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A new cyclophilin and the human homologues
of yeast Prp3 and Prp4 form a complex
associated with U4/U6 snRNPs*
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2Department of Biochemistry and Molecular Biology, Uniformed Services University of the Health Sciences,
Bethesda, Maryland 20814, USA

ABSTRACT

We have purified three new human U4/U6-snRNP proteins from HeLa cells. The three proteins formed a tightly bound
complex and behaved as a single species throughout the purification. All three proteins have been identified by
peptide sequencing, and full-length cDNA sequences have been obtained for all of them. Two of the proteins are
homologues of the Saccharomyces cerevisiae splicing factors Prp3 and Prp4, and the third protein is a cyclophilin.
Both the human and S. cerevisiae Prp4 proteins have seven repeats of the WD motif and likely fold into structures very
similar to those of the beta subunits of G proteins. The human Prp3 protein is highly basic and is closely related to
S. cerevisiae Prp3 only in its carboxyl-terminal half. The human homologues of Prp3 and Prp4 are part of a stable
complex in the absence of RNA. The third protein in the complex is a new cyclophilin. Cyclophilins have been
proposed to act as chaperones in a variety of cellular processes, and we discuss some possible roles of this U4/U6

snRNP-associated cyclophilin.
Keywords: pre-mRNA splicing; USA-CyP; WD motif

INTRODUCTION

The U6 snRNA is thought to play a central role in
splicing catalysis (reviewed in Madhani & Guthrie,
1994; Nilsen, 1994; Ares & Weiser, 1995). The U6 snRNP
associates strongly with the U4 snRNP via base pair-
ing of the RNAs (Bringmann et al., 1984; Hashimoto &
Steitz, 1984). In turn, the U4/U6 snRNP binds to the
U5 snRNP (Lossky et al., 1987; Black & Pinto, 1989),
and it is the U4/U6- U5 particle that binds to the pre-
spliceosome (Cheng & Abelson, 1987; Konarska &
Sharp, 1987). The stable association of U4 and U6 is
disrupted prior to the first catalytic step of splicing,
and U4 appears to leave the spliceosome (Blencowe
et al., 1989; Yean & Lin, 1991).

Although some of the proteins specific to the U1, U2,
and U5 snRNPs in humans have been identified and
characterized, identification of proteins associated spe-
cifically with the U4, U6, or U4/U6 snRNP has lagged
(reviewed in Will & Lithrmann, 1997). Given the cen-

*This paper is dedicated to the memory of Tadaatsu Goto.

Reprint requests to: David S. Horowitz, Department of Biochem-
istry and Molecular Biology, Uniformed Services University of the
Health Sciences, 4301 Jones Bridge Rd., Bethesda, Maryland 20814,
USA; e-mail: dhorowit@mx3.usuhs.mil.

tral role of the U4/U6 snRNP in splicing, the identifi-
cation and characterization of these proteins is critical
for unraveling the mechanism of splicing. A patient
antiserum was used to identify a 150-kDa protein that
is present in a small fraction of U4/U6 snRNPs and is
also associated with U2 (Okano & Medsger, 1991; Blen-
cowe et al., 1993); further characterization of the 150-
kDa protein has not been reported. Two other proteins
with molecular weights of 60 kDa and 90 kDa were
found associated with the U4/U6 snRNP (using the
antiserum against the 150-kDa protein) and also in
assembled spliceosomes (Gozani et al., 1994); these may
be the same proteins seen in U4/U6-U5 snRNPs (Beh-
rens & Lithrmann, 1991). Another patient antiserum
reacts against a 120-kDa protein apparently specific to
U4/U6 (Fuijii et al., 1992). Several proteins have been
shown to be part of the purified U4/U6-U5 snRNP
(Behrens & Lithrmann, 1991; Lauber et al., 1996), and
some of these may also be part of the U4/U6 snRNP.

Previously, we identified a 55-kDa protein that is
part of both the U4/U6 and U4/U6-US5 snRNPs (Horo-
witz & Krainer, 1997). Antibodies raised against hPrp18,
a protein required for the second step of pre-mRNA
splicing, crossreacted with a human 55-kDa protein.
The 55-kDa protein was present in purified snRNPs
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and co-sedimented with the U4/U6 and U4/U6-U5
snRNPs in glycerol gradients. Whether this protein is
the same as the 60-kDa U4/U6 (Gozani et al., 1994) or
60-kDa U4/U6-U5 (Behrens & Lithrmann, 1991) pro-
teins was not known.

