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THE general way of thinking about the pathway of expression
of genetic information in eukaryotes, from DNA to protein
via RNA, instills a protein-centric point of view, as if the
protein is the real goal and the RNA is just the intermediate.
In fact, most of the RNA in the cell is not mRNA but rather
part of modular structures, RNA-protein machines, that are
termed ribonucleoprotein (RNP) particles or ribonucleopro-
tein complexes. The ribosome is one well-known example of
such a complex. What is new and surprising is the discovery
of the tremendous variety, complexity, and versatility of
RNP particles which is reflected by the wide range of cellular
processes in which they are involved.

RNPs are involved in each step along the pathway of gene
expression in eukaryotes. mRNAs are formed from precur-
sor transcripts (hnRNAs or pre-mRNAs) by splicing of in-
trons, and transported to the cytoplasm where each needs to
accumulate to the precise level that will produce the correct
amount of the particular protein. What has emerged over the
past few years is that key components involved in processing
pre-mRNA are complexes of unique small RNAs (snRNAs)
with specific proteins, small nuclear ribonucleoprotein parti-
cles (snRNPs). The nuclear precursor transcripts themselves
are in fact also RNPs, being complexed with specific pro-
teins, the hnRNP proteins, as are cytoplasmic mRNAs which
are associated with the mRNP proteins. Parts of the protein
synthetic machinery, particularly ribosomes, are also com-
plexes of proteins with RNA. The continual and dynamic as-
sociation of messenger RNAs and their precursor hnRNA
molecules with specific sets of proteins in the cell under-
scores the importance of understanding the molecular nature
of these hnRNP and mRNP complexes.

Recent work from numerous laboratories has led to the
discovery of many additional RNP particles that are involved
in an unexpected variety of cellular processes including pro-
tein targeting, priming of mitochondrial DNA synthesis, and
transcription termination (see Table I). Here we review some
of the most recent findings on the structure, composition,
and function of RNP particles in the eukaryotic cell. Ribo-
somes, mRNPs, and viral RNPs are not discussed here. Also,
since several reviews {1-6) have been published over the last
two years that discuss pre-mRNA processing, we confine the
discussion to only the most recent data in this rapidly ad-
vancing field.

Many of the unpublished observations in this minireview were first reported
at a meeting on eukaryotic RNPs at the European Molecular Biology Labe-
ratory, Heidelberg, Federal Republic of Germany on October 22-24, 1987.
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Nuclear Events

hnRNPs

The hnRNAs, which are the substrates of pre-mRNA pro-
cessing, have long been known to be associated with pro-
teins, the hnRNP proteins, to form hnRNPs—one of the
major structures in the nucleus (reviewed in reference 7).
hnRNP particles have a more complex composition than pre-
viously thought. Purification of hnRNP particles with mono-
clonal antibodies revealed that they contain at least 20 differ-
ent proteins (8). The previously described six abundant
30-40-kD polypeptides, Al, A2, Bl, B2, C1, C2 (9), are a
subset of this assortment. Additional, unexpected complex-
ity of hnRNP proteins was further illustrated by the discov-
ery of isoforms of the hnRNP protein Al which differ from
each other by only two amino acids (Riva, S., and K.
Schafer, personal communications). hnRNP proteins, par-
ticularly the C proteins, have been previously shown to be
involved in splicing (10) but the mechanism and specific de-
tails of their function have not yet been elucidated. Some
clues to the role of hnRNP proteins in both splicing and
hnRNA packaging may come from the surprising finding
that at least some hnRNP proteins have RNA-binding
specificity. The hnRNP C proteins, for example, bind prefer-
entially to uridine-rich segments of RNA (10a) including the
polypyrimidine segment near the 3’ end of introns (Swanson,
M. S., and G. Dreyfuss, manuscript submitted for publica-
tion). These observations raise the possibility that, far from
being a static particle, the hnRNP proteins may assemble
into a variety of functional complexes, flexible enough to
shepherd nascent RNAs from chromatin to the cytoplasm ac-
cording to the individual destiny of a specific RNA. The rela-
tionship between hnRNP and snRNP binding is an issue of
major interest. Electron microscopy indicates an early inter-
action between snRNPs and nascent pre-mRNA (11, 12) and
it has been suggested that Ul might influence the binding of
hnRNP proteins to pre-mRNA (13). If hnRNP proteins are
bound preferentially to introns, this could be important for
both splicing and for the mechanism of removal of these pro-
teins from the pre-mRNA that must accompany nucleocyto-
plasmic transport.

snRNPs

The snRNAs U1-US are transcribed by RNA polymerase 11
and snRNA U6 by RNA polymerase 1II (see reference 14 for
review and references). Interestingly, Ul-US and U6 share
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Table I. Ribonucleoprotein Particles in Higher Eukaryotes

RNP RNA* Proteins Localization Function
Nucleus
hnRNP hnRNA At least 20 (34-120 kD) Nucleus hnRNA packaging
Pre-mRNA processing
Ul, U2, U4/U6, U5 Ul, U2, U4, US, U6 B,B,D,D,E,F, G Nucleus Pre-mRNA splicing
snRNP (107-215nt) (9-27 kD), and
specific proteins
U3 snRNP U3 (217nt) 34 kD + 5 proteins Nucleolus rRNA processing?
La RNA pol HI nascent tran- 55 kD Nucleus and Transcription termination of RNA
scripts, viral RNAs cytoplasm pol 111
Telomerase At least two (75, 154nt) Not well characterized Nucleus Addition of telomeric repeats to
associated with enzyme chromosome ends
Rare species
U7 snRNP U7 (63nt) Anti-Sm precipitable Nucleus Histone pre-mRNA 3'-end
processing
U8 snRNP U8 (140nt) Anti-Sm precipitable Nucleolus Unknown
U9 snRNP U9 (135nt) Anti-Sm precipitable ? Unknown
U10 snRNP U10 (60nt) Anti-Sm precipitable ? Unknown
Ull snRNP Ul1 (140nt) Anti-Sm precipitable Nucleus Polyadenylation?
RNase P Several RNAs (85-115nt) Not anti-Sm precipitable Nucleus Pre-tRNA cleavage
associated with enzyme
Cytoplasm
mRNP mRNA Poly A binding protein  Cytoplasm mRNA translation?, stability?,
(72 kD) + at least storage?, localization?
4-10
Ribosomes 5.8, 18, and 28S >50 Cytoplasm Protein transiation
SRP 7SL (300nt) 9, 14, 19, 54, 68, 72 kD Cytoplasm Targeting of proteins to ER
Ro scRNP Y1-Y5 (80-110nt) 60 kD Cytoplasm Unknown
Ring bodies (prosomes) Small RNAs? 20-35 kD Cytoplasm and mRNP repression? multifunctional
(cylinder particles) nucleus protease? tRNA processing?
Mitochondrial DNA 5.8S + others? Not well characterized Mitochondria  Priming mt DNA synthesis
primase
RNase MRP 135nt Not well characterized Mitochondria  Cleaves RNA primer in DNA
replication
Vaults 140nt 104 kD plus at least Cytoplasm Unknown

four others

* The protein and RNA sizes given are, where possible, taken from mammalian RNPs.

