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Summary

We have determined the crystal structure of a spliceo-
somal RNP complex comprising the 15.5kD protein of
the human U4/U6.U5 tri-snRNP and the 5’ stem-loop
of U4 snRNA. The protein interacts almost exclusively
with a purine-rich (5+2) internal loop within the 5’
stem-loop, giving an unusual RNA fold characterized
by two tandem sheared G-A base pairs, a high degree
of purine stacking, and the accommodation of a single
RNA base, rotated out of the RNA chain, in a pocket
of the protein. Apart from yielding the structure of an
important entity in the pre-mRNA splicing apparatus,
this work also implies a model for the complex of the
15.5kD protein with box C/D snoRNAs. It additionally
suggests a general recognition principle in a novel
family of RNA binding proteins.

Introduction

The splicing of nuclear pre-mRNA to remove the introns
and thus produce translatable mRNA is catalyzed by the
spliceosome; this is a large ribonucleoprotein complex
formed by the ordered interaction of the four small nu-
clear ribonucleoprotein particles (snRNPs) U1, U2, U5,
and U4/U6, appropriate regions of the pre-mRNA, and
numerous splicing factors (reviewed in Kramer, 1996;
Will and Lihrmann, 1997; Burge et al., 1999). During
the splicing sequence, the U4 and U6 snRNAs undergo
dramatic conformational rearrangements (Brow and
Guthrie, 1988); before association, these are joined by
base pairing (Figure 1A; Bringmann et al., 1984; Hashi-
moto and Steitz, 1984; Rinke et al., 1985), whereas after
integration into the spliceosome, the double helix joining
the two snRNAs is completely unwound (reviewed in
Nilsen, 1998; Staley and Guthrie, 1998). Whereas the U6
snRNA remains in the spliceosome, interacting there
with the U2 snRNA and with intron sequences at the 5’
splice site (reviewed in Staley and Guthrie, 1998), the
U4 snRNA is released from the spliceosome or remains
only loosely attached to it (Lamond et al., 1988; Yean
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and Lin, 1991). It is thought that the U4/U6 interaction is
made and broken in each cycle of splicing. The structural
rearrangements of the U4 and U6 snRNAs are evolution-
arily conserved between yeast and man, and they are
also observed with the recently discovered U4atac and
UbBatac snRNAs of the so-called minor or U12-type
spliceosome, which are functional analogs of U4 and
U6 (Tarn and Steitz, 1996; Yu and Steitz, 1997).

U4 snRNA possesses a stem-loop near its 5 end
(Figure 1A) that has been found to be essential for pre-
mRNA splicing and spliceosome assembly in vivo and
in vitro (Vankan et al., 1992; Wersig and Bindereif, 1992).
A major role of this 5’ stem-loop appears to be to affix
snRNP proteins to the spliceosome. Initial evidence for
this idea came from studies in yeast where it was shown
that antibodies directed against the protein Prp4p (60kD
in human) precipitate the 5’ portion of U4 snRNA includ-
ing the the 5’ stem-loop (Banroques and Abelson, 1989;
Bjorn et al., 1989; Bordonné et al., 1990; Xu et al., 1990).
Additional U4 snRNP proteins are Prp3p (90kD in hu-
man), which directly interacts with Prp4p (Anthony et
al., 1997; Horowitz et al., 1997; Lauber et al., 1997; Ayadi
et al., 1998), and Prp31p (Weidenhammer et al., 1997).
However, for none of these proteins a direct interaction
with U4 snRNA could be demonstrated, and none of
these proteins are found in the free U6 particle.

We recently identified the 15.5kD protein in human
U4/U6.U5 tri-snRNPs (Snu13p in yeast) that directly and
specifically interacts with the 5’ stem-loop of U4 snRNA.
This protein was shown to play an important part in
the late stage of spliceosome assembly before splicing
catalysis (Nottrott et al., 1999), consistent with an earlier
finding that the 5’ stem-loop of U4 RNA is itself required
for the late stage of spliceosome assembly (Wersig and
Bindereif, 1992; Hu et al., 1995). There is the further
possibility that this protein may be involved in binding
one or more of the aforementioned U4 snRNP proteins.

Apart from its involvement in spliceosome assembly,
the 5’ stem-loop of U4 snRNA has a number of other
interesting features. There is strong biochemical and
phylogenetic evidence (Nottrott et al., 1999) for the exis-
tence of the (5+2) internal loop indicated in Figure 1A.
Thus, the integrity of the base pairs in the two double-
helical regions (one consisting of only two base pairs),
but not their identity, is decisive for binding the 15.5kD
protein. In contrast, this protein binding is strictly depen-
dent on the precise identity of the bases in the internal
loop: five of the seven positions (U31, G32, A33, G43, and
A44) cannot be changed or deleted without abolishing
protein binding activity in vitro, while the remaining posi-
tions 29 and 30 must be occupied by purines for efficient
protein binding. The nucleotides of the internal loop are
evolutionarily highly conserved among U4 snRNAs of
different species, including the human U4atac snRNAs
found in minor spliceosomes (Figure 1B), to which the
15.5kD protein also binds via the stem-loop.

