated material was analyzed
by an in vitro RNase P activity assay using pre-tRNA as
a substrate. The results in Figure 1C show that Rpp38-
containing complexes from 12S and 40S fractions were able
to cleave the pre-tRNA into the 59 leader sequence and
the mature tRNA (lanes 4,5). The absence of the 59 leader
sequence in the reaction products of the precipitate from
the 40S fractions is most likely due to the coprecipitation of
an activity that is responsible for the degradation of the
released 59 leader sequence. In contrast, anti-Rpp38 immu-
noprecipitates from 60–80S fractions did not display RNase
P activity (Fig. 1C, lane 6). Note that the lack of RNase P
activity in the latter fractions was not due to the absence
of Rpp38, because this protein was found in all of these
fractions (see below).

The differences observed in the sedimentation behavior
of RNase MRP RNA and RNase P RNA prompted us to
investigate the RNase MRP and RNase P protein subunit
distribution. To analyze the sedimentation behavior of
these protein subunits, glycerol gradient fractions were
separated by SDS-PAGE, and the proteins were visualized
by immunoblotting using polyclonal rabbit antisera. Sur-
prisingly, striking differences were observed between the
sedimentation patterns of individual protein subunits. As
shown in Figure 2A, substantial amounts of all RNase MRP
and RNase P protein subunits sedimented at 12S (at which
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the RNase MRP and RNase P RNAs also showed major
peaks). However, in contrast to hPop1, Rpp38, Rpp30, and
Rpp40, which showed an RNase MRP RNA-like sedimen-
tation pattern with a peak in the 60–80S region, Rpp20,
Rpp25, hPop4 (also known as Rpp29), and Rpp21 did not
detectably sediment in high-molecular-weight fractions
(Fig. 2B). In addition, more subtle differences between
the sedimentation behavior of individual protein subunits
were observed. Quantification of the data by Phosphor-
Imaging demonstrated that the Rpp38 distribution was
virtually indistinguishable from that of the RNase MRP
RNA, with a major peak at 12S and a minor peak at 60–
80S. The intensity of the hPop1 peak at 60–80S, on the
other hand, was about equal to that of the 12S peak. Rpp30
and Rpp40 both showed the three peaks observed also for
the RNase MRP RNA and Rpp38, but in addition were
present in fractions containing complexes/proteins sedi-
menting slower than 12S. These fractions may contain the
free proteins. In addition to the sedimentation of Rpp20,
Rpp25, hPop4, and Rpp21 in 12S fractions, we also

detected weak signals for these proteins in the 40S fractions.
The signals observed in the low-molecular-weight fractions
(2–6) with antibodies against Rpp20, hPop4, and Rpp21 do
not migrate at the positions of the respective proteins and
therefore, most likely, are due to cross-reactivity. Although
antisera raised against Rpp14 and hPop5 were available,
these sera appeared to be unable to detect the respective
proteins in the gradient fractions. Because of the small
difference in peak sedimentation of 12S RNase MRP and
RNase P RNA (Fig. 1B, lanes 8 and 8–9, respectively), we
tried to obtain a higher resolution in this region of the
gradients by running 12%–18% glycerol gradients. Inter-
estingly, the results of these analyses strongly suggested
that hPop4 and Rpp21 completely cosedimented with the
RNase P RNA and not with the RNase MRP RNA (data not
shown). In summary, the RNase MRP/RNase P protein
subunits can be divided into two major groups: proteins
that cosediment with 12S, 40S, and 60–80S complexes
and proteins that solely cosediment with 12S and 40S
complexes.