at least one promoter element, the octamer motif ATGCAAAT
(15, 16), and a common transcription factor appears to bind
to this site in both genes (15). This is a striking finding be-
cause it implies that this factor may influence both RNA
polymerase II and III. U6 requires a 3’ run of uridines for
termination but, in contrast to all previously characterized
pol III genes, except 7SK RNA (17), U6 does not require
gene internal promoter elements for transcription initiation
(Reddy, R., personal communication). Indeed sequence in-
spection suggests that the 7SK and U6 promoters may be
closely related. Plants also contain snRNAs but the tran-
scription signals, at least for U2 and US, are different from
those in vertebrates. These two genes have similarities in
their 5'-flanking regions, including TATA-like boxes at —30
(18). The snRNAs 3"-end formation (for Ul-US5) is a complex
process that involves recognition of promoter elements as
well as a 13-16nt! element located downstream of the 3’ end
of the mature snRNA (19, 20). Mutational analysis of pro-
moter sequences involved in Ul-US 3™-end formation has not

1. Abbreviations used in this paper: ER, endoplasmic reticulum; nt,
nucleotides; SRP, signal recognition particle.
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so far dissociated them from elements that are also required
for initiation of transcription.

Once formed, the monomethyl G-capped U snRNA is rap-
idly transported to the cytoplasm. There the modification of
the cap occurs which converts it to a trimethyl G structure
and the interaction with proteins to assemble the U snRNP
takes place (reviewed in reference 21). Many of the U
snRNPs have several common core proteins, B, B’, D, D', E,
E, and G (see reference 22 for a review of snRNP composi-
tion). The B, B', and D proteins are relatively frequent tar-
gets for human anti-Sm autoimmune antibodies often found
in patients with connective tissue disease (23). Particular
snRNPs also have specific proteins such as the Ul 70 kD, A
and C, and the U2 A’ and B”. One of the common and evolu-
tionarily conserved features of several snRNAs (U1, U2, U4,
and U5) is the sequence PuA(UnGPu(n > 3) which is
flanked by double-stranded stems. This region is the “Sm-
binding site” for the anti-Sm-reactive snRNP proteins (see
reference 21 for further references). The binding sites of the
other snRNP proteins on snRNAs are also being determined
and snRNPs that are functional by at least some criteria have
been reconstituted in vitro (21, 24, 25; Green, M., personal
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communication). The first glimpses of an snRNP, Ul
snRNP, have been obtained by electron microscopy and it
looks much like a head with two big ears (Kastner, B., and
R. Lithrmann, manuscript in preparation).

Systematic analysis of the snRNAs in the yeast Sac-
charomyces cerevisiae (see, for example, references 26-28)
show that there is a direct one-to-one correspondence be-
tween the yeast and mammalian snRNAs involved in mRNA
splicing. There are differences in size of most snRNAs; yeast
Ul and U2 are three and six times larger, respectively, than
their mammalian counterparts. A striking exception is the
extraordinary conservation of U6 which is very similar in
size and sequence to the mammalian counterpart (Brow, D.,
and C. Guthrie, personal communication).

Molecular cloning and sequence analysis of the cDNAs
and the genes for several human snRNP proteins yielded
much information about the primary structure of these pro-
teins. These include the snRNP core proteins B, B’, and D
(Hoch, S., personal communication) and E (29), the Ul
snRNP 70-kD protein (30-32), Ul snRNP A (33), the U2
snRNP A (Fresco, L., and J. Keene, personal communica-
tion), and the U2 snRNP B" protein (34). One generality that
emerges so far is that several of the snRNP proteins (e.g.,
Ul 70 kD and A, and the U2 B”) contain the RNP consensus
sequence. This is a segment of eight amino acids, Lys (Arg)
Gly Phe (Tyr) Gly (Ala) Phe Val x Phe (Tyr), which is the
most highly conserved segment in a 90-100 amino acid
RNA-binding domain. This larger domain also contains
other less conserved elements, such as a segment of six
aliphatic and aromatic residues ~35-40 amino acids amino
terminal to the RNP consensus sequence (see reference 37
for discussion of this point). The RNP consensus sequence
has also been found in other RNA-binding proteins including
hnRNA-, mRNA-, and nucleolar pre-rRNA-binding pro-
teins (35-37). Although experiments with the yeast poly (A)-
binding protein suggest that the RNP consensus sequence
itself may not be essential for the ability of the protein to as-
sociate with poly (A) (38), the RNP consensus sequence may
be useful because of its potential predictive power; proteins
that contain it are likely to be RNA-binding proteins. It also
suggests that many RNA-binding proteins along the pathway
of mRNA formation, those which contain the RNP con-
sensus sequence, may have evolved from a common ances-
tral gene and that this motif may define a class of RNA-
binding proteins. Of course, many RNA-binding proteins
exist (ribosomal, virus nucleocapsid, etc.) that do not con-
tain this consensus motif.

snRNPs in Splicing

At least five snRNPs, Ul, U2, U4, U5, and U6, are involved
in pre-mRNA splicing (see references 1-5 for reviews). Ul
binds to the §' intron junction and U2 binds to the branch site.
Results from various laboratories suggest that the U2 binding
requires not only ATP but also at least one other factor. Two
candidates, designated U2AF (39) and IBP (which has been
found in two forms possibly related by proteolysis [40, 41]),
have been identified. Both of these bind to the 3’ part of in-
trons independently of snRNPs, although IBP may associate
with an snRNP, probably US. These factors are therefore
proposed to recognize the 3’ intron junction and to promote
U2 snRNP binding to the branch point. U2AF and IBP are
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not identical. Unfortunately, the fractionation conditions
used in the most extensive purification of splicing activities
to date (42) are not similar enough to those used in the study
of U2AF or IBP to identify them with one of the splicing fac-
tor (SF1-SF4) activities. Two of these activities, SF1 and
SF3, which appear to be proteins, are both required for U2
snRNP binding to the branchpoint (Krdmer, A., personal
communication).