In Saccharomyces cerevisiae, five U4/U6-specific pro-
teins are known (Banroques & Abelson, 1989; Petersen-
Bjorn et al,, 1989; Abovich et al., 1990; Shannon &
Guthrie, 1991; Cooper et al., 1995). Two of these pro-
teins, Prp4 and Prp3, are germane to this study. Prp4 is
a component of the U4/U6 and U4/U6-U5 snRNPs
(Banroques & Abelson, 1989; Petersen-Bjorn et al., 1989)
and interacts primarily with the U4 snRNP (Fabrizio
et al., 1989; Bordonné et al., 1990; Xu et al., 1990). Prp4
has a WD-repeat motif, suggesting that it may be
involved in protein-protein interactions (Dalrymple
et al., 1989; Neer et al., 1994). Prp4 is required for
the first step of splicing in vivo (Rosbash et al., 1981;
Hu et al., 1994; Maddock et al., 1994) and in vitro (Lustig
et al., 1986; Banroques & Abelson, 1989; Petersen-Bjern
et al., 1989). Antibodies against Prp4 halt spliceosome
formation at complex B, before the entry of the U4/
U6-U5 snRNP into the spliceosome (Banroques & Abel-
son, 1989). Prp4 is part of the A2-1 complex (which
includes the U4/U6 and U5 snRNPs), but not the Al
complex (which lacks U4) (Tarn et al., 1993). Prp4 may
play a role in the conformational changes in the splice-
osome that accompany the A2-1 to A1 transition (Ayadi
et al., 1997). ‘

Prp3, like Prp4, is a component of the U4/U6 and
U4/U6-US5 snRNPs (Anthony et al., 1997). Prp3 is re-
quired for the first step of splicing (Rosbash et al.,
1981; Lustig et al., 1986), and, in heat-inactivated ex-
tracts from prp3 strains, the transition from complex B
(pre-spliceosome) to complex Al (spliceosome) is
blocked (Anthony et al., 1997). Overexpression of Prp3
protein suppresses some mutant alleles of PRP4, hint-
ing that Prp3 and Prp4 may interact (Last et al., 1987;
Hu et al., 1994).

Cyclophilins are a highly conserved family of pro-
teins found in abundance in every organism (reviewed
in Galat & Metcalfe, 1995; Luban, 1996, Marks, 1996).
The first cyclophilin was identified based on its high
affinity for the immunosuppressive drug cyclosporin
A (Handschumacher et al., 1984). It was found sub-
sequently that cyclophilins catalyze the cis-trans isom-
erization of proline residues within peptides (Fischer
et al., 1989; Takahashi et al., 1989). All eukaryotes pos-
sess multiple cyclophilins; there are 7 in S. cerevisie
(Duina et al., 1996), at least 11 in Caenorhabditis elegans
(Page et al., 1996), and at least 10 in humans (Galat &
Metcalfe, 1995; Wu et al., 1995; Yokoyama et al., 1995;
Marks, 1996; Mi et al., 1996; Nestel et al., 1996). The
first cyclophilins found were 18-kDa proteins, each with
a conserved central domain of ~110 amino acids (Tran-
dinh et al., 1992), but, more recently, larger proteins
that contain cyclophilin domains have been identified
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(Kieffer et al., 1992; Anderson et al., 1993; Wu et al.,
1995; Yokoyama et al., 1995; Duina et al., 1996; Nestel
et al., 1996).

The cellular functions of the cyclophilins have been
difficult to establish (Luban, 1996, Marks, 1996). Isom-
erization of X-Pro bonds is often a rate-limiting step in
protein folding; proline isomerases (rotamases) facili-
tate the folding of proteins in vitro and have therefore
been thought to play an important role in protein fold-
ing in vivo (Fischer et al., 1989; Gething & Sambrook,
1992; Rutherford & Zuker, 1994). A different view of
the role of cyclophilins, in which they serve as chap-
erones and the rotamase activity is incidental, has
emerged more recently (Schreiber & Crabtree, 1992).