FIGURE 1. Analysis of the human RNase MRP and RNase P complexes by glycerol gradient sedimentation. HEp-2 extracts were fractionated in
5%–40% (v/v) glycerol gradients. Total RNA was isolated from the fractions and analyzed by Northern blot hybridization. (A) Northern blots
were hybridized with a U3 snoRNA-specific riboprobe. The signals were visualized by autoradiography. The position of the U3 snoRNA is
indicative for 12S fractions. (B) Northern blots were hybridized successively with RNase MRP RNA- and RNase P RNA-specific probes. Signals
were visualized by autoradiography and quantified by PhosphorImaging. The relative distributions of RNase MRP RNA and RNase P RNA were
calculated. The sedimentation of 40S and 60S particles was determined by the presence of 18S and 28S rRNAs, respectively. (C) Pooled fractions
7–9, 13–15, and 19–21 (representing the 12S, 40S, and 60–80S peaks, respectively) were subjected to anti-Rpp38 immunoprecipitation.
Subsequently, the immunoprecipitated material was analyzed for the presence of coprecipitated RNase P activity (lanes 4–6). In lane 1, purified
pre-tRNA substrate (input) was loaded. As a positive control, pre-tRNA substrate cleaved by partially purified HeLa RNase P is shown in
lane 2. As a positive control for anti-Rpp38 immunoprecipitation, the partially purified RNase P was immunoprecipitated, and the
pre-tRNA processing assay was performed on the beads (lane 3). The positions of pre-tRNA, tRNA, and the 59 leader sequence are indicated
on the left.

Composition of the human RNase MRP and RNase P
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Differential association of protein subunits in
transfected cells

To further investigate the presumptive differential associ-
ation of the protein subunits with 12S RNase MRP and
RNase P, cDNAs encoding all RNase MRP/RNase P protein
subunits were cloned in the pCI-Neo vector, in frame with
an N-terminal VSV-tag encoding sequence as described
before (Welting et al. 2004). HEp-2 cells were transfected
with the individual constructs, and after culturing for 24 h,
the incorporation of the VSV-tagged proteins into RNase
MRP/RNase P-sized complexes was checked by analyzing
the glycerol gradient sedimentation behavior of transiently
expressed VSV-Rpp25 or VSV-Rpp38. Extracts from cells
expressing VSV-Rpp25 or VSV-Rpp38 were separated on
5%–40% glycerol gradients, and the fractionation of the
VSV-tagged as well as the endogenous proteins was ana-
lyzed by Western blotting using polyclonal rabbit sera
against the respective proteins. The results showed that,
like the endogenous proteins, VSV-Rpp25 associated with
complexes sedimenting at 12S, and VSV-Rpp38 associated
with complexes sedimenting at 12S and 60–80S (Fig. 3A).
These results indicated that the tags did not interfere with
the incorporation of these proteins into RNase MRP and
RNase P particles. In agreement with this, the RNAs
associated with these particles coprecipitated with the
tagged proteins when the latter were immunoprecipitated

with anti-VSV-tag antibodies (see be-
low). To further demonstrate the asso-
ciation of the VSV-tagged protein
subunits with these ribonucleoprotein
particles, extracts from transiently
transfected cells were subjected to im-
munoprecipitation with anti-VSV-tag
monoclonal antibodies and the RNase
P activity in the immunoprecipitates
was determined in vitro. As can be seen
in Figure 3B, in contrast to the immu-
noprecipitate from the extract from
cells transfected with the control
VSV-tag vector, the immunoprecipitates
from all cells transfected with the in-
dividual VSV-fusion proteins displayed
RNase P activity. These data show that
all VSV-tagged RNase MRP/RNase
P protein subunits analyzed are capable
of associating with enzymatically active
RNase P particles. Note that Rpp40 was
not included in these analyses, because
we failed to express VSV-tagged Rpp40
to detectable levels in this system. To
study the association of these VSV-
tagged proteins with both RNase MRP
and RNase P, the coprecipitating RNAs
were isolated from anti-VSV-tag immu-