SnRNPs U4 and U6, which are also required for splicing,
exist as a base-paired complex-U4/U6, (43-45). They proba-
bly do not interact with the pre-mRNA directly (46). Work
from several groups indicates that the snRNPs exist in com-
plexes in both mammalian cells and yeast and that their inter-
actions are ordered, dynamic, and ATP dependent (46-51)
(see Fig. 1). U4, US, and U6 form a major complex indepen-
dent of other snRNPs (47, 50, 51) which may react differently
to exogenous ATP in yeast and mammalian extracts, al-
though results obtained using different methods in yeast dis-
agree on the effect of ATP on the U4-US5-U6 complex (50,
51). Analysis of splicing complexes following native gel elec-
trophoresis or affinity purification showed that U4 dissoci-
ates from the spliceosome at the same time as, or before,
cleavage at the 5’ splice site and that U2, US, and U6 remain
in a complex that is released with the intron lariat (47, 49,
50, 52). The snRNPs, therefore, have to dissociate and as-
semble in the nucleus with every splicing cycle, reminiscent
of the cycling of the translational machinery.

The impressive power of genetic analysis in yeast com-
bined with the yeast in vitro-splicing system has been further
used and continues to turn up new information. Several of
the rna mutants (53), many of which turned out to be splicing
mutants (54, 55), have now been characterized. The gene
product of RNA 8, for example, is essential for viability and
encodes a large 260-kD protein which is stably associated
with U5 and is detected in the spliceosome (51). A new col-
lection of additional splicing mutants has been generated
(Vijayraghavan, U., and J. Abelson, personal communica-
tion) and it can be anticipated that after analysis much more
will be learned about nuclear RNA metabolism.

Substantial progress is also being made in the biochemical
fractionation of both HeLa (42) and yeast (56) nuclear ex-
tract for splicing activities. Fractionation is greatly facili-
tated by the use of high resolution gel electrophoretic separa-
tions of intermediate complexes and analysis of specific
pre-mRNA mutants; for example, to resolve which acces-
sory factors, if any, are required for UsnRNP binding to the
intron, as discussed above. A new column chromatography
preparative fractionation method of functional and probably
highly purified spliceosomes has been developed and used
for the observation of the complexes by electron microscopy
(Reed, R., and T. Maniatis, personal communication). It can
be expected that important information will be obtained by
this approach, particularly once specific antibodies are used
for immunoelectron microscopy.

The combination of biochemical and genetic approaches
will no doubt yield a detailed picture of RNA splicing. But
it is already apparent that the multicomponent splicing com-
plex is an efficient and precise splicing machine that is made
up of modular parts, snRNPs, and other components, such
as hnRNP proteins, that assemble in an ordered manner to
perform the reaction and dissociate once it is done. In the
end, it may well turn out that the RNA constituents of the
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Figure 1. The splicing pathway of pre-mRNA in mammalian cells.
IVS, intervening sequence (intron); /VS*, intervening sequence in
lariat form; poly Py, polypyrimidine stretch; E, exons; /BP, intron-
binding protein(s); U2AF, U2 snRNP auxiliary factor; SFI, SF3,
splicing factors 1 and 3. The question mark at the exit point of Ul
snRNP indicates the uncertainty as to the stage at which Ul snRNP
dissociates.

snRNPs catalyze the cleavage and ligation reactions, without
protein enzymes, and that the function of the snRNPs is to
bring the junctions together to form the reaction center.

snRNPs in 3-end Processing, Polyadenylation,
and Transcription Termination

Analysis of 3’ cleavage and polyadenylation in vitro has led
to the discovery that this process, like intron splicing, takes
place in large complexes. Formation of these complexes is
inhibited by either mutation within, or chemical modifica-
tion of, the AAUAAA polyadenylation signal (57-60).
Various autoimmune antisera containing antibodies di-
rected against snRNPs have been shown to inhibit polyade-
nylation reactions in vitro (61, 62) and sequences including
the AAUAAA signal are protected from RNase digestion by
nuclear extract components, some of which have determi-
nants recognized by anti~-Sm antisera (63). These observa-
tions have led to the expectation that at least one U snRNP
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would be involved in polyadenylation. However, cleavage
and polyadenylation in vitro are not inhibited specifically by
micrococcal nuclease digestion, although there is a require-
ment for bulk RNA in the extract (64). This might simply
mean that any snRNA required is resistant to nuclease diges-
tion, and one of the fractions required for polyadenylation
contains snRNP(s), predominantly an snRNA-designated
Ull (65). The complete nucleotide sequence of Ull has now
been determined (Montzka, K., and J. Steitz, personal com-
munication) and it does not contain any complementarity to
the polyadenylation motif AAUAAA. It therefore remains
unclear whether Ull snRNP provides for specific recogni-
tion of the polyadenylation signal. A 64-kD nuclear protein
that binds to RNA segments that contain the AAUAAA se-
quence has been detected (66) and may be a better candidate.

A more definite role for an snRNP has been reported for
histone pre-mRNA 3'-end processing. Work in sea urchins
led to the discovery of a snRNA, U7, which is required for
3"-end processing of sea urchin histone pre-mRNA (6, 67).
In the mammalian system it appears that a cell cycle-depen-
dent heat labile factor is also involved and this is now being
purified (6, 68). Two mammalian U7 homologues from hu-
man (69) and mouse (70) have also been identified and se-
quenced and contain segments that can base pair with the
downstream element of the histone pre-mRNA that is re-
quired for its processing. Ull and U7 are much lower in
abundance (~1:10-1:100) than Ul snRNA and they can be
precipitated with anti-Sm antibodies. Many more anti-Sm
precipitable low abundance snRNAs can be detected on two-
dimensional gels and remain to be characterized (Steitz, J.,
personal communication). It will be interesting to see if they,
like the high abundance U snRNAs, also correspond to some
of the many identified yeast snRNAs (71).