We have used the crossreactivity of the 55-kDa pro-
tein as the assay in a purification of the 55-kDa pro-
tein. We find that the protein is part of a stable complex
that includes proteins of 90 kDa and 18 kDa. By pep-
tide sequencing, we have identified all three proteins,
and we have determined their cDNA sequences. The
55-kDa protein is the human homologue of the S. ce-
revisige Prp4 protein, and the 90-kDa protein is the
homologue of the Prp3 protein. The 18-kDa protein is
a new human cyclophilin.

RESULTS

Purification of the 55-kDa protein

Antibodies raised against hPrp18 crossreact with a 55-
kDa protein from HeLa-cell extracts on western blots
(Horowitz & Krainer, 1997) (see also Fig. 1B). The cross-
reactivity was the assay for the 55-kDa protein during
the purification. Purification was begun from HeLa-
cell nuclear extract, which contained the vast majority
of the 55-kDa protein (data not shown). Nucleic acid
was removed from the extract by precipitation with
polyethyleneimine; the 55-kDa protein remained in the
supernatant. The extract was fractionated by ammo-
nium sulfate precipitation, and the 55-kDa protein pre-
cipitated between 25 and 35%. This fraction was loaded
on a Poros HS column (sulfonic acid) and eluted with
a salt gradient. A silver-stained gel and a western blot
of the column fractions are shown in Figure 1. The
western blot (Fig. 1B) shows that the 55-kDa protein
eluted in a single, sharp peak around 650 mM NaCl.
The 55-kDa protein, purified 150-fold on this column,
can be identified readily in the silver-stained gel
(Fig. 1A, fractions 28 and 29). The mobility of the pro-
tein was measured as 58,000, although we will con-
tinue to refer to the protein as the 55-kDa protein to be
consistent with our previous work (Horowitz & Krainer,
1997). Three proteins co-chromatographed precisely
with the 55-kDa protein on the HS column: a doublet
of bands that migrate near 90 kDa (Fig. 1A), which
could be either two distinct proteins or proteolyzed or
modified forms of a single protein, and a third protein
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FIGURE 1. Silver-stained gels and western blot of HS column fractions. A: Fractions from a Poros HS (sulfonic acid)
column were run on an 8% SDS-polyacrylamide gel, which was silver-stained. Positions of the 55-kDa protein, the 90-kDa
protein(s), and hPrp18 are shown along the right; positions of the molecular weight markers are indicated along the left.
The two lanes at the left show the ammonium sulfate fraction (before and after dialysis) that was loaded on the column.
Fraction numbers for the gradient are indicated along the bottom of the gel, and the NaCl gradient is drawn schematically
at the top. Fractions 2 and 3 were in the flow-through. B: Western blot of a gel run in parallel with that of panel A probed
with antibodies raised against hPrp18. Superposition of panel B on panel A allowed clear identification of the 55-kDa
protein on the silver-stained gel. Positions of the 55-kDa protein and hPrp18 are indicated along the right, and the positions
of the markers are indicated along the left. Two proteins of about 60 kDa and 62 kDa crossreact with the antibody (fractions
17-19 and 22-24); this crossreaction is weak, because relatively large amounts of both of these proteins are seen in panel
A. C: Fractions 27-31 from the HS column run on a 12.5% SDS-polyacrylamide gel to show the 18-kDa protein clearly.
Nuclear extract and the ammonium sulfate pool are also shown. Positions of the 90-kDa, 55-kDa, and 18-kDa proteins, as
well as those of the markers, are indicated.

of 18 kDa seen in the higher percentage gel shown in  teins were eluted with a salt gradient (Fig. 2). The
Figure 1C. 55-kDa protein eluted sharply at 700 mM NaCl; most

The peak fractions from the HS column were ap-  of the contaminating proteins were removed. As on
plied to a Poros heparin column, and the bound pro-  the HS column, the 90-kDa and 18-kDa proteins co-
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FIGURE 2. Silver-stained gel and western blot of heparin column
fractions. A: Fractions from a Poros HE1 (heparin) column were run
on an 8% SDS-polyacrylamide gel, which was silver-stained. Posi-
tions of the 55-kDa protein, the 90-kDa protein(s), and the 18-kDa
protein are shown along the right. Positions of the markers are
indicated along the left. Three lanes at the left show the HS peak
pool before (lane 1) and after dialysis (lanes 2 and 3). Fraction num-
bers for the gradient are indicated along the bottom of the gel, and
the NaCl gradient is drawn schematically at the top. Fractions 4, 6,
14, and 16 were all in the flow-through. B: A gel run in parallel with
the gel in panel A was blotted and probed with antibody raised against
hPrp18. The part of this blot that included the 55-kDa protein is shown,
and the 55-kDa band is indicated. The remainder of the blot was blank.
Fraction numbers are indicated at the top of the blot.

eluted exactly with the 55-kDa protein (Fig. 2A). The
absorbances at 280 and 260 nm of the peak fractions
showed that the purified proteins were essentially free
of nucleic acid.