noprecipitates and analyzed by Northern blot hybridization
using riboprobes specific for the RNA components of
RNase MRP and RNase P. The results in Figure 3C show
that VSV-hPop1, VSV-hPop5, VSV-Rpp20, VSV-Rpp25,
VSV-Rpp30, and VSV-Rpp38 all coprecipitate both RNase
MRP RNA and RNase P RNA. The relative efficiencies by
which these two RNAs are coprecipitated are about equal
for all of these proteins, indicating that these subunits are
associated with both RNase MRP RNA and RNase P RNA.
This was confirmed by quantification of the data by
PhosphorImaging of the RNase MRP RNA and RNase P
RNA signals for three independent experiments (Fig. 3D).
Surprisingly, for VSV-Rpp21, VSV-Rpp14, and VSV-
hPop4, we never detected coprecipitation of RNase MRP
RNA. To exclude the possibility that VSV-Rpp21, VSV-
Rpp14, and VSV-hPop4 did not coprecipitate RNase MRP
RNA because of interference of the VSV-tag, the experi-
ment was repeated, but now with the VSV-tag fused to the
C terminus instead of the N terminus of these proteins.
Also in these cases, no coprecipitation of RNase MRP RNA
was observed (data not shown). The lack of RNase MRP
RNA coimmunoprecipitation with VSV-tagged Rpp21 and
hPop4 is consistent with results obtained by 12%–18%
glycerol gradient sedimentation analyses, which showed the
specific cosedimentation of Rpp21 and hPop4 with the 12S
RNase P RNA, indicating that these proteins are preferen-
tially associated with the RNase P holoenzyme.

FIGURE 2. Distribution of RNase MRP/RNase P protein subunits in glycerol gradients. The
protein distribution in 5%–40% glycerol gradients was analyzed by immunoblotting using
polyclonal rabbit sera against the individual subunits. (A) Proteins that sedimented at 12S, 40S,
and 60–80S. (B) Proteins that sedimented at 12S and 40S only. Note that the available
polyclonal rabbit sera against hPop5 and Rpp14 failed to detect the corresponding proteins.
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DISCUSSION

Previous studies have identified 10 human proteins that

are believed to be stably associated with RNase MRP and

RNase P (Lygerou et al. 1996b; Eder et al. 1997; Jarrous

et al. 1998, 1999, 2001; van Eenennaam et al. 1999, 2001;

Guerrier-Takada et al. 2002). For most of these proteins,

coimmunoprecipitation experiments demonstrated that

they are, indeed, associated with both RNase MRP RNA

and RNase P RNA in human cell lines (Pluk et al. 1999; van

Eenennaam et al. 2002). Moreover, all 10 proteins copuri-

fied with catalytically active RNase P, suggesting that they

are part of the core structure of the holoenzyme. Recently,

we and others have identified mutual interactions between

protein subunits and interactions between protein subunits

and the RNA components by two-hybrid analyses and in

in vitro assays (Welting et al. 2004; Jiang and Altman 2001;
Jiang et al. 2001). In this study, we have addressed the
molecular composition of the complexes in HEp-2 cell
lysates. Our data not only show a preferential association of
hPop4, Rpp21, and Rpp14 with RNase P, but also provide
evidence for the transient association of Rpp25 and Rpp20
with RNase MRP. The results suggest that the latter
proteins dissociate from the RNase MRP complex when it
binds to 60–80S complexes.

When the RNA component is taken as a molecular
marker for all particles, RNase MRP cosedimented with 12S
and 60–80S complexes and a minority with 40S complexes,
whereas RNase P was found mainly at 12S and a small
amount at 40S. The cosedimentation of RNase MRP with
60–80S complexes in glycerol gradients has also been
reported for RNase MRP from HeLa cells and from plants