A subset of seven tri-methyl capped snRNAs, including
the yeast U3 equivalent (72), have recently been shown to be
found associated with ribosomal RNA precursor species in
the S. cerevisiae nucle(ol)us (73). Deletion of one of them,
snR10, results in impaired cleavage of the 35S precursor
RNA, although evidence for direct participation of any of
these RNAs in particular pre-rRNA processing steps will
probably have to await the development of an in vitro pro-
cessing system.

The autoantigen RNP protein La, which is associated with
RNA polymerase III products, has also been cloned and se-
quenced from human (74; partial sequence) and Xenopus
(complete sequence; Scherly, D., and S. Clarkson, manu-
script in preparation) and it also contains a region which
resembles the RNP consensus sequence. La binds to the
U-rich end of all newly synthesized RNA polymerase III
transcripts. An extremely exciting finding about the function
of La is that it appears to be a transcription termination fac-
tor, required for accurate and efficient dissociation of RNA
polymerase III from nascent transcripts (Gottlieb, E., and 1.
Steitz, manuscript in preparation).

snRNPs in Other Nuclear Functions

The latest addition to the family of nuclear functions involv-
ing RNPs is telomerase (75). This enzyme, which adds telo-
meric repeats to the ends of chromosomes, has so far only
been characterized in Tetrahymena. The similarity in telo-
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mere structure exhibited by various organisms, however,
suggests that the telomerase activity may also be conserved.
The enzyme is sensitive to both RNase and protease diges-
tion and highly purified enzyme is associated with at least
two short RNAs, This example adds to the diversity of func-
tions involving RNPs, and serves as a warning against the as-
sumptions that newly characterized activities are not RNPs
or that newly characterized RNPs are necessarily involved
in RNA metabolism.

Cytoplasmic Events

Apart from ribosomes the most studied cytoplasmic RNP is
the signal recognition particle (SRP).! SRP is an abundant
small RNP that mediates the targeting to the endoplasmic
reticulum (ER) of secretory, membrane, and lysosomal pro-
teins (76). SRP, at least in some in vitro systems, recognizes
and interacts with the signal peptide in these proteins while
they are ribosome associated and causes pausing in the elon-
gation (arrest) of translation. The SRP-arrested ribosome
complex is then targeted to and docked at the ER through
binding to a SRP receptor, which has also been called dock-
ing protein (77, 78). With this interaction, a transla-
tion-translocation complex is established, and the transla-
tion that now resumes is coupled to trans-membrane
insertion of the nascent polypeptide into the lumen of the
ER. The SRP is composed of one molecule of RNA, 7SL
RNA, (of ~300 nucleotides), and six proteins (79). It has
been purified to homogeneity and reconstituted (80) and its
structure, functions, and interactions with other components
of the translational apparatus and the ER have been studied
in detail. The 7SL RNA appears to serve a structural role;
it is an elongated scaffold for the organized binding of the
proteins (81, 82). The four largest proteins bind at one end
to form a domain which promotes translocation into the ER
lumen, while the proteins bound at the other end are thought
to cause translational arrest (83, 84). Consistent with this
structural role for the RNA is the finding that the nucleotide
sequence of 7S RNA from the yeast Schizosaccharomyces
pombe bears very little similarity to mammalian 7SL RNA,
but both RNAs can be folded into similar predicted second-
ary structures (85, 86, 87). The same holds true for 7SL RNA
from the yeast Yarrowia lipolytica. In spite of this lack of se-
quence conservation, mammalian SRP proteins bind specifi-
cally to these yeast RNAs, as determined by RNA footprint-
ing (87). 7SL thus provides an interesting contrast to other
small RNAs (e.g., sn RNAs Ul, U2, and U7), which func-
tion in nucleic acid (pre-mRNA) recognition through speci-
fic, conserved, base pairing.

Two distinct activities, both associated with mitochondrial
DNA replication, have been recently shown to have RNP
components. The mitochondrial DNA primase activity is
closely associated with cytosolic 5.8S rRNA, and this RNA
is essential for its activity. Other possible RNA and protein
components of this enzyme are as yet not well characterized
(88). The other enzyme, an endoribonuclease involved in
primer RNA cleavage, contains a nuclear encoded 135 nt
RNA and protein components that have not yet been iden-
tified (89). The intriguing problem of how nuclear RNAs en-
ter the mitochondrion has not as yet been tackled, but it may
be instructive to compare this process with the biogenesis of
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snRNPs, whose assembly in the cytoplasm is required before
nuclear transport of the assembled RNP (21; see reference
89 for a discussion of the point).

Other small cytoplasmic RNPs are still elusive in their
function or have their membership cards to the RNP club
hotly contested. The latter include the ringlike bodies, cylin-
der particles, and prosomes which are found both in the nu-
cleus and cytoplasm, at least in some cell types. The debate
(90-92) centers on whether all of the different “ring body”
preparations are in fact the same, and whether they indeed
contain stoichiometric, or even significant, amounts of
RNAs. Careful analysis of the particles from Xenopus oo-
cytes failed to reveal evidence for a specific RNA component
(90), however, these particles, defined by their ringlike mor-
phology, size, and a characteristic set of proteins, are appar-
ently ubiquitous from plants to man and it may be that the
particles show either species or cell-type differences in com-
position. Their “legitimacy” as RNPs notwithstanding, there
is now the interesting possibility that at least some of these
ring bodies are, or at least copurify with, large multifunc-
tional proteases (93, 94) and as such may be important ele-
ments in protein turnover. Another small cytoplasmic RNP
has been recently isolated and termed vaults to indicate its
distinct morphology which resembles the multiple arches of
cathedral vaults (95). Vaults are composed predominantly of
a 104-kD protein and a small RNA but their function is not
yet known,

It has also been reported (96) that RNase P activity co-
purifies with ring particles from Xenopus oocytes although
whether RNase P and ring particles are identical, or even as-
sociated with one another, is disputed. RNase P cleaves
tRNA precursors to generate the mature 5' end and is, in
prokaryotes, an RNP whose RNA moiety, M1 RNA, is capa-
ble alone of catalysing the cleavage reaction in vitro, but
whose protein component is also essential in vivo (see refer-
ence 97 for a review). Eukaryotic RNase P has not been
purified to homogeneity, but there is evidence that it is also
an RNP. The enzyme activity from S. pombe is associated
with two RNAs, both of which are transcribed from one
gene, whose predicted secondary structures are similar to
that of the M1 RNA. The S. pombe activity is sensitive to
digestion with micrococcal nuclease (98). HeLa cell nuclear
RNase P can also be dissociated into RNA and protein com-
ponents. Interestingly, activity can be reconstituted from
these fractions by adding back the complementary protein or
RNA fraction from E. coli RNase P (99).

