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ABSTRACT We have studied by electron microscopy the
structures of native small nuclear ribonucleoprotein (snRNP)
particles U2 and U5 from HeLa cells. The structure of native
U2 snRNP is characterized by a main body 8 nm in diameter
with one additional domain about 4 nm long and 6 nm wide.
Electron micrographs show that the 20S U5 snRNP, which
contains at least seven US-specific proteins in addition to the
common proteins, has an elongated structure measuring 20-23
nm in length and 11-14 nm in width. Two main structural
domains can be distingnished: a small head and a large
elongated body about twice the size of the head. In addition to
the head, the body of the 20S US snRNP possesses three short
protuberances. The U2 and US core RNP particles—that is, of
the snRNPs U2 and US without the snRNP-specific proteins,
look much simpler and smaller under the electron microscope.
They both are round in shape with a diameter of ~8 nm. With
respect to their size, appearance, and fine structure, the U2 and
US snRNP cores not only closely resemble each other but also
share these properties with the core domain of Ul snRNP. We
propose that the characteristic shape of each of the major
snRNP species Ul, U2, U4/U6, and US is determined by (i) a
core domain containing the proteins that are common to all
members of this family, which has the same shape for each
member, and (ii) peripheral structures, which for snRNPs Ul,
U2, and US arise from the specific proteins, that give each of
these snRNP species its characteristic shape.

Eukaryotic cells contain a group of small nuclear ribonucle-
oproteins (snRNPs), of which the principal members are
snRNPs U1, U2, U4/U6, and US (1-4). These are involved
in the splicing of mRNA and are part of spliceosomes (5-7).
One function of the snRNPs appears to be the recognition of
consensus sequence elements within pre-mRNA (8-12). Pro-
tein analysis of the snRNPs from metazoan cells (for review,
see ref. 13) led to the identification of at least seven common
proteins, denoted B’, B, D, D', E, F, and G, that are present
in every snRNP spécies. In addition, at least snRNPs U1, U2,
and US are characterized by the presence of snRNP-specific
proteins. Thus, Ul snRNP contains, in addition, the proteins
70k, A, and C; U2 contains the proteins A’ and B”; and US
contains at least seven US-specific proteins of molecular
masses 40, 52, 100, 102, 116, and 200 kDa (a double band)
(14). Owing to the large number of US-specific proteins, these
US snRNP particles sediment on sucrose gradients with an S
value of 20 (14). Proteins specific to U4/U6 snRNP have not
yet been identified in metazoan cells. A protein of molecular
mass of =52 kDa, however, has recently been found to be
bound specifically to U4 RNA in yeast (15, 16). It is likely that
the snRNP-specific proteins are related to the individual
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functions of the respective snRNP particles in the splicing
process (17-20).

The association of the same seven polypeptides (B’ to G)
with various distinct small nuclear RNAs (snRNAs) suggests
the possible existence of a common RNP core structure. The
snRNAs also appear to provide for this because there is a
structural motif common to the snRNAs U1, U2, U4, and U5,
the so-called domain A (21), which consists of a single-
stranded region RA(U),GR, with n = 3, flanked by double-
stranded stems. The domain A is the only major piece of the
snRNAs essential for assembling the common proteins into
the snRNPs (22-24). In contrast, the specificity of interaction
of the snRNP-characteristic proteins with their cognate RNP
particles appears to be guided by direct protein-RNA inter-
actions with snRNA-specific stem/loop structures. This fact
has recently been demonstrated for some of the Ul- and
U2-specific proteins (25-30).

Knowing the three-dimensional structure of the U snRNPs
will be important for understanding the way in which the
various snRNPs interact with pre-mRNA sequences and with
other factors in the spliceosome. As a step in this direction,
we have started to investigate purified snRNPs at the ultra-
structural level using electron microscopy. Thus, we were
recently able to show that native Ul snRNPs consist of a
main round-shaped body, 8 nm in diameter, with two char-
acteristic protuberances 4-7 nm long and 3-4 nm wide (31).
In the work described here, we have investigated by electron
microscopy the structure of native snRNPs U2 and US and
their respective cores—i.e., snRNP particles U2 and US that
completely lack the U2- and US-specific proteins. Our data
indicate that the major U snRNPs share a core RNP domain
(containing the common proteins) round in shape and ~8 nm
in diameter. The structure of this domain is very similar from
one snRNP species to another. Our data suggest further that
the characteristic dimensions and shape of each snRNP
species is mainly determined by the number of snRNP-
specific proteins and the manner in which they are attached
to their cognate core RNP domains.