Two arguments suggest strongly that the 18-kDa,
55-kDa, and 90-kDa proteins are part of a single com-
plex. First, they purify together on two different col-
umns; on both columns, the elutions are sharp, and the
ratios of the intensities of the bands in both Figures 1
and 2 show that the three proteins co-chromatograph
exactly. The intensities of the bands are consistent with
the complex containing equimolar amounts of each
protein. Second, the elutions are at relatively high salt
concentrations (600-750 mM), reducing the likelihood
that nonspecific interactions account for their co-elution.
Only a single peak of the 55-kDa protein was seen on
either column (Figs. 1B, 2), implying that all the 55~
kDa protein was bound in the complex.

Identification of the proteins
by peptide sequencing

The peak fractions from the heparin column were con-
centrated by TCA precipitation (Hwang & Chu, 1996)
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and separated by preparative SDS-PAGE. The two 90-
kDa bands were not resolved on the preparative gel.
The proteins were cleaved with Achromobacter prote-
ase I; the resulting peptides were separated by HPLC
and sequenced. We sequenced three peptides from the
18-kDa protein, five peptides from the 55-kDa protein,
and five peptides from the 90-kDa protein(s).

We used the peptide sequences for searches of the
databases to identify the proteins’ cDNAs. None of the
proteins was found in GenBank. Searches of dbEST
revealed some partial cDNA sequence for each of the
proteins. For all the proteins, at least one sequence in
the EST database appeared to represent a full-length
clone. These full-length clones were obtained commer-
cially and sequenced in full. The results of these searches
and of the cDNA sequencing are described for each
protein below.

The 55-kDa protein and Prp4

Searches of the EST databases with peptides from the
55-kDa protein yielded two, nonoverlapping sets of
EST sequences. One set of three overlapping sequences
(GenBank accession numbers AA179559, R19664, and
N89150) was used to generate a provisional cDNA se-
quence. The translation of this sequence was strongly
homologous to S. cerevisize Prp4 (Banroques & Abel-
son, 1989; Petersen-Bjorn et al., 1989) and the C. elegans
homologue of Prp4 (from clone CEC36B1, gene prod-
uct C36B1.5). Translation of the second set of two EST
sequences (AA315321 and AA347427) gave a peptide
that was homologous to the amino-terminal portion of
C. elegans Prp4, suggesting that these EST clones might
contain the full-length cDNA for the 55-kDa protein.
Both clones were obtained and clone AA315321 was
sequenced entirely; the sequence includes all the se-
quence from the first set of ESTs.

The 2,187-bp sequence of AA315321 (deposited in
GenBank with accession number AF016369) appears
to contain the entire coding region of the 55-kDa pro-
tein, which we have renamed hPrp4. The clone en-
codes a 522-amino acid protein with a molecular weight
of 58,500, in excellent agreement with the size mea-
sured by SDS-PAGE; the protein is nearly neutral, with
a calculated pI of 7.5. The translated sequence of hPrp4
includes nearly perfect matches (72 of 76 amino acids)
to the sequences of all five peptides that we had ob-
tained from the purified protein (detailed in Materials
and Methods), showing that the 55-kDa protein is in-
deed hPrp4.

The sequences of hPrp4, cPrp4 (C. elegans), and S.
cerevisige Prp4 are homologous throughout their lengths.
An alignment is shown in Figure 3; percents of iden-
tity and similarity are listed in Table 1. The Prp4 pro-
tein sequences are dominated by seven repeats of the
WD motif (Dalrymple et al., 1989; Neer et al., 1994);
each repeating unit is boxed in Figure 3, and we refer
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FIGURE 3. Alignment of human, nematode, and yeast Prp4 proteins. Protein sequences of Prp4 from H. sapiens, C. elegans,
and S. cerevisiae were aligned using the PILEUP program. Sequences are described in the text. Positions at which the
sequences are identical are shown white-on-black; if two of three are the same, then those two are white-on-black. Positions
of similarity are shown black-on-gray; similarities used wereE~D,R~K,V~L~L[Q~N,F~Y~W,andC~S~T,
The seven repeats of the WD motif present in each protein (as defined by sequence criteria (Neer et al., 1994)) are boxed.