Like the internal loop of U4 snRNA, the 15.5kD protein
is highly conserved, with 71% sequence identity be-
tween man and yeast (Nottrott et al., 1999). It belongs
to a family of homologous proteins that share a novel
RNA recognition motif and which are all components



Molecular Cell
1332

U6 snRNA

43— 30
C U
u C\ \G s 31
G
33
U U U
B C i
5 N—-N
G-U N—N
G—-C N-N

éc—c% gu— %
A G\Cgm & U\E\G.Uw

box C/D snoRNA

U
A
U4atac snRNA

Figure 1. Secondary Structures of RNAs Binding the 15.5kD Protein

(A) Sequence and secondary structure of the human U4/U6 snRNA
duplex. The portion of the 5’ stem-loop of the U4 snRNA used in
this work is indicated by its nucleotide sequence. It comprises an
asymmetric (5+2) internal loop formed by five nucleotides of the 5’
strand and two nucleotides of the 3’ strand.

(B) The portion of the U4atac RNA from the minor spliceosome
corresponding to the U4 snRNA fragment used in this work.

(C) The corresponding portion of the box C/D snoRNA consensus
sequence.

of ribonucleoprotein particles, such as ribosomes and
small nuclear RNPs (Koonin et al., 1994; Nottrott et al.,
1999 and references therein). The 15.5kD protein was
also recently found to be a component of the box C/D
small nucleolar RNPs (snoRNPs), whose function is the
processing or 2'-O-methylation of pre-rRNA (Watkins et
al., 2000). The latter work showed that this protein binds
directly the snoRNA C/D maotif, a structure that closely
resembles the U4 snRNA 15.5kD binding site (Figure
1C), possessing the essential nucleotides of the internal
(5+2) loop of U4 snRNA. Furthermore, the conserved
box B/C motif of U3 snRNA (not shown), which can fold
into a structure reminiscent of the internal loops of U4
snRNA and box C/D, also binds the 15.5kD protein in
vitro (Watkins et al., 2000).

There is thus a seeming generality about the proper-
ties of both the 5’ stem-loop of U4 snRNA and the 15.5kD
protein that makes a knowledge of their three-dimen-
sional structures and their mode of interaction of partic-
ular interest.

Results
Crystallographic Structure Determination

We cocrystallized the full-length human 15.5kD protein
and nucleotides 26-47 of the human U4 snRNA 5’ stem-

Figure 2. Excerpt from the Electron Density Map Obtained by MAD
Phasing

The refined model (thick line) is superimposed upon the density
nets. The figure shows the crystal contact of the two RNA molecules
in the asymmetric unit. The blunt ends of the two RNA molecules
are stacked one upon the other.

loop (Figure 1A), obtaining good quality crystals of their
1:1 complex. The structure was solved by multiwave-
length anomalous diffraction (MAD), even though this 22
kDa RNP complex contained only one selenomethionine
residue contributing to the anomalous diffraction; a
detail from the experimental electron density map is
shown in Figure 2. The crystal structure was refined to
a resolution of 2.9 A. The orthorhombic crystals contain
two protein-RNA complexes per asymmetric unit. The
two crystallographically independent protein molecules
have almost identical structures, while the correspond-
ing two RNA structures show minor differences, as dis-
cussed below, apparently caused by packing forces.
The overall fold and structural features—patterns of
base pairing and stacking—are the same in the two RNA
molecules, while a few hydrogen bonds within the RNA
and between the RNA and the protein differ.

Overall Structure

The structure of the 15.5kD protein-U4 snRNA complex
is shown schematically in Figure 3A. The 15.5kD protein
folds into a single globular domain with a familiar alter-
nating a-3 pattern. Contact is made with the oligonucle-
otide on one side of the protein only. A single nucleotide
base (U31) from the internal loop of the oligonucleotide
fits into a pocket in the protein, while the rest of the
oligonucleotide folds into a structure approximating to
two double helices converging at an angle of some 30°.
One double helix contains two tandem sheared G-A
base pairs, and both double helices are capped by a
purine base at the junction; it appears that the unusual
RNA fold is stabilized by a high degree of base stacking
and a network of hydrogen bonds. The relatively small
contact area of the two components of the complex
mean that a large proportion of their surface is exposed.

RNA Structure

The RNA molecule folds into a compact structure that
consists of two double-helical stems (stems 1 and 2)
bridged by the (5+2) internal loop, which is asymmetric
and highly structured (Figure 3). The two stems exhibit
a slightly distorted A-form RNA double helix. A striking
feature of the RNA structure is the strong bend at the
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internal loop, which adopts a complex fold: of its seven
nucleotides, four form tandem G-A base pairs extending
stem 2, while the remaining three are unpaired. Of these,
one (U31) is flipped out: it protrudes away from the rest
of the oligonucleotide chain and toward the protein. The
sugar-phosphate backbone forms a sharp hairpin-like
turn at this point. The other two unpaired bases, A29
and A30, are stacked onto the ends of stem 1 and stem
2: A29 is stacked onto the base pair G45-C28 and thus
caps stem 1, while A30, which has a syn and a 2'-endo
conformation, is stacked onto A44 of the opposite strand
and thus caps stem 2.

Previous chemical and phylogenetic analysis of the
secondary structure of the 5’ stem-loop of U4 snRNA
bound to the 15.5kD protein had revealed four structural
elements. These were the asymmetric (5+2) internal
loop, the two double-helical stems flanking the internal
loop, and the five-nucleotide hairpin loop. It was shown
that stem 1 ends in three G-C base pairs (G26-C47, C27-
G46, and C28-G45), while stem 2 consists of the two
G-C base pairs G34-C42 and G35-C41 (Nottrott et al.,
1999; see Figure 1A).