MATERIALS AND METHODS

Preparation of U snRNPs. The two types of US snRNPs—
i.e., native 20S U5 snRNPs and core US snRNP particles,
were isolated as described in detail elsewhere (14, 32). In
summary, a mixture of snRNPs U1, U2, U5, and U4/U6 was
first isolated by anti-2,2,7-trimethylguanosine (Me;Guo) im-
munoaffinity chromatography (33) from HeLa nuclear ex-
tracts prepared by the method of Dignam ez al. (34). The
purified snRNPs Ul-U6 were then resolved by fast protein
liquid chromatography with a Mono Q ion-exchange column
(Pharmacia) by elution with an increasing KCl gradient (50

Abbreviations: snRNA, small nuclear RNA; snRNP, small nuclear
ribonucleoprotein; MesGuo, 2,2,7-trimethylguanosine.
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mM-1 M) in elution buffer (20 mM Tris-HCI, pH 7.5/1.5 mM
MgCl,/0.5 mM phenylmethylsulfonyl fluoride/0.5 mM dithio-
threitol). The identity of the RNA and protein constituents of
the fractions was then determined by electrophoresis, as
described by Bringmann et al. (33). The 20S U5 snRNPs—i.e.,
those U5 snRNPs containing the full complement of US-
specific proteins, were eluted together with a small amount of
U1 snRNPs at a chloride concentration of ~340 mM. The 10S
U5 snRNP—i.e., the core US snRNP lacking the U5-specific
proteins, eluted at a chloride concentration of ~450 mM
together with a fraction of U2 snRNPs and residual amounts
of Ul snRNPs. U2 snRNPs lacking proteins A’ and B” eluted
at a chloride concentration of ~550 mM. Essentially pure 10S
U5 snRNPs were obtained by Mono Q chromatography by
using a less steep KCl salt gradient for the elution. Pure 20S U5
snRNPs were obtained by subjecting the U5 and Ul snRNP
fractions obtained from the Mono Q column to centrifugation
in a 5-20% (vol/vol) glycerol gradient in elution buffer con-
taining 150 mM KCI. The gradients were centrifuged in a
Beckman SW60 Ti rotor at 84,000 X g for 20 hr.

Native U2 snRNPs were isolated from splicing extracts
that had already been depleted of the majority of their
endogenous U1 snRNPs by one passage over an anti-Me;Guo
column under conditions allowing preferential adsorption of
Ul snRNPs to the anti-Me;Guo antibodies (32). After a
second anti-Me;Guo-affinity chromatography, the respective
Me;Guo eluate containing a mixture of snRNPs highly en-
riched in U2 and U4/U6 snRNPs was subjected to Mono Q
chromatography as described above. Native U2 snRNPs
eluted at a chloride concentration of ~480 mM.

Immunocomplex Formation Between 20S US snRNPs and
Anti-Me;Guo Antibodies. 20S U5 snRNPs (15 ug) were incu-
bated for 60 min at 0°C with 2 ug of monoclonal anti-Me;Guo
IgG H-20(35) in 25 pl of buffer A (20 mM Hepes'’KOH, pH
7.9/150 mM KCl/1.5 mM MgCl,). After dilution with a further
75 wl of buffer A, the mixture was loaded onto a 10-30%
(vol/vol) glycerol gradient (1 ml) in buffer A and centrifuged
for 4.5 hr at 50,000 rpm in a TLS-55 rotor (Beckman). The
gradient was fractionated in 60-ul portions from the bottom.