Each sequence was numbered from its amino terminus.

TABLE 1. Percent identity and similarity (in parentheses) between
pairs of Prp4, Prp3, and USA-CyP proteins.”

Prp4

C. elegans S. cerevisiae
H. sapiens 42 (52) 34 (44)
C. elegans 32 (43)
Prp3

C. elegans S. pombe S. cerevisiae
H. sapiens 36 (45) 33 (41) 23 (33)
C. elegans 31 (41) 26 (36)
S. pombe 21 (31)
Prp3 (C-term.)

C. elegans S. pombe S. cerevisiae
H. sapiens 50 (61) 41 (50) 26 (38)
C. elegans 36 (48) 26 (37)
S. pombe 24 (35)
USA-CyP

C. elegans
H. sapiens 68 (77)

2 Amino acids from 322 forward (hPrp3 numbering) were used for
the calculation of carboxyl terminal identities for Prp3. All the se-
quences are described in the text.

to them as repeats 1-7, beginning with the repeat at
amino acid 229 of hPrp4 and continuing sequentially
toward the C-terminus. The length and spacing of the
repeats are almost constant in all the proteins; each
repeat is 31 amino acids, and consecutive repeats are
separated by 11 amino acids (except for repeat 2, which
has an 8-amino acid insertion in hPrp4 and cPrp4, and
repeat 2 in yeast, which is separated from repeat 3 by
15 amino acids).

In yeast Prp4, only five repeats had been identified
(Dalrymple et al., 1989); however, in hPrp4 and cPrp4,
two repeats N-terminal to the five identified in yeast
can be found. Repeat 2 is evident from its homology to
the consensus sequence (Neer et al., 1994). Repeat 1 is
less apparent, and we identified it based on three cri-
teria: (1) it is identified in all three Prp4 sequences by
the BLOCKS program (Henikoff & Henikoff, 1994); (2)
it is homologous to the other Prp4 repeats and con-
forms to the consensus (Fig. 4); and (3) its spacing and
length are identical to the other Prp4 repeats. The high
level of homology throughout the proteins strongly
suggests that the sequences we have identified in yeast
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H. sapiens 2 260 309
C. elegans 2 233 282
S. cerev. 2 204 247
H. sapiens3 310 LpEDI3 : 351
C. elegans 3 283 S QES E[RE 324
S. cerev. 3 248 YSNEEGGLRLGDV 293
H. sapiens4 352 e AQEESLH 393
C.elegans4 325 T TKKEMLY 366
S. cerev. 4 294 T 335
H. sapiens 5 394 435
C. elegans 5 367 408
S. cerev. 5 336 377
H. sapiens 6 436 478
C. elegans 6 409 450
S. cerev. 6 378 ; 423
H. sapiens7 479 HPGWSPK TARIE kflMGLD1 AE 522
C.elegans7 451 TTGWaPHER oMo TRML clo 193 JAQSDY 496
S.cerev.7 424 SDIWLKMGSMAIIT DKIM1 SI DI 465
Prp4-repeat 1 LR L L V. V FSP DG LATGS DGT KLWD 50

consensus I H S G v

GH b bbpP P bbbjjj D b bWD

WD-repeat S S NN Y v FN

consensus A G G YR

v D D K

FIGURE 4. Alignment of the WD repeats from hPrp4, cPrp4, and Prp4. The seven WD repeats in the three Prp4 proteins
were aligned using the PILEUP program. Repeats are displayed in order of their appearance in Prp4; each repeat is more
closely related to the corresponding repeats in other Prp4’s than to other repeats. Expected positions of the four 8 strands
(D, A, B, and C) within each repeat unit are shown at the top, patterned after the structure-based alignments of Wall et al.
(1995) and Sondek et al. (1996). Two consensus sequences are shown below the alignment. In the Prp4-repeat consensus,
positions at which seven or more of the 21 Prp4 repeats are identical are shown; if two different amino acids are both
present at least seven times at one position, then both are included in the consensus. For convenience, we have numbered
the consensus from L1 to D50. A consensus sequence derived from a variety of WD-repeat proteins (Neer et al., 1994) is
shown at the bottom; in the consensusb = L, I, V,EM, A, or Candj = C, A, T,S, or G. The following scheme was used
for shading the repeats: (1) Residues that occur seven or more times at one position are shaded black; if two such residues
are present, both are shaded black, even if they are not structurally related. (2) Residues that are structurally related to
black-shaded residues are shaded gray. (3) At positions represented in the WD-repeat consensus sequence, all residues that
match the consensus are shaded gray. (4) If at least seven residues are related structurally, then they are shaded gray, where
similarity was defined as in Figure 3. Amino acids were numbered relative the amino terminus of the protein.