Perspectives

Altogether, it is already clear that the complexity of the
structure and function of the RNAs and of the RNP proteins
is much greater than previously envisioned. It is almost cer-
tain that RNPs will be found to possess wide-ranging activi-
ties in RNA and protein formation, stability, and function.
The versatility of RNA-protein machineries is reflected in
the ability of RNAs to recognize other nucleic acids by base
pairing and to serve as scaffolds upon which proteins can be
assembled to form modular RNA-protein units. The RNA-
protein interaction may also influence their catalytic activity.
In addition, the potential of RNA itself to function in cataly-
sis (100) lends yet another novel perspective to the topic of
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RNPs and their evolution. Since the ways to peek inside —the
systems and tools of research—continue to develop, the ex-
citement and pace of discoveries in this field are not likely
to abate soon.

We thank the many colleagues who shared with us unpublished results prior
to publication and for helpful discussions. The burden of transatlantic typing
and retyping was taken care of by Nelly van der Jagi-Gonzélez and Darlene
Harper.

Work in the authors’ laboratories are supported by grants from the Na-
tional Institutes of Health (G. Dreyfuss) and from the European Molecular
Biology Laboratory (L. Philipson and I. Mattaj). G. Dreyfuss is an Estab-
lished Investigator of the American Heart Association.

Received for publication 12 February 1988, and in revised form 8 March
1988.

References

1. Padgett, R. A., P. J. Grabowski, M. M. Konarska, S. R. Seiler, and P. A.
Sharp. 1986. Splicing of messenger RNA precursors. Annu. Rev. Bio-
chem. 55:1019-1050.

. Green, M. R. 1986. Pre-mRNA splicing. Annu. Rev. Genet. 20:671-708.

. Sharp, P. A. 1987. Splicing of messenger RNA precursors. Science
(Wash. DC). 235:766-771.

4. Maniatis, T., and R. Reed. 1987. The role of small nuclear ribonucleopro-
tein particles in pre-mRNA splicing. Nature (Lond.). 325:673-678.

5. Steitz, J. A., D. K. Black, V. Gerke, K. A. Parker, A. Krimer, D. Fren-
dewey, and W. Keller. 1988. Functions of the abundant U-snRNPs, /n
Structure and Function of Major and Minor Small Nuclear RNAs. M.
Birnstiel, editor. Springer-Verlag, New York.

6. Birnstiel, M., and F. J. Schaufele. 1988. Structure and function of the mi-
nor snRNPs. /n Structure and Function of Major and Minor Small Nu-
clear RNAs. M. Birnstiel, editor. Springer-Verlag, New York.

7. Dreyfuss, G. 1986. Structure and function of nuclear and cytoplasmic ri-
bonucleoprotein particles. Annu. Rev. Cell Biol. 2:459-498.

8. Piiol-Roma, S., Y. D. Choi, M. J. Matunis, and G. Dreyfuss. 1988. Im-
munopurification of heterogeneous nuclear ribonucleoprotein particles
reveals an assortment of RNA-binding proteins. Genes & Development.
2:215-227.

9. Beyer, A. L., M. E. Christensen, B. W. Walker, and W. M. LeStourgeon.
1977. Identification and characterization of the packaging proteins of
core 40S hnRNP particles. Cell. 11:127-138.

10. Choi, Y. D., P.J. Grabowski, P. A. Sharp, and G. Dreyfuss. 1986. Heter-
ogeneous nuclear ribonucleoproteins: role in splicing. Science (Wash.
DC). 231:1534-1539.

10a. Swanson, M. S., and G. Dreyfuss. 1988. Classification and purification
of proteins of heterogeneous nuclear ribonucleoprotein particles by
RNA binding specificities. Mol. Cell. Biol. 8:2237-2241.

11. Fakan, S., G. Leser, and T. E. Martin, 1984. Immunoelectron microscope
visualization of nuclear ribonucleoprotein antigens within spread tran-
scription complexes. J. Cell Biol. 103:1153-1157,

12. Osheim, Y., O. L. Miller, and A. L. Beyer. 1985. RNP particles at splice
junction sequences on Drosophila chorion transcripts. Cell. 43:143-
151.

13. Mayrand, S. H., and T. Pederson. 1987. Stable hnRNP protein binding
to pre-mRNA in splicing extracts is enhanced by an intron and requires
the 5’ end of Ul RNA. Mol. Biol. Rep. 12:182.

14. Dahiberg, J. E., and E. Lund. 1988. snRNA genes and their transcription.
In Structure and Function of Major and Minor Small Nuclear RNAs.
M. Birnstiel, editor. Springer-Verlag, New York.

15. Carbon, P., S. Murgo, J.-P. Ebel, A. Krol, G. Tebb, and I. W. Mattaj.
1987. A common octamer motif binding is involved in the transcription
of U6 snRNA by RNA polymerase II and U2 snRNA by RNA polymer-
ase II. Cell. 51:71-79.

16. Bark, C., P. Weller, J. Zabielski, L. Janson, and U. Pettersson. 1987.
A distant enhancer element is required for polymerase III transcription
of a U6 RNA gene. Nature (Lond.). 328:356-359.

17. Murphy, S., C. Di Liegro, and M. Melli. 1987. The in vitro transcription
of the 7SK RNA gene by RNA polymerase !I is dependent only on the
presence of an upstream promoter. Cell. 51:81-87.

18. Vankan, P., and W. Filipowicz. 1988. Structure of U2 snRNA genes of
Arabidoppsis thaliana and their expression in electroporated plant pro-
toplasts. EMBO (Eur. Mol. Biol. Organ.) J. In press.

19. Hernandez, N., and A. M. Weiner. 1986, Formation of the 3’ end of Ul
snRNA requires compatible snRNA promoter elements. Cell. 47:249-
258.