FIGURE 3. Coimmunoprecipitation of RNase MRP RNA and RNase P RNA with transiently expressed VSV-tagged protein subunits.
Incorporation of VSV-tagged protein subunits in 12S and 60–80S complexes was determined by fractionation of extracts from transiently
transfected HEp-2 cells expressing VSV-Rpp25 or VSV-Rpp38 on 5%–40% glycerol gradients. In parallel, these extracts were subjected to
immunoprecipitation with anti-VSV-tag antibodies. (A) The presence of VSV-tagged and endogenous proteins in gradient fractions was
determined by immunoblotting using polyclonal antisera against Rpp25 or Rpp38. In lane 1, the input material was loaded. In lanes 2–4, 12S, 40S,
and 60–80S peak fractions were analyzed (fractions 8, 15, and 20, respectively). The positions of the VSV-tagged and endogenous proteins are
indicated on the left. (B) An in vitro pre-tRNA processing assay was performed with the immunoprecipitated material. The reaction products
were separated by denaturing gel electrophoresis. In lane 1, 100% of the input pre-tRNA was loaded. (Lane 2) As a positive control, pre-tRNA was
incubated with partially purified RNase P. As a negative control, lane 3 shows the reaction products after incubation with an immunoprecipitate
from an extract of HEp-2 cells that was transiently transfected with the control VSV-tag vector. Lanes 4–12 show the results for the
immunoprecipitated material from cells expressing VSV-hPop1, VSV-hPop4, VSV-hPop5, VSV-Rpp14, VSV-Rpp20, VSV-Rpp21, VSV-Rpp25,
VSV-Rpp30, VSV-Rpp38, respectively. The positions of the pre-tRNA, the mature tRNA and the released 59 leader sequence are indicated on the
left. (C) RNA coimmunoprecipitated with the anti-VSV antibodies was isolated and analyzed by Northern blot hybridization using RNase MRP
RNA- and RNase P RNA-specific probes. Lane 1 contains total RNA from 10% of input material. In lanes 2–11 coimmunoprecipitated RNAs
from cells transfected with the ‘‘empty’’ VSV vector or with constructs encoding VSV-hPop1, VSV-hPop4, VSV-hPop5, VSV-Rpp14, VSV-Rpp20,
VSV-Rpp21, VSV-Rpp25, VSV-Rpp30, and VSV-Rpp38 were loaded. The positions of RNase MRP and RNase P RNA are indicated on the left.
(D) Relative ratios of coprecipitated RNase P and RNase MRP RNAs quantified by PhosphorImaging of Northern blot hybridization data. The
ratio of the signals of these RNAs in the input material was arbitrarily set at 1. The ratios were determined for three independent experiments, and
the error bars indicate the standard deviation.
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(Kiss et al. 1992; Lee et al. 1996). This is consistent with its
involvement in pre-rRNA processing, because these com-
plexes are believed to represent ribosomal precursors
associated with processing factors. The lack of RNase P
RNA in 60–80S fractions does not support a role for RNase
P in human pre-rRNA processing, which was previously
suggested both in yeast (Chamberlain et al. 1996) and in
mammals (Lee et al. 1996).