The crystal structure confirms the existence of both
stems (Figure 3). However, the crystal structure also
shows that stem 2 is extended by two G-A pairs formed
by the internal loop nucleotides (G32-A44 and A33-G43).
The two G-A base pairs are of the sheared type charac-
terized by hydrogen bonds from the 2-amino group of
guanine to N7 of adenine and from the 6-amino group
of adenine to N3 of guanine. Between these two tandem
G-A base pairs, the helix is strongly overwound, with a
twistangle of 81°. This extreme helix twist leads to cross-
strand stacking of the two adenines, seen clearly in
Figure 3. Both the high twist and a cross-strand stacking
of the adenines and guanines are common in tandem
sheared G-A base pairs (SantaLucia and Turner, 1993;
Heus et al., 1997). In the present RNP complex, only
adenines A33 and A44 exhibit perfect cross-strand
stacking, while the corresponding guanines G43 and
G32 are displaced. Interestingly, the cross-strand stack-
ing of A33 and A44 is continued by a third adenine, A30,
which is one of the unpaired internal loop nucleotides;
thus, the structure exhibits a three-adenine cross-strand
stack, with A44 from the one strand sandwiched be-
tween A33 and A30 from the other. In this way stem 2,
which has only two Watson-Crick base pairs, is ex-
tended on one side by the two sheared G-A base pairs
and a further stacked purine, giving an energetically
favorable structure that includes a five-purine stack.

Besides the base pairing and base stacking interac-
tions, a network of hydrogen bonds involving several
ribose 2'-OH groups further stabilizes the fold of the
internal loop (Figure 3C). The 2'-OH group of A44, which
has a 2'-endo conformation, is within hydrogen-bonding
distance of the N6 of A30, while the N1 of A44 forms a
hydrogen bond with the 2’'-OH group of A29. Further-
more, the 2'-OH group of A33 forms hydrogen bonds
to N3 of G45, and the 2'-OH of the flipped-out U31,
which has also a 2'-endo conformation, forms a hydro-
gen bond with the phosphate group of A30. The 2'-OH
groups of both guanosine nucleotides of the tandem
G-A base pairs contribute to the hydrogen bond network
as well. The G32 exhibits 2’-endo conformation and its
2'-OH group forms a hydrogen bond with N2 of G43.
The conformation of the G43 ribose of one of the crystal-

lographically independent RNA molecules is 2'-endo,
and its 2'-OH group forms a hydrogen bond with the
phosphate of A44. The conformation of the G43 of the
other RNA could not be determined unambiguously,
since its 2’'-OH group is not well defined in the electron
density map. However, modeling of the two ribose con-
formations showed that both conformers could form
favorable hydrogen bonds. The 2'-exo conformation of
G43 would lead to hydrogen bonds with the N6 of the
base pair mate A33 and the N7 of A44, while the 2'-endo
conformation would lead to a hydrogen bond with the
protein, namely with the carboxylate group of Glu-41
(see below).

A striking feature of the RNA structure is the sharp
bend between the two double-stranded stems. An angle
between the helical axes of about 65° was calculated.
However, this calculation is erroneous, as the stems
contain only two and three base pairs respectively (for
further details, see Lavery and Sklenar, 1988). Modeling
an elongation of both stems with a 10 base pair RNA
double helix (A form) gave an angle between the axes
of about 30° with some difference between the two RNA
molecules of the asymmetric unit. This difference is not
reflected in notable changes of the base pairing or base
stacking. The superposition of the two crystallographi-
cally independent RNA molecules (Figure 3B) reveals
that their conformations are most similar close to the
flipped-out U31 and in stem 2. In stem 1, there are
differences that increase with increasing distance from
U31. However, there are differences in several lengths
of RNA-RNA and RNA-protein hydrogen bonds, and the
pattern of hydrogen bonds around the 2'-OH groups is
also affected.

Protein Structure

The 128 amino acid residues of the 15.5kD protein fold
into a single, compact globular domain of alternating
« helices and B strands, forming an a-B-a sandwich
structure (Figure 3A). The central 3 sheet consists of
three antiparallel and one parallel B strand positioned
in the order 31, B4, B2, 3. Helices a1, a4, and a5 pack
against one side of the B sheet, while helices «2 and a3
are located on the other side. The a-B-a sandwich fold
of the 15.5kD protein belongs to the most frequently
occurring family of protein folds found in the database
SCOP (Murzin et al., 1995), and it is similar to the recently
published structure of the ribosomal protein L30 from
Saccharomyces cerevisiae (Mao and Williamson, 1999),
so it is not discussed in detail here. The 15.5kD and L30
proteins share a sequence identity of only 18%, but, as
highlighted by the superposition of their structures, their
tertiary structures exhibit remarkable similarities and
also significant differences (Figure 4). Most of the addi-
tional 23 residues extend the N and C termini of the
15.5kD protein. Another striking difference concerns the
loop B2-a3 and the adjacent helix «3. In the 15.5kD
protein, helix a3 is much shorter than in L30, because
in the former protein Pro-70 interrupts the a-helical pat-
tern. Instead, residues 63-66 in 15.5 kD protein, located
where helix o3 is foreshortened, form a 3y, helix (see
Figure 4). These changes lead to a displacement of loop
B2-a3 relative to its position in L30, which is interesting,
as precisely these residues are crucial for the recogni-
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Figure 3. Three-Dimensional Structure of the Spliceosomal 15.5kD-U4 snRNA Complex

(A) Ribbon plot of the 15.5kD protein with the bound fragment of the U4 snRNA 5’ stem-loop. The loop-closing nucleotides U36-U40 are
not shown, since they were not well defined in the electron density map. The two strands of the two RNA stems are distinguished by the use
of yellow and green.

(B) Superposition of the two RNA structures observed in the asymmetric unit of the crystal.