20. Neuman de Vegvar, H. E., E. Lund, and J. E. Dahlberg. 1986. 3’ end
formation of Ul snRNA precursors is coupled to transcription from
snRNA promoters. Cell. 47:259-266.

21. Mattaj, 1. W. 1988. UsnRNP assembly and transport. In Structure and
Function of Major and Minor Small Nuclear RNAs. M. Birnstiel, edi-

w N

The Journal of Cell Biology, Volume 106, 1988

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

47.

1424

tor. Springer-Verlag, New York.

Liihrmann, R. 1988. snRNP proteins. /n Structure and Function of Major
and Minor Small Nuclear RNAs, M. Birnstiel, editor. Springer-Verlag,
New York.

Lerner, M. R., and J. A. Steitz, 1979. Antibodies to small nuciear RNAs
complexed with proteins are produced by patients with systemic lupus
erythematosus. Proc. Natl. Acad. Sci. USA. 76:5495-5499.

Hamm, J., M. Kazmaier, and I. W. Mattaj. 1987. In vitro assembly of
Ul snRNPs. EMBO (Eur. Mol. Biol. Organ.} J. 6:3479-3485.

Patton, J. R., R. J. Patterson, and T. Pederson. 1987. Reconstitution of
the Ul small nuclear ribonucleoprotein particle. Mol. Cell. Biol.
7:4030-4037.

Siliciano, P. G., D. A. Brow, H. Roiha, and C. Guthrie. 1987. An essen-
tial snRNA from §. cerevisiae has properties predicted for U4, including
interaction with a U6-like snRNA. Cefl. 50:585-592.

Siliciano, P. G., M. Haltiner Jones, and C. Guthrie, 1987. Saccharomyces
cerevisiae has a Ul-like small nuclear RNA with unexpected properties.
Science (Wash. DC). 237:1484-1487.

Kretzner, L., B. C. Rymond, and M. Rosbash. 1987. S. cerevisiae Ul
RNA is large and has limited primary sequence homology to metazoan
Ul saRNA. Cell. 50:593-602.

Wieben, E. D., A. M. Rohleder, J. M. Nenninger, and T. Pederson.
1985. cDNA cloning of a human autoimmune nuclear ribonucleoprotein
antigen. Proc. Natl. Acad. Sci. USA. 82:7914-7918.

Theissen, H., M. Etzerodt, R. Reuter, C. Schneider, F. Lottspeich, P.
Argos, R. Lithrmann, and L. Philipson. 1986. Cloning of the human
cDNA for the Ul RNA-associated 70K protein. EMBO (Eur. Mol. Biol.
Organ.) J. 5:3209-3217.

- Query, C. C., and J. D. Keene. 1987. A human autoimmune protein as-

sociated with Ul RNA contains a region of homology that is crossreac-
tive with retroviral p30gag antigen. Cell. 51:211-220.

Spritz, R. A, K. Strunk, C. S. Surowy, S. O. Hoch, D. E. Barton, and
U. Francke. 1987. The human U1-70K snRNP protein: cDNA cloning,
chromosomal localization, expression, alternative splicing and RNA-
binding. Nucleic Acids Res. 15:10373-10391.

Habets, W. J., P. T. G. Sillekens, M. H. Hoet, J. A. Schalken, A.J. M.
Roebroek, J. A. M. Leunissen, W. J. M. van de Ven, and W. J. van
Venrooij. 1987. Analysis of a cDNA clone expressing a human autoim-
mune antigen: full-length sequence of the U2 small nuclear RNA-
associated B” antigen. Proc. Natl. Acad. Sci. USA. 84:2421-2425.

Sillekens, P. T. G., W. J. Habets, R. P. Beijer, and W. J. van Venrooij.
1987. cDNA cloning of the human U1 snRNA-associated A protein: ex-
tensive homology between U1 and U2 snRNP-specific proteins. EMBO
(Eur. Mol. Biol. Organ.) J. 6:3841-3848.

Adam, S. A., T. Y. Nakagawa, M. S. Swanson, T. Woodruff, and G.
Dreyfuss. 1986. mRNA polyadenylate-binding protein: gene isolation
and sequencing and identification of a ribonucleoprotein consensus se-
quence. Mol. Cell. Biol. 6:2932-2943.

Swanson, M. S., T. Y. Nakagawa, K. LeVan, and G. Dreyfuss. 1987.
Primary structure of human nuclear ribonucleoprotein particle C pro-
teins: conservation of sequence and domain structures in heterogeneous
nuclear RNA, mRNA, and pre-rRNA-binding proteins. Mol. Cell. Biol.
7:1731-1739.

Dreyfuss, G., M. S. Swanson, and S. Pifiol-Roma. 1988. Heterogeneous
nuclear ribonucleoprotein particles and the pathway of mRNA forma-
tion. Trends Biochem. Sci. 13:86-91.

Sachs, A. B., R. W. Davis, and R. D. Kornberg. 1987. A single domain
of yeast poly(A)-binding protein is necessary and sufficient for RNA
binding and cell viability. Mol. Cell. Biol. 7:3268-3276.

Ruskin, B., P. D. Zamore, and M. R. Green. 1988. A factor, U2AF, is
required for U2 snRNP binding and splicing complex assembly. Cell.
In press.

Tazi, J., C. Alibert, J. Temsamani, I. Reveillaud, G. Cathala, C. Brunel,
and P. Jeanteur. 1986. A protein that specifically recognizes the 3 splice
site of mammalian pre-mRNA introns is associated with a small nuclear
ribonucleoprotein. Cell. 47:755-766.

Gerke, V., and J. A. Steitz. 1986. A protein associated with small nuclear
ribonucleoprotein particles recognizes the 3’ splice site of pre-messenger
RNA. Cell. 47:973-984.

Kréimer, A., M. Frick, and W. Keller. 1987. Separation of multiple com-
ponents of HeLa cell nuclear extracts required for pre-messenger RNA
splicing. J. Biol. Chem. 262:17630-17640.

Hashimoto, C., and J. A. Steitz. 1984. U4 and U6 RNAs coexist in a sin-
gle small ribonucleoprotein particle. Nucleic Acids Res. 12:3283-3293.