Up to now, most of the 10 protein subunits identified for
the mammalian RNase MRP/RNase P complexes were
reported to be associated with both ribonucleoprotein
particles. The only clear reported difference between both
complexes is the identity of the associated RNA (Baer
et al. 1990; Topper and Clayton 1990). Interestingly, in
S. cerevisiae, Snm1p and RMP1 have been identified as
unique protein components of RNase MRP (Schmitt and
Clayton 1994; Salinas et al. 2005) and Rpr2p as a unique
protein component of RNase P (Chamberlain et al. 1998).
However, the recent purification of RNase MRP from
S. cerevisiae demonstrated that significant amounts of Rpr2p
are present in the purified complex, suggesting that at least
a subset of RNase MRP is also associated with Rpr2p
(Salinas et al. 2005). In agreement with the difference in
protein composition, electron microscopic analyses of
affinity-purified ‘‘POP complexes’’ from yeast showed the
existence of large and small complexes, which may reflect
the size difference due to different protein compositions of
both yeast complexes (Aloy et al. 2004). The present results
indicate that a subset of the 10 protein subunits (hPop4,
Rpp21, and Rpp14) is more efficiently associated with
RNase P than with RNase MRP. hPop4 and Rpp21 not
only specifically cofractionate with 12S RNase P RNA (note
that Rpp14 could not be detected in glycerol gradient
fractions), but also preferentially associate with RNase P
RNA in transfection experiments with VSV-tagged pro-
teins. Our results indicate that the separation of RNase
MRP and RNase P in the 12S region may not only be due to
the size differences between the RNAs, but may also be
caused by the differential association of protein subunits.
Alternatively, we cannot exclude the possibility that stoi-
chiometric differences between RNase MRP and RNase P
affect the distribution of protein components in glycerol
gradient sedimentation. Most interestingly, in vitro RNase
P reconstitution experiments have demonstrated that
a particle composed of human RNase P RNA and recombi-
nant hPop4 and Rpp21 generated a functionally active
complex (Mann et al. 2003). Similarly, the archaeal hPop4
and Rpp21 orthologs of Pyrococcus horikoshii (Ph1771 and
Ph1601, respectively) have been shown to be essential
components of an active, reconstituted RNase P particle
(Kouzuma et al. 2003). In combination with the reported
binding activities of Rpp14 to precursor tRNA (Jarrous
et al. 2001) and hPop4 and Rpp21 to both mature and
precursor tRNA (Jarrous et al. 2001; Sharin et al. 2005),
these data suggest that the 12S RNase P particle represents

the human holoenzyme. Indeed, the 12S fractions catalyzed
the cleavage of a pre-tRNA substrate in vitro.

In agreement with their preferential association with
RNase P particles, the hPop4 and Rpp21 proteins were
undetectable in the 60–80S fractions. This suggests that
these proteins are not required for the role of RNase MRP
in pre-rRNA processing in human cells. In previous studies,
hPop4 has been shown to interact with both the RNase P
and the RNase MRP particle (van Eenennaam et al. 1999)
and to display direct binding to the RNase P and RNase
MRP RNAs (Welting et al. 2004). Moreover, the yeast
Pop4p protein has been described to be required for pre-
rRNA processing (Chu et al. 1997), and, recently, a TAP-
tagged version of the Pop4p protein was used to purify the
yeast RNase MRP complex (Salinas et al. 2005). In part,
these conflicting results may be explained by a physical or
functional link between subsets of the RNase MRP and
RNase P complexes. In 60–80S complexes, a direct in-
teraction between RNase MRP and RNase P was previously
proposed by Lee et al. (1996). Since we were not able to
detect RNase P in 60–80S complexes, the interaction
between subsets of the RNase MRP and RNase P may
be relatively unstable or transient. Alternatively, a small
amount of complexes containing both RNase MRP and
RNase P may also sediment in regions of the gradients that
were not analyzed in detail in this study. Indeed, the
sedimentation of both RNase MRP and RNase P at 40S
indicates that additional complexes do exist. Finally, our
data do not completely rule out the possibility that a small
subset of RNase MRP particles does contain hPop4 (and
Rpp21 and Rpp14). Such an interaction may be mediated
by a direct interaction of hPop4 with the RNase MRP RNA,
which we previously observed by in vitro RNA-binding
experiments (Welting et al. 2004). It should also be noted
that significant differences in RNase MRP and RNase P
protein composition exist between the mammalian and
yeast complexes (Walker and Engelke 2006). Therefore, the
association of Pop4p with the yeast RNase MRP complex
does not necessarily mean a similar association in mam-
malian cells as well. Protein subunits that are associated
with both holoenzymes in yeast may be differentially
associated with these enzymes in mammalian cells.

Four of the other proteins that were found in 12S frac-
tions were also present in the presumptive pre-ribosomal
complexes at 60–80S. Whereas the distribution over 12S
and 60–80S complexes for most of these proteins was
similar to that of RNase MRP RNA, the relative abundance
of hPop1 in 60–80S material seemed to be higher than that
for the other proteins. Currently it is not known whether
this is due to the association of hPop1 with other com-
plexes sedimenting at 60–80S or to substoichiometric
amounts of this protein in 12S complexes.