Electron Microscopy. Glycerol gradient fractions contain-
ing purified 20S US snRNP particles or 20S (US snRNP-H-20
IgG) immunocomplexes, or Mono Q fractions containing the
U2 snRNPs or the core RNP particles of snRNPs U2 and U5
were used directly for the preparation of samples for electron
microscopy. Negative staining with 2.5% uranyl formate was
carried out by the double carbon film method as described
(31). The preparations were examined under a Zeiss EM 109
electron microscope with an acceleration voltage of 80 kV,
and electron micrographs were taken with magnifications
between 85,000 and 140,000.

RESULTS

Preparation of Native snRNPs U2 and U5 and of Their Core
RNP Particles. The US snRNP particles used for electron
microscopy were isolated from HeLa nuclear splicing extracts
by the successive application of anti-Me;Guo immunoaffinity
chromatography, Mono Q ion-exchange chromatography, and
centrifugation in glycerol gradients. Two types of US snRNP
particles can be obtained in this way, with respective sedimen-
tation values of 20S and 10S. Their protein and RNA compo-
sitions are shown in Fig. 1. In addition to the common proteins
B, B,D, D', E, F, and G, the 20S U5 snRNP particle contains
a number of US-specific proteins characterized by molecular
masses of 40, 52, 100, 102, 116, and 200 kDa (mostly a double
band) (Fig. 14, lane I). The isolated 20S US snRNPs are
functionally active in a splicing system in vitro (36). The 10S US
snRNP particle contains the common proteins only (Fig. 14,
lane II), and this particle is considered to represent the core U5
snRNP structure that has lost the US5-specific proteins during
the various isolation steps.
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F1G. 1. Polypeptide and RNA composition of the purified US
snRNPs and their core particles. After extraction with phenol/
chloroform and electrophoresis on a 4-20% SDS/polyacrylamide
gradient gel, the proteins were stained with Coomassie blue (A). The
RNA of the snRNPs was separated by electrophoresis on a urea/
polyacrylamide gel and stained with ethidium bromide (B). Lanes: I,
20S US snRNPs; 11, core US snRNPs; 111, core U2 snRNPs; and 1V,
U2 snRNPs. Numbers at left represent kDa.
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Using the same protocol as described for US snRNPs but
omitting the centrifugation step in glycerol gradients, we also
obtained two types of U2 snRNP. These were U2 snRNPs
containing the U2-specific proteins A’ and B” in addition to
the common proteins (native U2 snRNPs) and core U2
snRNPs that lack the U2-specific proteins but have retained
all the common proteins (Fig. 14, lanes III and IV).

Electron Microscopy of 20S U5 snRNPs. The 20S U5 snRNP
particles isolated from the glycerol gradient (the final purifi-
cation step) were adsorbed onto carbon films and, after
negative staining with uranyl formate, used directly for
electron microscopy. Fig. 24 shows a representative electron
micrograph. In general, the particles have an elongated form.
Owing to accumulation of stain, a segmentation line can be
seen that divides the U5 snRNP particle into an upper third
and a lower two-thirds, denoted head and body, respectively.
One or two protuberances extend from the lower pole of the
body, while another may be seen on the right-hand side of the
body close to the dividing line between body and head.

Detailed examination of ~500 views of 20S U5 snRNP
particles led to the recognition of six representative forms
that accounted for >60% of the particles. Three typical views
of each of the six representative forms are shown in Fig. 2B.
All particles are displayed with the head pointing upwards.
The various US snRNP forms differ in their body structure,
in particular in the number and appearance of the short
protuberances extending from the body. The first three rows
(Fig. 2B) display frequently observed forms (each form is
present in >40% of the particles), while the last three show
rare, but typical forms.

The top row displays a U5 snRNP form with two protu-
berances at the lower pole of the body, which point away
from each other. In most cases, the left protuberance appears
to be more pronounced than the lower right one. A further
characteristic feature of this form is the presence of a third
protuberance on the upper right of the body, extending from
just below the dividing line between head and body. The
outline of this form is shown in Fig. 2C to illustrate the
characteristic features of the 20S U5 snRNP particle.