. Bringmann, P., B. Appel, J. Rinke, R. Reuter, H. Theissen, and R. Liihr-

mann. 1984. Evidence for the existence of snRNAs U4 and U6 in a sin-
gle ribonucleoprotein complex and for their association by intermolecu-
lar base pairing. EMBO (Eur. Mol. Biol. Organ.} J. 3:1357-1363.

Rinke, J., B. Appel, M. Digweed, R. Liihrmann. 1985. Localization of
a base-paired interaction between small nuclear RNAs U4 and U6 in in-
tact U4/U6 ribonucleoprotein particles by psoralen cross-linking. J.
Mol. Biol. 185:721-731.

Bindereif, A., and M. R. Green. 1986. Ribonucleoprotein complex forma-
tion during pre-mRNA splicing in vitro. Mol. Celi. Biol. 6:2582-2592.

Konarska, M. M., and P. A. Sharp. 1986. Electrophoretic separation of



48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

complexes involved in the splicing of precursors to mRNAs. Celf. 46:
845-855.

Lamond, A. 1., M. M. Konarska., and P. A, Sharp. 1987. A mutational
analysis of spliceosome assembly: evidence for splice site collaboration
during spliceosome formation. Genes & Development. 1:532-543.

Pikielny, C. W., B. C. Rymond, and M. Rosbash. 1986. Electrophoresis
of ribonucleoproteins reveals an ordered assembly pathway of yeast
splicing complexes. Nature (Lond.). 324:341-345.

Cheng, S.-C.. and J. Abelson. 1987. Spliceosome assembly in yeast.
Genes & Development. 1:1014-1027.

Lossky, M., G. J. Anderson, S. P. Jackson, and J. Beggs. 1987. Iden-
tification of a yeast snRNP protein and detection of snRNP-snRNP inter-
actions. Ce#l. 51:1019-1026.

Lamond, A.[., M. M. Konarska, P. J. Grabowski, and P. A. Sharp. 1988.
Spliceasome assembly involves the binding and release of U4 snRNP.
Proc. Nail. Acad. Sci. USA. In press.

Hartwell, L. H., C. S. McLaughlin, and J. R. Warner. 1970. Identifica-
tion of ten genes that control ribosome formation in yeast. Mol. & Gen.
Genet. 109:42-56.

Lustig, A.J., R.-]. Lin, and J. Abelson. 1986. The yeast RNA gene prod-
ucts are essential for mRNA splicing in vitro. Cell. 47:953-963.

Lin, R.-J., A_J. Lustig, and J. Abelson. 1987. Splicing of yeast nuclear
pre-mRNA, in vitro requires a functional 408 spliceosome and several
extrinsic factors. Genes & Development. 1:7-18.

Cheng, S.-C., and J. Abelson. 1986. Fractionation and characterization
of a yeast mRNA splicing extract. Proc. Natl. Acad. Sci. USA.
83:2387- 2391.

Skolnik-David, H., C. L. Moore, and P. A. Sharp. 1987. Electrophoretic
separation of polyadenylation-specific complexes. Genes & Develop-
ment. 1:672-682.

Humphrey, T., G. Christofori, V. Lucijanic, and W. Keller. 1987. Cleav-
age and polyadenylation of messenger RNA precursors in vitro occurs
within large and specific 3’ processing complexes. EMBO (Eur. Mol.
Biol. Organ.} J. 6:4159-4168.

Zarkower, D., and M. Wickens. 1987. Specific pre-cleavage and post-
cleavage complexes involved in the formation of SV40 late mRNA 3’
termini in vitro. EMBO (Eur. Mol. Biol. Organ.) J. 6:4185-4192.

. Conway, L., and M. Wickens. 1987. Analysis of mRNA 3’ end formation

by modification interference: the only modifications which prevent pro-
cessing lie in AAUAAA and the poly(A) site. EMBO (Eur. Mol. Biol.
Organ.} J. 6:4177-4184.

Moore, C. L., and P. A. Sharp. 1984. Site-specific polyadenylation in a
cell-free reaction. Cell. 36:581-591.

Sperry, A. O., and S. M. Berget. 1986. In vitro cleavage of the Simian

. Virus 40 early polyadenylation site adjacent to a required TG sequence.
Mol. Cell. Biol. 6:4734-4741.

Hashimoto, C., and J. A. Steitz. 1986. A small nuclear ribonucleoprotein
associate with the AAUAAA polyadenylation signal in vitro. Cell. 46:
581-591.

. Ryner, L. C., and J. L. Manley. 1987. Requirements for accurate and

efficient mRNA 3’ end cleavage and polyadenylation of a Simian Virus
40 early pre-RNA in vitro. Mol. Cell. Biol. 7:495-503.

Krimer, A. 1987. Fraction of HeLa cell nuclear extracts reveals minor
small nuclear ribonucleoprotein particles. Proc. Natl. Acad. Sci. USA.
84:8408-8412.

Wilusz, J., and T. Shenk. 1988. A 64kd nuclear protein binds to RNA
segments that include the AAUAAA polyadenylation motif in active
polyadenylation extracts. Cetfl. In press.

Birchmeier, C., D. Schiimperli, G. Sconzo, and M. Birnstiel, 1984. 3’
editing of mRNAs: sequence requirements and involvement of a 60-nu-
cleotide RNA in maturation of histone mRNA precursors. Proc. Natl.
Acad. Sci. USA. 81:1057-1061.

Gick, O., A. Kridmer, A. Vasserot, and M. Birnstiel. 1988. A heat-labile
regulatory factor is required for 3’ processing of histone pre-mRNAs.
Proc. Natl. Acad. Sci. USA. In press.

Mowry, K. L., and Steitz, J. A. 1987. Identification of the human U7
snRNP as one of several factors involved in the 3’ end maturation of his-
tone premessenger RNA’s. Science (Wash. DC). 238:1682-1687.

Cotten, M., O. Gick, A. Vasserot, G. Schaffner, and M. Birnstiel. 1988,
Specific contacts between mammatian U7 snRNA and histone precursor
RNA are indispensable for the in vitro 3' RNA processing reaction.
EMBO (Eur. Mol. Biol. Organ.) J. In press.

Riedel, N., J. A. Wise, H. Swerdlow, A. Mak, and C. Guthrie. 1986.
Small nuclear RNAs from Saccharomyces cerevisiae: unexpected diver-
sity in abundance, size, and molecular complexity. Proc. Natl. Acad.
Sci. USA. 83:8097-8101.