Prp4 represent true WD-repeat elements. In other WD-
repeat proteins, some repeats do not conform well to
the consensus (Neer et al., 1994).

The X-ray crystal structures of a trimeric G protein
and of the dimeric By subunits of a G protein have
been solved (Wall et al., 1995; Lambwright et al., 1996;
Sondek et al., 1996). The GB protein, which contains
seven repeats of the WD motif, folds into a sevenfold
B propeller. Each of the seven propeller blades is formed
of four g strands, and the structures of the seven pro-
peller blades are nearly superimposable. Three of the

four B strands are composed of amino acids within the
conserved WD-repeat sequences; however, the fourth
strand is composed of amino acids from the sequences
between the conserved repeats. Several amino acid res-
idues that are conserved among WD proteins make
key contacts within each blade.

We have aligned the sequences of the seven WD
repeats from three Prp4 proteins (Fig. 4). The sequences
of all the repeats conform to the consensus sequence
for WD-repeats (Neer et al., 1994; Neer & Smith, 1996).
The consensus sequence of the seven Prp4 repeats is
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shown below the alignment, and the consensus se-
quence derived from a wide variety of WD-repeat pro-
teins is shown at the bottom of the figure (Neer et al.,
1994; Neer & Smith, 1996). Most of the repeats match
the consensus closely, although wide variation from
the consensus is known in other proteins (Neer et al.,
1994). The repeats are closely related to each other and
display some additional homologies generally not
found in WD-repeat motifs. For example, at position
23 of the consensus sequence (Fig. 4), H and S pre-
dominate in the Prp4 sequences, although the residue
generally is not conserved in other WD repeats. Like-
wise, at position 47, basic residues predominate in the
Prp4’s. Despite the similarities among different re-
peats, each repeat (with or without its spacer sequence)
is more closely related to corresponding repeats in other
species than to any of the other repeats; for example,
repeat 3 in cPrp4 is more closely related to repeat 3 in
hPrp4 and Prp4 than it is to any of the other 18 repeats.

The structure of the GB subunit provides a number
of insights into the WD-repeat sequences of the Prp4’s
(Wall et al., 1995; Sondek et al., 1996). The expected
positions of the four B strands within each WD-repeat
unit are shown above the alignment in Figure 4. Each
propeller blade is composed of the four antiparallel g
strands, with the A strand innermost in the propeller,
followed outward by B, C, and D. In our alignment,
the D strand for each set is offset one line from A, B,
and C. In the Prp4’s, as in GB, the carboxyl terminus
of the protein occurs immediately after the C strand in
the seventh repeat; by analogy with GB, we expect that
the D strand for the last repeat is the D before the first
repeat (amino acids 219-229 in hPrp4), completing the
propeller structure (Wall et al.,, 1995; Sondek et al.,
1996). The positions of the B strands show that the
large insertions in the second WD repeat of hPrp4 (284~
295) and cPrp4 (257-268) are in the loop between
strands A and B. In the other six repeats, the A-B loop
sequence, (H/S)P[x]DG, is much more conserved
among the Prp4’s than among other WD-repeat pro-
teins (Neer et al., 1994; Neer & Smith, 1996). The net-
work of hydrogen bonds among Asp 43, Trp 49, Thr/
Ser 39, and His 13 (numbered as in the Prp4 consensus)
is central to the structure of each propeller blade (Wall
et al., 1995; Sondek et al., 1996), although some of
these amino acids are absent from some WD repeats.
In the Prp4’s, all four residues are present in repeats
2-7 (Fig. 4); however, in repeat 1, both Asp 43 and one
of its proposed hydrogen bonding partners, His 13, are
absent.