Typical of the form shown in row II (Fig. 2B) is that only
one protuberance, with a paler tip, can be seen attached to the
very bottom of the body. The absence of the upper right
protuberance gives this form a rather extended rod-like
shape. In the form shown in row III of Fig. 2B, the major
lower protuberance, as described above, now points to the
right, and a less pronounced protuberance can be seen on the
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Fic. 2. 20S US snRNPs negatively stained with uranyl formate.
(A) Representative general view. (B) Six representative forms of 20S
US snRNP particles. Three typical views for each representative
form are shown in each row. The micrographs are oriented such that
the heads of the US snRNPs point upwards. (Bar = 20 nm.) (C)
Illustrative sketch of the 20S U5 snRNP with the nomenclature of the
characteristic features, as used in text.

left-hand side of the body. An approximate mirror image of
this form is the rarer form seen in row IV. The most
characteristic feature of the form shown in row V of Fig. 2 is
a short extension that protrudes from the left-hand side of the
head, giving this form an asymmetric shape. In contrast, the
form in row VI is a more symmetric one; this is due mainly
to the similar appearance of the two lower protuberances.
The sizes of the various 20S U5 snRNP images shown in
Fig. 2 are, in general, similar—the head and body being 20-23
nm long and 11-14 nm wide, depending on the appearances
of the protuberances on the body. Forms in which particular
protuberances are not recognizable could correspond to
particles that have lost one or more of the US-specific
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proteins (see below). An alternative and more likely expla-
nation for the observation of different forms is their different
orientation on the carrier film, as previously discussed in the
case of Ul snRNPs (31).

Electron Microscopy of Core US snRNP Particles. Next, we
investigated the structure of the 10S U5 snRNPs lacking the
US-specific proteins while still containing the set of common
proteins B’, B, D, D', E, F, and G (Fig. 14, lane II). A general
field of negatively stained US snRNP cores is shown in Fig.
3A. Incontrast to the elongated and indented shape of the 20S
US snRNPs described above, the core US snRNP particles
are, more or less, round in shape. Furthermore, the U5 cores
are much smaller than the 20S U5 snRNPs, with a diameter
of =8 nm. On close inspection of individual views, further
structural details may be recognized; these are due to regions
of high stain density within the round core structure (Fig. 3B).
Quite often, forms are seen with a line of stain that roughly
bisects the core (rows I and II). In rare cases, a short
extension 3-4 nm long, may be seen protruding from the
round core structure (row II). Sometimes two lines of dark
stain produce a wedge-shaped structure within the US snRNP
core (row III). Core U5 snRNPs marked by a lighter or darker
central dot (rows IV and V, respectively) also occur with the
same frequency as the particles described above.

Localization of the 5’ End of U5 RNA at the Surface of 20S
U5 snRNPs. Owing to the large difference in size and appear-
ance of the 20S and 10S US snRNPs, the US snRNP core
could not be assigned with any certainty to a particular
structural feature of the 20S US snRNP particle, such as the
head or a part of the body (compare Figs. 2 and 3). We
therefore decided to use immunoelectron microscopy to
localize the 5’ end of the US RNA at the surface of the 20S
US snRNP particle, reasoning that with this information we
could roughly locate the core domain within the elongated
20S US snRNP structure.

The immunoelectron microscopic localization of the 5’ end
at the surface of 20S U5 snRNPs was carried out with
monoclonal anti-Me;Guo antibody H-20, essentially as de-
scribed previously for U1 snRNPs (31). Immunocomplexes in
which one IgG molecule was bound to one 20S US snRNP
particle predominated, whereas U5-IgG-US complexes were
rare (<5%). Reaction of monoclonal antibody H-20 with 20S
US snRNPs was specific insofar as preincubation of the
antibody molecules with excess cross-reactive nucleoside
7-methylguanosine completely abolished immunocomplex
formation (data not shown).