(C) The network of hydrogen bonds (red dotted lines) formed by ribose 2'-OH groups, stabilizing the RNA structure.



Structure of the 15.5kD Protein-U4 snRNA Complex
1335

0

10 3
C

B3

0

60

Bl B2

40

20 o 50 60.
15.5kD MTEADVNPKAYP vy QS T AE
L30 SQES VIKS NT|

o0
10 40

TL
LY X
20

S
30
B2
B4

110

. 7 80 , 90 . o 100 120
15.5kD ﬁLxLLCEDTW—RmmmGSFPESBQSIERLLV
L30 SEEEYYAMLSKTKVYYFQG --AGD-SDILTT

50 70 80 % g

B3

100

B4

Figure 4. Comparison of the Spliceosomal 15.5kD and the Ribosomal L30 Proteins

(A) Superposition of the 15.5kD protein (blue) and ribosomal L30 protein (red) structures.

(B) Alignment of the amino acid sequences of 15.5kD and L30. Identical residues are highlighted in red, homologous residues in orange.
Residues involved in protein-RNA interaction are marked by blue dots. The secondary structures of 15.5kD and L30 were assigned according

to PROCHECK (Laskowski et al., 1993).

tion and specific binding of the RNA (see below). Like-
wise, the position of helix a2, which also contains several
residues in contact with RNA, differs significantly be-
tween the L30 and 15.5kD structures.

Protein-RNA Interaction

In the 15.5kD protein, the RNA binding surface consists
of amino acid residues located in two « helices («2 and
«4), one B strand (31), and three different loops (31-a2,
B2-a3, and «a4-B4), as indicated in Figure 4B. These
residues interact predominantly with the nucleotides of
the (5+2) internal loop, and there are also contacts with
the sugar-phosphate backbone of stem 2 (Figure 6A).
We distinguish four major kinds of interaction between
the oligonucleotide and the 15.5kD protein, as follows.

The Flipped-Out Nucleotide U31

U31 is tightly bound in a pocket of the protein formed
by Glu-61 and lle-65, Lys-86, and lle-100 (Figure 5B).
The 04 of U31 forms two hydrogen bonds, with the
amino group of Lys-86 and the main chain amide of Glu-
61, respectively, and the 3-imino group of U31 forms a
hydrogen bond with the main chain oxygen of Glu-61.
Furthermore, hydrogen bonds are present between the
phosphate group of U31 and the main chain amides of
Ala-39 and lle-100. In addition to these hydrogen bonds,
the base of U31 is in van der Waals contact with the
hydrophobic side chains of lle-65 and lle-100 and the
hydrophobic part of the Lys-86 side chain. These multi-
ple contacts obviously explain the earlier observation
(Nottrott et al., 1999) that the replacement of U31 with



Molecular Cell
1336

Figure 5. Protein-RNA Interaction

(A) Schematic drawing of the U4 snRNA fragment secondary struc-
ture and of the protein-RNA contacts. Bases are colored according
to Figure 3. Hydrogen bonds involving bases are colored blue and
hydrophobic interactions are orange; hydrogen bonds and electro-
static interactions with phosphates are represented by red and red
dashed lines, respectively.

(B) This detail shows the recognition of flipped-out U31 and the
hydrophobic interactions of the unpaired nucleotides A29 and A30.
(C) Interaction of the tandem G-A base pairs with the protein. The
two guanines stack on each other and form several hydrogen bonds
with amino acid residues located in helix a2.

any other nucleotide abolishes the 15.5kD-U4 snRNA
complex formation in vitro.

The Tandem G-A Base Pairs

Not only are these an important feature of the internal
loop structure as described above, but they are also
involved in the specific protein-RNA recognition. Both
guanines (G32 and G43), which almost stack on each
other because of the extreme helical twist, interact with
the protein through their exposed atoms in the major
groove; in contrast, the two adenines involved in cross-
strand stacking (A33 and A44) are averted from the pro-
tein. The amino acid residues involved are Asn-40, Glu-
41, and Lys-44 (in loop 1-a2 and helix «2), which bind
to the G32 Watson-Crick edge and the G43 Hoogsteen
edge (Figure 5C). The carboxylate group and the main
chain amide of Glu-41 are within hydrogen bonding dis-
tance of N1, N2, and 06 of G32; the e-amino group of
Lys-44 is in hydrogen bond distance to N7 and 06 of
G43; and the ND2 of Asn-40, which forms a hydrogen
bond with the N7 of G32 and the main chain amide
of Asn-40, is in hydrogen bond distance with the O6
of G32.

Tandem G-A base pairs are present in many RNAs,
and because of their unique structural features and elec-
trostatic properties, they have been anticipated to play
a functional part in these RNAs (Gautheret et al., 1994;
Chin et al., 1999). The 15.5kD protein-U4 RNA complex
represents an example of a sheared tandem G-A mis-
match being a pivotal element in specific RNA-protein
recognition. Indeed, this tandem G-A mismatch is an
absolute prerequisite for 15.5kD protein binding in vitro,
as any change in these two bases abolishes the binding
in vitro (mutagenesis experiments by Nottrott et al.,
1999).