hPrp4 crossreacted strongly with antibodies raised
against hPrp18. The intensities of the western signals
and the amounts of the proteins seen by silver staining
suggest that the antibody reacts almost equally against
the two proteins (Fig. 1). We found a potential com-
mon epitope in the two proteins. The 30-amino acid
sequence EVIRRLRERGEPIRLFGETDYDAFQRLRKI in
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hPrp18 is 53% identical to amino acids 107-136 in hPrp4
(homologous amino acids are underlined). Eight of the
nine amino acids in the center of this sequence are
identical in the two proteins. This sequence occurs be-
tween positions 83 and 112 in the hPrpl8 sequence.
This region is not conserved between yeast and hu-
man Prpl8 and is unlikely to be important for the
function of hPrp18 (Horowitz & Krainer, 1997); we do
not, therefore, believe that the homology suggests any
functional similarity between hPrp18 and hPrp4.

Although the hPrp4 clone that we sequenced con-
tains the entire protein-coding region (GenBank
AF01639), it lacks 700 bases of 3’ untranslated region
present in the mRNA. The sequence of the 1,100 bases
at the 3’ end of the hPrp4 cDNA was assembled from
13 EST sequences (data not shown). The sequence of
our hPrp4 clone ends at a stretch of 15 consecutive A’s
that apparently served as the site for priming.

The 90-kDa protein and Prp3

Searches of the EST database with two peptide se-
quences from the 90-kDa protein yielded one EST se-
quence (AA192598) that encoded both peptides.
Overlapping EST sequences that stretch to the 3’ end
of the mRNA, a run of A’s where 10 EST sequences
end, were found in dbEST. The 5’-end sequences of 3 of
these 10 clones (AA205466, AA223602, and AA233415)
suggested that they were full-length clones. All three
started at the same base and had an open reading
frame that began 70 bases into the sequence. The clone
AA205466 was obtained commercially and has been
sequenced completely. The sequence includes all the
ESTs identified initially.

The 2,344-bp sequence of AA205466 (deposited in
GenBank with Accession Number AF016370) encodes
a 683-amino acid protein with a calculated molecular
weight of 77,500. The protein is homologous to the yeast
Prp3 protein (Fig. 5; GenBank accession number U33050;
gene name YDR473C), and we will refer to the 90-kDa
protein as hPrp3. hPrp3 is strongly basic with a calcu-
lated pI of 10.3 and a net charge of +24 at neutral pH.

Five peptides from the 90-kDa doublet were se-
quenced. The sequences of all five peptides from the
doublet of 90-kDa bands are encoded by our hPrp3
sequence (detailed in Materials and Methods), show-
ing, first, that the hPrp3 clone does encode the 90-kDa
protein, and, second, that the two bands in doublet are
most likely modified or proteolyzed forms of hPrp3. If
the two bands in the doublet were different proteins,
then we would expect to have peptide sequences that
are not encoded by our clone, because the two bands
are present in roughly equal amounts in the stained
gels (Figs. 1A, 2A). Therefore, we conclude that the
two bands in the doublet are different forms of hPrp3.