More than 200 micrographs (U5 snRNP-H-20 IgG) immu-
nocomplexes were investigated. It is important to note that
the various principal forms of free 20S U5 snRNPs (as defined
in Fig. 2) could also be recognized when the US snRNP
particles were attached to the anti-Me;Guo antibody. This

Fi1G.3. Core U5 snRNPs negatively stained with uranyl formate.
(A) General field. (B) Gallery of typical views. Each row shows three
views of core US snRNPs that share fine structural details as
described in text. (Bar = 10 nm.)
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allowed the Me3;Guo cap to be located with relative accuracy.
Fig. 4A shows representative examples of these immuno-
complexes, grouped in such a way that each row displays U5
snRNP-IgG complexes with similar U5 snRNP forms. Row
VI of Fig. 4A shows examples of the rare cases in which one
IgG molecule is attached simultaneously to two US snRNPs.
It is clear from these electron micrographs that the 5'-
terminal Me;Guo cap of US RNA is located at the bottom of
the body of the 20S US snRNP, close to the region where the
bases of the two lower protuberances of the body approach
each other. When the same experiment was carried out with
core U5 snRNPs, the Fab arms of the anti-Me;Guo molecules
were always found attached close to the surface of the core
structure (data not shown). This agrees well with the sec-
ondary structure model of US RNA, where the 5’ end of US
RNA is positioned close to the domain A—i.e., the binding
site of the core RNP proteins.

Therefore, in the 20S US snRNP structure the core domain
is most probably located at the bottom of the body (see Fig.
4B for an interpretative drawing).

Electron Microscopy of U2 snRNPs. Fig. 54 shows a general
view of native U2 snRNPs that contain the U2-specific
proteins A’ and B” in addition to the common proteins. Most
images exhibit slightly elongated forms, and two structural
domains can be distinguished: a main body, round in shape
and =8 nm in diameter, and a smaller domain, 6 nm wide and

FiG. 4. Anti-Me;Guo antibody binding to 20S US snRNPs. (A)
Selected electron micrographs of negatively stained anti-Me;Guo
(U5 snRNP-H20 IgG) immunocomplexes. In the immunocomplexes
the same representative forms of 20S U5 snRNPs as defined in Fig.
3 could be recognized, which are illustrated by four views (rows
I-1II) or two views (rows IV-VI) each. (B) Interpretative drawing of
the US snRNP showing the location of the U5 snRNP 5’-terminal cap
as determined by immunoelectron microscopy (hatched area). A
possible position of the round-shaped core domain (dotted line) close
to the cap site is shown as well. Its positioning on the lower
right-hand side of the body is arbitrarily chosen; it may equally well
be located on the lower left-hand side of the body.
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FiG. 5. U2 snRNPs negatively stained with uranyl formate. (4)
General field. (B) Gallery of typical views. Each row shows three areas
that share fine structural details as described in text and illustrated in
the interpretative drawing at right. The micrographs are oriented such
that the head of the U2 snRNP points upwards. (Bar = 10 nm.)

~4 nm long, attached to the body, which we shall here call
the head domain.

Typical U2 snRNP images are shown in Fig. 5B. The
images are oriented so that the head points upwards. The
images shown in rows I-V differ especially in the appearance
of the head domain. Most images appear symmetric, as
shown in row I. In rare cases, a slight indentation, due to
accumulation of stain, can be seen in the middle of the head
domain (row II). Other images show the head domain point-
ing either to the right (row III) or to the left (row IV). In about
a quarter of the U2 snRNP images, only a rudimentary head
domain can be seen attached to the body (row V).

The main body of U2 snRNPs shows striking morpholog-
ical similarities with the core domain of US snRNPs. This is
not only true of the dimensions of the body; it also applies to
the fine structural details seen in the US RNP core, as
discussed above (compare Figs. 3 and 5B). It may thus be
suggested that the main body of the U2 snRNPs represents
the core RNP domain, whereas the additional head domain
should represent the U2-specific proteins A’ and B".

Electron Microscopy of U2 Core snRNP Particles. The
above hypothesis received support from the examination of
U2 snRNP cores lacking the U2-specific proteins under the
electron microscope. The U2 snRNP cores are round, =8 nm
in diameter, and lack the head-like structure typical of U2
snRNPs containing proteins A’ and B” (Fig. 64). At higher
magnification, further structural details can be seen within
the round core structure. These are caused by regions of high
stain density, such as dots or lines of stain roughly bisecting
the core (Fig. 6B).