The Stacked, Unpaired Bases A29 and A30

Besides the base-specific contacts, which are mediated
mainly by hydrogen bonds, some hydrophobic contacts
of bases A29 and A30 with the 15.5kD protein appear
to be crucial for the stability of the complex as well. The
base of the unpaired nucleotide A29, which stacks on
the base pair G45-C28 of stem 1, packs with its other
side against the hydrophobic part of the side chain of
Arg-97 in loop a4-B4. Likewise, the unpaired nucleotide
A30, which extends the purine stacking of stem 2, packs
on its opposite side against a hydrophobic protein sur-
face provided by Lys-37 and Val-95 in loops 1-a2 and
o4-B4, respectively. Both A29 and A30 can be replaced
by guanine without any great effect upon protein binding
in vitro, and either (but not both at once) can be replaced
by a pyrimidine (Nottrott et al., 1999). Since both A29 and
A30 are stacked onto other purines and pack against a
hydrophobic patch on the protein surface, their function
could just as well be performed by a G at this position.
Electrostatic Interactions

The negative charge of the RNA phosphates is neutral-
ized by several basic protein residues (Figure 5A). Lys-
44 and Arg-97 are located within hydrogen bonding dis-
tance of the phosphates of C42 and A29, respectively.
Additionally, Arg-36, Lys-37, and Arg-48 are within 7-8 A
of the RNA and contribute significantly to the overall
electrostatic picture. The potentially crucial role of such
distant basic residues in RNA-protein binding has been
demonstrated for the Rev-RRE complex (Tan and Fran-
kel, 1994; Battiste et al., 1996; Ye et al., 1996) and for
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Figure 6. Comparison of the 15.5kD-U4 snRNA and the L30 Pre-
mRNA Protein-RNA Complexes

(A and B) RNA sequences and secondary structures of the (5+2)
internal loops of U4 snRNA and L30 pre-mRNA according to crystal
and NMR structures, respectively.

(C and D) Comparison of the same internal loop 3D structures and
their interactions with the protein. Nucleotides that correspond are
highlighted in red and blue, respectively.

the complex of a peptide of the protein N of the bacterio-
phage \ and the box B RNA (Su et al., 1997; Legault et
al., 1998).

Discussion

A General Principle of Protein-RNA Binding

via an Asymmetric Internal Loop?

The 15.5kD protein belongs to a family of proteins that
share a homologous region; this region corresponds to
residues 35-90 of the 15.5kD protein and contains most
of the residues involved in RNA binding (Koonin et al.,
1994; Nottrott et al., 1999 and references therein). Re-
markably, most of these proteins are components of
large RNP particles, such as the ribosomal proteins L7a,
S12,L.30, and HS6 from various organisms and the NHP2
from yeast snoRNPs. Open reading frames for some
other homologous sequences are found in the database,
such as YBXF from Bacillus subtilis; however, the corre-
sponding proteins have not yet been characterized.

So far, the only one of these proteins whose three-
dimensional structure has been reported is the ribo-
somal protein L30 from S. cerevisiae. This structure has
been determined by NMR in a complex between L30
and a fragment of the L30 pre-mRNA (Mao et al., 1999).
As pointed out above, the tertiary structure of L30
closely resembles that of the 15.5kD protein (Figure 5A).
Apart from this, the two RNP complexes show the fol-
lowing major similarities (Figure 6): (1) both RNAs contain
an internal (5+2) loop; (2) both proteins use the same
regions of their surfaces for the interaction with the
cognate RNA; (3) both proteins bind to the internal loop
in the respective RNA; (4) there is considerable similarity
between the sequences of the two (5+2) loops, with
5/7 identical bases and only 1/7 purine-pyrimidine ex-
change, the latter being the base flipped out; (5) the
base in the middle of the long strand of the internal loop
of L30 pre-mRNA, A57, is flipped out and protrudes into
the protein, just like its positional analog U31 in U4
snRNA; (6) the corresponding A30 of U4 snRNA and
G56 of L30 pre-mRNA have both a syn and a 2’-endo
conformation; (7) the sugar-phosphate backbone forms
a hairpin-like turn at this position; (8) the double-helical
stems are capped by unpaired bases where the RNA is
kinked.

Despite this similarity, there are significant differ-
ences, all of which are related to the folding of the (5+2)
internal loop: (1) the identities of the purine pairs formed
are different, being G-A, G-A in U4 snRNA and G-G, A-A
in the L30 pre-mRNA (Figures 6A and 6B); (2) in L30
pre-mRNA, base A59 forms a base triple together with
the Watson-Crick base pair G13-C54, whereas the U4
structure has no base triple; (3) the two purine-purine
base pairs in the L30 complex are stacked onto the A59-
G13-C54 base triple; (4) G58 of L30, which corresponds
to G32 in U4 snRNA, is bulged out; (5) the cross-strand
adenine sandwich in the U4 complex (A30-A44-A33),
absent in the L30 complex, with the top purine, here
G56, rotated away from the others and stacks against
the aromatic ring of F85; (6) the nucleotides at the bot-
tom and the middle of the three-layer purine stack corre-
spond (A33, A44 in U4 and A59, A12 in L30), but the
nucleotide at the top differs (A30 in U4 and G11 in L30).
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A further important consequence of the different internal
loop fold in L30 pre-mRNA is the relative orientation of
the RNA stems with respect to the protein: while stem
2 of U4 RNA makes extensive contacts with several
residues of helix a2, the corresponding stem of L30 is
turned away from helix «2 and contacts just one residue
of helix a2 (Lys-28).

The comparison of the two protein surfaces reveals
significant differences concerning both the shape and
the electrostatic properties of their RNA binding sites.
The structural differences concern the shortened helix
a3, the placement of helix «2 and loop 2-a3, and sev-
eral electrostatically dissimilar amino acid residues at
corresponding positions within the protein-RNA inter-
face. One obvious difference concerns the hydrophobic
cleft provided by the long side chains of Arg-52 and Lys-
28 of the L30 protein that accommodates the flipped-out
nucleotide G58, which corresponds to G32 of the 15.5kD
protein. The structurally equivalent residues of the
15.5kD protein are Asn-40 and Glu-41, which cannot
embrace a flipped-out guanine at that position.