Hughes, J. M. X., D. A. M. Konings, and G. Cesareni. 1987. The yeast
homologue of U3 snRNA. EMBO (Eur. Mol. Biol. Organ.) J.
6:2145-2155.

Tollervey, D. 1987. A yeast small nuclear RNA is required for normal
processing of pre-ribosomal RNA. EMBO (Eur. Mol. Biol. Organ.)
1.6:4169-4175.

Dreyfuss et al. RNP Particles in Cellular Processes

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Q1.

92.

93.

94.

95.

96.

97.

98.

99.

. Chambers, J. C., and }. D. Keene. 1985. Isolation and analysis of cDNA

clones expressing human lupus La antigen. Proc. Natl. Acad. Sci. USA.
82:2115-2119.

Greider, C. W., and E. H. Blackburn. 1987. The telemore terminal trans-
ferase of Tetrahymena is a ribonucleoprotein enzyme with two kinds of
primer specificity. Cell. 51:887-898.

Walter, P_, and V. R. Lingappa. 1986. Mechanism of protein transloca-
tion across the endoplasmic reticulum membrane. Annu. Rev. Cell Biol.
2: 499-516.

Gilmore, R., P. Walter, and G. Blobel. 1982. Protein translocation across
the endoplasmic reticulum. II. Isolation and characterization of the sig-
nal recognition particle receptor. J. Cell Biol. 95:470-477.

Meyer, D. L., E. Krause, and B. Dobberstein. 1982. Secretory protein
translocation across membranes: the role of the docking protein. Nature
(Lond.). 297:647-650.

Walter, P., and G. Blobel. 1982. Signal recognition particle contains a 7S
RNA essential for protein translocation across the endoplasmic reticu-
lum. Nature (Lond.). 299:691-698.

Walter, P., and G. Blobel. 1983. Disassembly and reconstitution of signal
recognition particle. Cell. 34:525-533.

Gundelfinger, E. D., E. Krause, M. Melli, and B. Dobberstein. 1983. The
organisation of the 7SL. RNA in the signal recognition particle. Nucleic
Acids Res. 11:7363-7374.

Zwieb, C. 1985. The secondary structure of the 7SL RNA in the signal
recognition particle: functional implications. Nucleic Acids Res. 13:
6105-6124.

Siegel, V., and P. Walter. 1985. Elongation arrest is not a prerequisite
for secretory protein translocation across the microsomal membrane. J.
Cell Biol. 100:1913-1921.

Siegel, V., and P. Walter. 1986. Removal of the Alu structural domain
from signal recognition particle leaves its protein translocation activity
intact. Nature (Lond.}. 320:81-84.

Ribes, V., P. Dehoux, and D. Toliervey. 1988. 7SL RNA from Schizosac-
charomyces pombe is encoded by a single copy essential gene. EMBO
(Eur. Mol. Biol. Organ.) J. 7:231-237.

Brenwald, P., X. Liao, K. Holm, G. Porter, and J. A. Wise. 1988.
Identification of an essential Schizosaccharomyces pombe RNA homolo-
gous to the 7SL component of signal recognition particle. Mol. Cell.
Biol. In press.

Poritz, A. M., V. Siegel, W. B. Hansen, and P. Walter. 1988. A small
ribonucleoprotein in Schizosaccharomyces pombe and Yarrowia lipolyt-
ica homologous to signal recognition particle. Proc. Natl. Acad. Sci.
USA. In press.

Wong, T. W., and D. A. Clayton. 1986. DNA primase of human mito-
chondria is associated with structural RNA that is essential for enzy-
matic activity. Cell. 45:817-825.

Chang, D. D., and D. A. Clayton. 1987. A mammalian mitochondrial
RNA processing activity contains nucleus-encoded RNA. Science
(Wash. DC). 235:1178-1184.

. Kleinschmidt, J. A., and W.-J. Buhl. 1987. The ~20 S cylinder particles

of Xenopus laevis: experimental findings and open questions. Mol. Biol.
Rep. 12:90.

Kloetzel, P.-M., P. E. Falkenburg, C. Haass, and B. Dahlmann, 1987.
The 198 cylinder scRNP particles: their dynamics in molecular compo-
sition and their function. Mol. Biol. Rep. 12:230-231.

Scherrer, K., F. Grossi de Sa, C. Martins de Sa, O. Akhayat, J. K. Pal,
and H. P. Schmid. 1987. Prosomes. Mol. Biol. Rep. 12:232.

Arrigo, A.-P., K. Tanaka, A. L. Goldberg, and W. J. Welch. 1988. Iden-
tity of the 195 ‘prosome’ particle with the large multifunctional protease
complex of mammalian cells (the proteasome). Nature 331:192-194.

Falkenburg, P.-E., C. Haass, P.-M. Kloetzel, B. Niedel, F. Kopp, L.
Kuehn, and B. Dahlmann. 1988. Drosophila small cytoplasmic 198
ribonucleoprotein is homologous to the rat multicatalytic proteinase.
Nature (Lond.). 331:190-192.

Kedersha, N. L., and L. H. Rome. 1986. Isolation and characterization
of a novel ribonucleoprotein particle: large structures containing a single
species of small RNA. J. Cell Biol. 103:699-709.

Castano, J., G. R. Omberg, J. G. Koster, J. A. Tobian, and M. Zasloff.
1986. Eukaryotic pre-tRNA 5’ processing nuclease: copurification with
a complex cylindrical particle. Cell. 46:377-387.

Altman, S., H. A. Gold, and M. Bartkiewicz. 1988. Ribonuclease P as
a snRNP. In Structure and Function of Major and Minor Small Nuclear
RNAs. M. Birnstiel, editor. Springer-Verlag, New York.

Krupp, G., B. Cherayil, D. Frendewey, S. Nishikawa, and D. S6ll. 1986.
Two RNA species co-purify with RNase P from the fission yeast
Schizosaccharomyces pombe. EMBO (Eur. Mol. Biol. Organ.) J. 5:
1697-1703.

Gold, H. A, and S. Altman. 1986. Reconstitution of RNAase P activity
using inactive subunits from E. coli and HeLa cells. Cell. 44:243-249.

. Cech, T. R., and B. L. Bass. {986. Biological catalysis by RNA. Annu.

Rev. Biochem. 55:599-629.

1425