DISCUSSION

In this work we have applied the technique of electron
microscopy to study the structure of isolated snRNP particles
U2 and US from HeLa cells. The native U5 snRNP has an
elongated and highly indented shape 20-23 nm long and 11-14
nm wide. It is the largest of all U snRNPs investigated up to
now, which correlates well with its high sedimentation coef-
ficient of 20S. The structure of the native U2 snRNP particle
can easily be distinguished from US snRNPs. U2 snRNPs are
smaller, measuring =12 nm in length and between 6 and 8 nm
in width. Two structural domains may be distinguished: a
round-shaped main body, of =8-nm diameter, to which one
smaller domain =6 nm wide and 4 nm long is attached.

The typical distinguishing structural features of the native
snRNPs U2 and U5 are completely lost when only their core
RNP structures are examined. This is the case for the
incomplete snRNPs U2 and US that consist only of the
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Fi1G. 6. Core U2 snRNPs negatively stained with uranyl formate.
(A) General field. (B) Gallery of typical views. (Bar = 10 nm.)

respective RNA molecules and the common proteins B’ to G.
The U2 and US cores both consist of a round body =8 nm in
diameter and even share certain structural details, such as a
central dark dot or a line of stain roughly bisecting the body.
It is striking that a round body ~8 nm in diameter, exhibiting
the same internal structural details as discussed above for the
U2 and US RNP cores, was also recently identified as one
main structural feature of native U1 snRNPs (31). In contrast,
the shape of native Ul snRNPs is characterized by two
elongated protuberances attached to the round main body,
which allows easy distinction between native snRNP parti-
cles of the types Ul, U2, and US. The observed structural
similarities between the main body of U1l snRNP and the U2
and US core RNP particles suggest that the Ul snRNP body
might also represent its core RNP domain containing the
common proteins. Finally, purified snRNPs U4/U6 also
contain a round-shaped body 8 nm in diameter as one main
structural feature (unpublished work).

Our data suggest a common structure-determining princi-
ple for the major U snRNPs. On the one hand, the snRNPs
U1, U2, U5, and U4/U6 share a morphologically very similar
round-shaped core RNP domain that consists of the common
proteins B, B, D, D', E, F, and G and the domain A of the
respective snRNA molecules. On the other hand, the char-
acteristic and distinguishing shape of each snRNP species
appears to be due mainly to the number of the respective
snRNP-specific proteins and the manner in which these are
attached to the structurally very similar core RNP domains.

Given the likely possibility that the additional structural
domains (protuberances or head structures extending from
the main body of the U2 or US RNP cores) represent
snRNP-specific proteins, some conclusions may be drawn
concerning the binding sites of the specific proteins on their
respective RNP core domains. Thus, the fact that only one
additional domain can be seen attached to the round core
RNP body in native U2 snRNPs suggests that proteins A’ and
B” are bound together to a topologically restricted area on the
U2 RNP particle and may even interact with each other in the
native U2 snRNP. Other studies have suggested that the B”
protein may interact with stem loop III of U2 RNA (25, 30),
whereas no direct interaction of the A’ protein with U2 RNA
has yet been reported. Unlike the situation in U2 snRNPs, the
attachment of several protuberances including the head and
body of the 20S U5 snRNP suggests that several of the
US5-specific proteins should have independent binding sites at
the US snRNP core.

How does the complex structure of the 20S U5 snRNP, as
observed under the electron microscope, relate to the func-
tion of this particle in splicing? It has recently been demon-
strated that U5 snRNP is essential for the second step of
splicing and is further needed for efficient completion of the
first splicing reaction (36, 37). In the spliceosome US snRNP
interacts with other snRNPs such as the U4/U6 snRNP and
possibly also with snRNPs U1 and U2 (38-41). Furthermore,
the U5 snRNP appears to recognize the 3’ end of the intron
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(12, 18, 19) and remains associated with the excised intron
lariat. Thus, U5 snRNP may be considered as a scaffold on
which several other components assemble in the spliceo-
some. The large size of US snRNP, with the multiple protein-
containing domain extending from the RNP particle, could
provide the structural basis for specific interactions of U5
snRNP in the spliceosome.
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