The L30 and the U4 protein-RNA complexes both
involve (1) proteins with a particular globular structure
and (2) RNA molecules with a purine-rich (5+2) internal
loop that (3) surrenders a single base on the longer arm
of the internal loop into the protein pocket and then folds
into an energetically favorable stacked and hydrogen-
bonded structure that causes a bend in the RNA double
helix. In spite of the many differences of detail between
the structures of the two complexes, both appear to
involve folding of RNA according to similar principles.
We therefore advance the hypothesis that a general
principle is at work, according to which each RNA
adopts a stable, optimized folding pattern that is in-
duced when its flipped-out base (U31 or A57) is specifi-
cally bound to the protein pocket, whereupon the rest
of the internal loop adopts the most stable conformation
possible in contact with the protein surface; the stabili-
zation involves hydrogen bonding and purine stacking,
and the result is a sharp bend in the double helices
meeting at the loop. The hypothesis is supported by the
results of NMR studies on the naked L30 pre-mRNA,
which clearly demonstrated that the internal loop has
no ordered 3D structure in the absence of the L30 protein
(Mao et al., 1999). Furthermore, our own biochemical
and mutagenesis studies have also indicated that the
internal loop of U4 snRNA has no fixed structure in the
absence of protein (S.N., K.H., and R.L., unpublished
results). It remains to be seen, when further 3D struc-
tures of RNP complexes of this kind become known,
whether the sequence similarities reflect a general prin-
ciple of an internal loop binding protein family.

Implications for U4/U6 snRNP and Box C/D

snoRNP Structures

An interesting feature of the 15.5kD protein is its pres-
ence in several multicomponent RNPs comprising differ-
ent proteins and different RNAs. These include not only
the human U4/U6 snRNP and its homologous variants
such as human minor spliceosomes and yeast snRNPs
(containing the 15.5kD protein ortholog Snu13p), but
also the snoRNPs, which do not take part in splicing but
instead participate in the processing and modification of
rRNA.

The human U4/U6 snRNP contains, apart from the
15.5kD protein, four other particle-specific proteins: the
20kD, 60kD, 61kD, and 90kD proteins (Horowitz et al.,
1997; Lauber et al., 1997; Teigelkamp et al., 1998; O.
Makarov, E. Makarov, and R. L., unpublished data). For
yeast, the particle-specific protein pattern is similar, ex-
cept for the absence of an ortholog of the 20kD protein
(Gottschalk et al., 1999; Stevens and Abelson, 1999).
However, none of these U4/U6 snRNP-specific proteins
appears to be capable of stable association with U4
and/or U6 snRNA on its own. Hence, the determinant
of binding of these particle-specific proteins must be
either the 15.5kD (Snu13p) protein or the common Sm
proteins. Therefore, the 15.5kD (Snu13p) protein is a
plausible candidate for the function of nucleating the
assembly of proteins onto the U4/U6 snRNA. Since the
bound RNA covers only approximately 10% of the total
solvent exposed surface area of the 15.5kD protein,
most of this surface remains accessible for interaction
with at least one other protein. In addition, we suggest
that one function of the 15.5kD protein is to induce and
stabilize the sharp bend of the U4 snRNA 5’ stem-loop,
which could be required for the association of other
proteins during the particle assembly and/or for the
function of the U4 snRNA 5’ stem-loop in the splicing
process.

The 15.5kD protein has been shown to bind to the
U4atac snRNA (Nottrott et al., 1999), which is found in
minor spliceosomes. Its degree of identity shared with
U4 snRNA is very low (~35%). The 5’ stem-loop of the
U4atac snRNA also contains a (5+2) asymmetric internal
loop whose sequence is strictly conserved with respect
to the U4 snRNA, although there is some variation in
the sequence of both stems 1 and 2 (Figures 1A and
1B). This suggests that the 15.5kD protein—-U4atac RNA
complex adopts the same three-dimensional structure,
since there are no base-specific contacts of the 15.5kD
protein with stem 1 or stem 2 (Figures 3 and 6). There-
fore, this structure represents a conserved RNP com-
plex of both major and minor spliceosomes. However,
it is not known whether this conservation includes the
other particle-specific proteins of U4/U6 snRNP as well,
since no other particle-specific proteins of U4atac have
yet been identified.

The 15.5kD protein is capable of binding other RNAs
in other RNPs, as recently demonstrated for the
snoRNPs of the box C/D type (Watkins et al., 2000). It
must therefore have a considerable versatility in recog-
nition and binding. It was shown to bind specifically the
box C/D motifs of various snoRNAs; a major feature of
this motif is a (5+2) internal loop with a sequence very
similar to that of U4 snRNA (Figures 1A and 1C). In this
sequence, all the nucleotides involved in base-specific
contacts with the 15.5kD protein are conserved, i.e., the
two G-A base pairs and the unpaired flipped-out U base.
The two remaining nucleotides of the box C/D internal
loop correspond to the unpaired A29 and A30 of U4
snRNA, whose bases pack against hydrophobic patches
on the protein surface without forming hydrogen bonds.
This suggests that in the complex with the 15.5kD pro-
tein, the internal loop of box C/D may adopt a structure
similar to that of the internal loop of U4 snRNA. The
common RNP core shared between U4 snRNP and box
C/D snoRNPs might even extend, as the Prp31p protein
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Table 1. Crystallographic Statistics

Data collection

Data Set SeMet-A1
Resolution (A) 30.0-2.9
Wavelength (A) 0.9790
Number of observed reflections 30,157
Number of unique reflections 8,309
Completeness

Overall (%) 91.5

Last shell (%) 87.0
Rsym

Overall (%) 6.5

Last shell (%) 14.2
Phasing
PhP centric (iso) 1.13
PhP acentric (iso/ano) 0.17/2.11

Mean FOM (overall)
Mean FOM (after solvent flat.)