Surprisingly, Rpp25 and Rpp20 were not detected at all
in 60–80S fractions, even though they have been de-
monstrated to be stably associated with RNase MRP
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(van Eenennaam et al. 2002). Rpp25 and Rpp20 are evol-
utionarily related proteins, both belonging to the Alba
superfamily (Aravind et al. 2003), which directly bind to
each other (Welting et al. 2004) and most likely bind as
a heterodimer to the P3 domain of RNase MRP RNA (Pluk
et al. 1999; van Eenennaam et al. 2002). In RNase MRP
RNA, this region is in close proximity to nucleotides 68–71
and the P4 stem, which are believed to be part of the
catalytic center of the enzyme. Therefore, it is tempting to
speculate that the Rpp25–Rpp20 heterodimer has to dis-
sociate from the complex before the enzyme can associate
with and cleave substrate RNAs, such as the pre-rRNA in
the 60–80S complexes. Previously, Rpp20 has been re-
ported to contain ATPase activity (Li and Altman 2001). It
would be interesting to investigate whether this activity is
required for the dissociation of the Rpp25–Rpp20 hetero-
dimer from the RNase MRP complex during pre-rRNA
processing.

Because previous studies showed that both Rpp25 and
Rpp20 are associated with catalytically active RNase P, it is
an interesting question whether the cleavage of substrate
RNAs by RNase MRP is blocked by the association of the
Rpp25–Rpp20 heterodimer. Currently, it is unclear what
the function of these proteins may be. They may be
involved in stabilization of the ‘‘free’’ RNase MRP (and
RNase P) enzymes, they may play a role in their subcellular
localization, they may be involved in the recruitment of
RNase MRP/RNase P to substrate RNAs, or they may
regulate the storage and/or activity of these enzymes. An
overview of the differences in human RNase MRP compo-
sition is given in Figure 4. Because of the lack of glycerol
sedimentation data on hPop5, we could not specifically
assign this protein to either the 12S or the 60–80S RNase
MRP populations.

In addition to the complexes discussed above, a small
subset of both RNase MRP and RNase P was reproducibly
sedimenting at 40S. Both the RNAs and most of the protein
components were detected in these fractions. Currently it is
unknown with which other molecules or complexes the
enzymes are associated in these 40S complexes. With regard
to the 40S sedimentation of RNase MRP and RNase P, it is
interesting to note that the B. subtilis RNase P particle has
been reported to interact with the 30S small ribosomal
subunit of this prokaryote (Barrera and Pan 2004).

A schematic representation of the differences observed in
the composition of RNase MRP and RNase P complexes is
presented in Figure 4. We conclude that hPop4, Rpp21, and
Rpp14 are preferentially associated with the human RNase
P and that cells probably contain heterogeneous pools of
RNase MRP complexes, which differ in their protein
composition depending on either their functional activity
or their association with other complexes. Taken together,
our data provide the first evidence for differences in protein
composition of the human RNase MRP and RNase P
complexes and indicate that Rpp20 and Rpp25 transiently

FIGURE 4. Differential association of protein subunits with the human
RNase P and RNase MRP particles. The models used in this figure are
adapted from and based upon a previously described model for the human
RNase MRP complex (Welting et al. 2004). Protein subunits that are asso-
ciated with 12S RNase P and both 12S and 60–80S RNase MRP are shown
in light gray (1, hPop1; 5, hPop5; 30, Rpp30; 38, Rpp38; and 40, Rpp40).
The proteins associated with both 12S RNase P and 12S RNase MRP are
depicted in black (25, Rpp25; 20, Rpp20). The subunits preferentially
associated with 12S RNase P are shown in dark gray (4, hPop4; 14, Rpp14;
and 21, Rpp21). Only the major complex compositions based upon the
current data are shown. A minority of RNase MRP may also contain
hPop4, Rpp21 and Rpp14. (A) Schematic representation of the 12S human
RNase P complex. (B) Composition of the human RNase MRP complexes.
The differential association of the Rpp25–Rpp20 heterodimer is based upon
5%–40% glycerol gradient sedimentation data (Fig. 2). Note that because of
the lack of glycerol gradient sedimentation data on hPop5, we could not
assign this protein to either the 12S or the 60–80S RNase MRP species.
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associate with the RNase MRP complex. Further experi-
ments will be required to shed light on the functional
implication of these differences in particle composition.