Refinement

R-factor (%)

Riee (%)

Deviations from ideal geometry
Bond lengths (A)
Bond angles (deg.)

SeMet-\2 SeMet-\3 SeMet-\4
30.0-2.9 30.0-2.9 30.0-2.9
0.9791 0.9184 0.9919
28,120 28,188 28,438
8,033 8,039 8,125
91.3 91.4 93.2
86.0 86.0 89.3
5.5 5.8 5.5
12.0 11.8 11.8
1.64 0.53 0.0
2.33/1.74 0.71/1.41 0.0/0.74

0.50

0.89

21.6

30.2

0.007

1.21

Rym = |1 — (I)|[/=1, where | is the observed intensity and (/) is the average intensity for multiple measurements.
PhP, Phasing power is the root-mean-square ([Fh|/E), where |Fh| is the heavy atom structure factor amplitude and E is the residual lack of

closure error.
FOM, figure of merit.

R-factor = 3|Fo — Fc|/Z|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively.
R-free is the cross-validation R-factor calculated for 10% of the reflections omitted in the refinement process.

appears to be homologous to Nop56p and Nop58 from
snoRNPs (Watkins et al., 2000).

The three base pairs containing stem 2 (Figure 1C) is
highly conserved within the box C/D snoRNA family but
different from the corresponding sequence in U4 snRNA.
It may thus be a binding site for another protein that
binds box C/D snoRNAs specifically, which should be
in close contact with the 15.5kD protein. A candidate
could be fibrillarin, which was recently shown to bind the
box C/D motif (Fatica et al., 2000). Fibrillarin is thought to
embody the methyl transferase activity, as suggested
by the three-dimensional structure of an archaebacterial
fibrillarin homolog (Wang et al., 2000). The site of modifi-
cation appears to be defined by the formation of a du-
plex between snoRNA and pre-rRNA. This duplex starts
just after the three base pair duplex of the snoRNA
that corresponds to stem 2 of U4 snRNA 5’ stem-loop
structure (Figure 3). The site of methylation is another
four base pairs distant; hence, there is the possibility
that the 15.5kD protein is in contact with the snoRNP
methyl transferase.

Conclusions

The complex formed between the 15.5kD protein and
the fragment of U4 snRNA used in this work shows a
protein-RNA interaction with the following features: a
stably folded protein binding specifically to a base from
a (5+2) internal loop of the snRNA, with consequent
formation (or stabilization) of an RNA fold characterized
by base stacking and hydrogen bonds (both RNA-RNA
and RNA-protein); the RNA fold engenders a sharp bend
between the two contiguous RNA stems. We show that
the same principle appears to govern RNA-protein bind-

ing in the minor spliceosome and also the central pro-
tein-RNA binding at the RNA box C/D in the human
snoRNP. A similar pattern has been described indepen-
dently for a non-snRNP complex (ribosomal protein L30
with L30 pre-mRNA; Mao et al., 1999). Therefore, we
suggest that this structural binding pattern may have
some generality for the interaction of other members of
the 15.5kD/L30 protein family with their RNA counter-
parts.

In the assembly of the U4/U6 snRNP, it seems proba-
ble that the binding of the 15.5kD protein to U4/U6
snRNA provides the structural prerequisite for the sub-
sequent attachment of other particle-specific proteins,
either through direct binding to the 15.5kD protein or
by recognition of the bend itinduces in the RNA. Further
crystal structures of other, especially larger, complexes
will be needed to allow an understanding of the details
of the attachment of other particle-specific proteins to
the 15.5kD protein-RNA complex.

Experimental Procedures

Protein Purification

Large quantities of the 15.5kD protein were prepared from a GST-
15.5kD fusion protein as described by Nottrott et al. (1999). For
MAD data collection, a derivative of the 15.5kD protein with the two
methionine residues replaced by selenomethionines was prepared
by using the methionine auxotrophic strain Escherichia coli
B834(DE3). A 1 liter culture of B834(DE3)(pLys/pGEX4T2-15.5kD)
was grown at 30°C with glucose (4 g I') as the carbon source. The
medium contained 100 mg I~ " ampicillin and 10 mg I~' chlorampheni-
col. It was supplemented with biotin and thiamine (2 mg I"' each)
and L-methionine (50 mg I~"). After the culture had reached an ODg,
of 0.8, cells were centrifuged down and resuspended in 1 liter of
the same medium without methionine. After 1 hr, 50 mg I" of DL-
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selenomethionine was added. After an additional 30 min, induction
of the selenomethionine 15.5kD-GST fusion protein expression was
achieved through addition of IPTG to a final concentration of 1 mM.
Overexpression was allowed to continue for 4 hr. Purification of the
selenomethionine 15.5kD protein was identical to that of the native
protein, except that oxidation of selenomethionine was prevented
by adding 5 mM DTT to all buffers. A difference in molecular weight
of 94 Da between the native and selenomethionine proteins was
measured by electrospray mass spectrometry. This corresponds to
the incorporation of two Se atoms (data not shown).