MATERIALS AND METHODS

Glycerol density gradient centrifugation

HEp-2 monolayer cells were grown in T75 flasks to 70%
confluence in DMEM (GIBCO BRL) supplemented with 10%
fetal calf serum. After harvesting, 107 cells were resuspended in
750 mL of gradient buffer (20 mMHEPES/KOH at pH 7.6, 150 mM
NaCl, 0.5 mM DTE) and disrupted by sonication (Branson
microtip). Subsequently, Triton X-100 was added to a final con-
centration of 0.2% (v/v) and insoluble material was removed by
centrifugation at 15,000g in a microcentrifuge. The 5%–40% (v/v)
glycerol gradients were prepared using the Biocomp Gradient
Master 107 in gradient buffer supplemented with 0.2% Triton
X-100. The cleared cell lysate (750 mL) was layered on a 12-mL
gradient. The gradients were centrifuged in a Sorvall TH641 rotor
for 17 h at 100,000g at 4°C. After centrifugation, 500-mL fractions
were collected manually and stored at �20°C. The 12%–18% (v/v)
glycerol gradients were prepared as described above. However, on
the latter gradients, lysate from only 106 HEp-2 cells was loaded.

RNA isolation and Northern blotting

To isolate total RNA from the glycerol gradient fractions, 35 mL
per fraction was subjected to Trizol (Invitrogen) extraction. The
aqueous phase was collected and the RNA was precipitated by the
addition of one volume of isopropanol in the presence of 100 mg
of glycogen. After centrifugation, the pellet was washed with 80%
ethanol. Subsequently, the pellet was dissolved in 30 mL of forma-
mide loading buffer. The RNAs were separated by denaturing
urea-PAGE and subsequently transferred to Hybond-N mem-
branes (Pharmacia) by electroblotting in 18.4 mM Na2HPO4,
6.5 mM NaH2PO4. After blotting, the RNAs were covalently
bound to the membranes in a UV cross-linker and stored at 4°C.

SDS-PAGE and immunoblotting

To determine the distribution of the RNase MRP/RNase P protein
subunits in the glycerol gradients, samples from gradient fractions
were separated by SDS-PAGE and transferred to nitrocellulose
membranes by electroblotting. Immunodetection of hPop1,
hPop4, hPop5, Rpp14, Rpp20, Rpp21, Rpp25, Rpp30, Rpp38,
and Rpp40 was performed using polyclonal rabbit antisera against
these proteins (Lygerou et al. 1996b; Eder et al. 1997; Jarrous et al.
1998, 1999, 2001; van Eenennaam et al. 1999, 2001; Guerrier-
Takada et al. 2002) and a monoclonal mouse antibody against
Rpp20 (ModiQuest). Horseradish peroxidase-conjugated poly-
clonal swine anti-rabbit immunoglobulin antibodies were pur-
chased from Dako (Glostrup) and applied as secondary antibody.
Bound antibodies were visualized by enhanced chemilumines-
cence detection procedures.