RNA Synthesis and Purification

RNA oligonucleotides were obtained commercially from Eurogentec
(Belgium) or from the microchemistry laboratory at the IMT (M.
Krause, Marburg). The RNA was either purified by anion-exchange
HPLC or by HPLC and PAGE. To determine the purity of the RNA
the oligoribonucleotides were 5'-end-labeled using 30 pmol of RNA
and 60 .Ci [y-*?P]ATP (5000 Ci/mmol; Amersham) in a polynucleotide
kinase reaction. Radioactive RNA oligoribonucleotides were ana-
lyzed on a 20% polyacrylamide/8 M urea sequence gel and visual-
ized by autoradiography. The RNA oligoribonucleotides were dis-
solved in 0.5 X TBE with 50% urea, 0.02% bromophenol blue, and
0.02% xylene cyanol, heated for 5 min at 95°C, put on ice, and then
applied at 4 p.g RNA per mm? to a 21 cm X 35 cm X 0.1 cm, 22%
(w/v) polyacrylamide/8 M urea gel in 0.5 X TBE. The gel was run at
10 W for 10 hr. The RNA bands were visualized by ultraviolet shadow-
ing at 312 nm, and the full-length RNA oligoribonucleotide was
excised. RNA was eluted from the gel in buffer A (20 mM HEPES/
NaOH [pH 7.6], 120 mM NaCl, 2mM DTT, 0.5% SDS) at room temper-
ature for 8 hr.

The eluted RNA was precipitated in ethanol by standard methods
and resuspended in buffer A. The RNA was then extracted with
phenol/chloroform and precipitated twice with ethanol. To remove
contaminating polyacrylamide fragments, the RNA was redissolved
in buffer B (50 mM NaAc [pH 7.0], 1 mM EDTA, 50 mM NaCl) and
applied to a DE52 (Whatman) column preequilibrated with buffer B.
After washing with buffer B, the RNA was eluted from the column
with 50 mM NaAc (pH 7.0), 1 mM EDTA, 800 mM NaCl.

RNA concentration was determined by absorbance at 260 nm.
The RNA was then reprecipitated and dissolved at a concentration of
25 pg I~ in 20 mM HEPES/NaOH (pH 7.6), 120 mM NaCl, 2 mM DTT.

Crystallization

Crystallization experiments were performed at 21°C in Linbro plates
by the hanging-drop vapor diffusion technique. For initial cocrystalli-
zation experiments, various RNA oligoribonucleotides of different
lengths were tested. The best crystals were obtained after 5 days
using a protein concentration of 5 mg ml~" and a protein:RNA molar
ratio of 1:2. Protein and RNA were preincubated for 1 hr at 21°C
before mixing with an equal volume of reservoir solution (buffer H)
containing 0.1 M HEPES/NaOH (pH 7.6), 16.5% PEG-2000, 30 mM
MgCl,, 5 mM DTT, and 0.04% (w/v) sodium azide. The dimensions
of the crystals were about 0.40 X 0.10 X 0.04 mm.

X-Ray Data Collection

In order to collect diffraction data under cryoconditions, crystals
were flash frozen in buffer H containing 12.5% (v/v) ethylene glycol
as a cryoprotectant. The crystals were very sensitive to handling and
cryobuffer. Alternatively, the crystals were frozen in liquid ethane
without the use of a cryoprotectant and subsequently transferred
into liquid nitrogen. The crystals were tested on an R-AXIS IV image
plate detector mounted on an RU300 rotating-anode generator (Ri-
gaku/MSC) equipped with focusing mirrors and operating at 50 kV
and 100 mA. The quality of the crystals turned out to be very hetero-
geneous. The best crystals diffracted to a resolution of 3.5 A and
were stored in liquid nitrogen for data collection at a synchrotron.
All crystals showed a high mosaicity of 1.6°-4.0°.

Structure Determination and Refinement
X-ray data collection was carried out at beamline BM14 of the ESRF
(Grenoble), and the data were processed and scaled with DENZO/

SCALEPACK (Otwinowski and Minor, 1997). The data statistics are
summarized in Table 1. The crystals belong to space group P2,2,2,,
with unit cell dimensions a = 45.8 A, b = 55.3 A, ¢ = 146.7 A, and
contain two protein-RNA complexes in the asymmetric unit. One
selenomethionine site was found by SOLVE (Terwilliger and Berend-
zen, 1999), while the N-terminal selenomethionine turned out to be
disordered. MAD phases were calculated by SHARP (De La Fortelle
and Bricogne, 1997) and subsequently improved by solvent flat-
tening using the implemented program SOLOMON (Abrahams and
Leslie, 1996). The model was built using the program O (Jones
and Kjeldgaard, 1997), and the structure was refined using X-PLOR
(Briinger, 1993). The refinement included several cycles of simulated
annealing refinement applying bulk solvent correction and noncrys-
tallographic symmetry restraints. The crystal structure was refined
against the A4 MAD data set until the working R factor converged
at 21.6% and an Ry.. value of 30.2% for data from 30 A to 2.9 A.
The high Ry, appears to be a consequence of the crystal quality and
resolution limit. The refined model comprises two protein molecules
(residues 4-128/6-128) and two RNA molecules (both contain nucle-
otides 25-35 and 41-47). The quality of the refined crystal structure
was analyzed with help of the programs PROCHECK (Laskowski et
al., 1993) and X-PLOR. The angle between the double-helical stems
of the RNA was calculated with the program CURVES (Lavery and
Sklenar, 1988). Figures were generated with the programs O and
SETOR (Evans, 1993).
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