In vitro transcription and antisense probing of RNAs

Antisense radiolabeled riboprobes were generated from plasmids
carrying the sequences of the human RNase MRP RNA, RNase P

RNA, and U3 snoRNA (Verheijen et al. 1994; Jacobson et al.
1997). The plasmids were linearized with the appropriate re-
striction endonucleases and transcribed in vitro as described
before (Welting et al. 2004). After purification of the transcripts
using a G-50 spin column, the antisense RNAs were stored at
�20°C or directly used in hybridization experiments. For probing
with the antisense riboprobes, Northern blots were blocked at
65°C with hybridization buffer (63 SSC, 0.1 mg/mL sheared
herring sperm DNA, 0.2% SDS, 103 Denhardt’s). After blocking
for 1 h, the riboprobe was added and hybridization was performed
overnight at 65°C. The blots were subsequently washed twice with
13 SSC, 0.2% SDS and twice with 0.13 SSC. The RNAs were
visualized by autoradiography, and the signals were quantified
using the Bio-Rad GS-363 PhosphorImager.

Transfection constructs, transient transfection,
and immunoprecipitation

RNase MRP/RNase P protein cDNAs were cloned into a pCI-neo
mammalian expression vector (Promega) containing the vesicular
stomatitis virus (VSV) G-epitope sequence as described before
(Welting et al. 2004). HEp-2 monolayer cells were cultured in
a T75 flask and harvested at 70% confluence. For transfection,
20 mg of purified plasmid DNA was added individually to 5 3 106

HEp-2 cells in 800 mL of culture medium. The cells were
electroporated at 260 V at a capacity of 950 mF using a Bio-Rad
Genepulser II. After transfection, the cells were cultured in a T75
flask and harvested 24 h post-transfection. To check incorporation
of the transiently expressed proteins into ribonucleoprotein
particles, extracts were either loaded on 5%–40% (v/v) glycerol
gradients (as described above) or subjected to immunoprecipita-
tion. For immunoprecipitation, the cells were washed with PBS
and cell pellets were resuspended in 700 mL of lysis buffer contain-
ing 25 mM Tris-HCl (pH 7.6), 100 mM KCl, 1 mM DTE, 2 mM
EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 0.05% (v/v)
NP-40. Subsequently, the cells were disrupted by sonication
(Branson microtip), and insoluble material was removed by cen-
trifugation (15,000g, 10 min). Simultaneously, anti-VSV mouse
monoclonal antibodies or rabbit anti-Rpp38 antibodies were
coupled to protein-A–agarose beads in 500 mL of IPP500
(500 mM KCl, 10 mM Tris-HCl at pH 8.0, 0.05% [v/v] NP-40).
Prior to immunoprecipitation, the beads were washed with IPP150
(150 mM KCl, 10 mM Tris-HCl at pH 8.0, 0.05% [v/v] NP-40). For
immunoprecipitation, the beads were mixed with 500 mL of total
cell extract, and IPP150 was added to a total volume of 750 mL.
After 2 h of incubation by end-over-end rotation at 4°C, the beads
were washed three times with 500 mL of IPP150 and subsequently
analyzed for pre-tRNA processing activity or subjected to RNA
isolation and Northern blot hybridization as described above.

pre-tRNA processing assay

RNase P activity in immunoprecipitated material was monitored
by the ability to process a pre-tRNA substrate from Schizosacchar-
omyces pombe tRNASer (Krupp et al. 1986) to mature tRNA and
the released 59 leader sequence. The substrate was transcribed in
vitro from a linearized template using SP6 RNA polymerase in the
presence of [a-32P]UTP. The RNA was purified from the reaction
mixture by denaturing urea-PAGE, excision from the gel, and
elution (overnight) in a buffer containing 100 mM NaCl and 0.1%
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SDS. After elution, the RNA was precipitated and dried pellets
were stored at �20°C. For monitoring pre-tRNA processing
activity in immunoprecipitated material, the beads containing
the precipitates were resuspended in a buffer containing the
purified pre-tRNA substrate, 20 mM Tris-HCl (pH 7.6), 10 mM
MgCl2, 1 mM DTE, and 50 mM KCl. The cleavage reaction was
carried out for 20 min at 37°C under continuous agitation. The
reaction was stopped, and the reaction products were resolved by
urea-PAGE. The RNAs were visualized by autoradiography.
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