The translated hPrp3 protein is 78 kDa, although the
gel mobility of the purified protein suggests a size of
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H. sapiens MALSKRELDELKPWIEKTVKRVLGFSEPTVVTAALNCVGKGMDKKKAADHLKPFLDDSTLRFVDKLFEAVEEGRSSRHSK 80
C. elegans MGKLEDI 7
H. sapiens  $SSORSIYARAL Kl coosE1S[ES. VBER1PRFEEVEEEPE[RIPGPPSES GMLT"LQIKQMM T 154
C.elegans ¢DQY L&k @ankJIEAVERCL[S KGYDYEKL VQEATISDPQKARK{EISAVCDHY QLRK;TRTDRDG 87
S. pombe 9
H. sapiens FISPPTPQ SSSQP PiG TIQPSOAATFMNDAIEK RKMA Voflan 234
C.elegans DR PaA VEAAVAE QSI ERLRAKEMMYK[ 051 ETKRKM 1[¥3e T[olP x ) LSMerR 167
S. pombe SSQLRE siNsank NAME 1KRREFMOLEQRL AQQfXW VPw KRSENGNNQGMET1oNR 1S EMKE@TAKRFIERNIBkSEG 80
S. cerev. MPPRNTYEKENPKRONEEYYKP 22
H. sapiens [BH@Mc1ApPRV 310
C. elegans  DE[NTMLMJJHSMDK 243
S. pombe RDDSNGARGG 169
S.cerev. S LRREE.TND E 102
H. sapiens .SIAPSQ 387
C. elegans .QARTAD 321
S. pombe E SRKTGS .. 242
S.cerev.  AQEL QN OQEEEEL&RKLlQEEDEKDKRKLIESGDLPNLELHED" I TAYI ; 181
H. sapiens NGFBLTE Nt Ve 1l v e Hp AN pIRVNGIT P VLIV YL TKKE Q 465
C. elegans MomMERYSQTYSEMERRTE T SMRARITE P Lo Y (IRRA T P4k 3 401
S. pombe EHHDLPFIKDYND¥GD NNWLI GPasfNsAtafflgrp VIRRY Ak NoSBH sl IRETARLS 322
S.cerev.  [AKYRIINGTSPAEEKLA[DI pBoooePsIRY VIHPEE k 1[fE A< S A0 HER[R 261
H. sapiens LGLMPPPEPKVﬁISNLMRVLGTEA tloop Trite ARV RESOMAQSRIIKIIHE ERINARRK LT AE QRK[] £ 544
C. elegans ' ; 480
S. pombe 401
S. cerev. 340
H. sapiens 618
C. elegans 550
S. pombe 479
S.cerev.  [JF QF [QNTMQ[IEK T R[S KMNISIQEMSMKEL @ R IRBIDGPG 1T I\ VIEINE[4S C[45 M NBVMK EESUNEDFELHE. . . ... . . 412

S. pombe EGREALNYTETEN

H. sapiens SEE VKK
C.elegans AEKDIPGERNIL EMI]
L
G T KMDMHNS TSKT

S. cerev.

APE
DIk SYL

683
621
542
469

FIGURE 5. Alignment of the Prp3 proteins from human, nematode, and two yeasts. Protein sequences of H. sapiens, C.
elegans, S. pombe, and S. cerevisiae Prp3 proteins were aligned using the PILEUP program. Sequences are described in the
text. Positions at which the sequences are identical are shown white-on-black; if at least two of four are the same, then those
two are white-on-black. Positions of 51m11ar1ty are shown black-on- -gray; similarities used were the same as in Figure 3. At
positions where there are two different amino acids, each represented in two sequences, hPrp3 and its matching sequence
have been shaded black and the others gray. Each sequence was numbered from its amino terminus.

90 kDa. Several lines of evidence suggest that the hPrp3
clone is full-length. The cDNA sequence has stop co-
dons in all three frames upstream of the proposed
ATG translation start, suggesting that our clone in-
cludes the correct 5" end. In addition, partial cDNA
sequences from other EST clones agree with ours, and
there are no EST clones that extend upstream of the 5’
end of our clone. We analyzed another EST clone
(AA223602) by PCR and restriction mapping, and it is
colinear with the clone we sequenced, suggesting that
our clone does not have any internal deletions. As
described above, the sequences of many EST clones
show that our clone has the correct 3" end. We con-

clude, therefore, that our sequence is full-length. The
aberrant mobility of hPrp3 may be caused by its pos-
itive charge, by modifications, or by an unusual pep-
tide structure.

An alignment of the sequences of hPrp3 and S. ce-
revisiae Prp3, together with the Prp3 homologues
from C. elegans (from clone CEMO03C11, gene product
MO03C11.7) and Schizosaccharomyces pombe (GenBank ac-
cession number Z66525, gene SPAC29E6.02), is shown
in Figure 5. Homology among the proteins is good in
the carboxyl-terminal 350 amino acids. However, in
the amino-terminal 300 amino acids, there is little ho-
mology among the proteins, even between the human
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and C. elegans Prp3’s, whose carboxyl-terminal por-
tions are very closely related (Fig. 5). Table 1 shows the
percents of identity and similarity both throughout the
proteins and within the carboxyl-terminal portion. The
lengths of the proteins are not conserved, and S. cere-
visige Prp3 is 212 amino acids shorter than hPrp3. The
human, C. elegans, and S. pombe Prp3’s are all highly
basic; S. cerevisiae Prp3 is less basic, with a net charge
of +6 and a pl of 9.0. The basic residues in the Prp3’s
do not appear to be clustered and are distributed
throughout the protein. None of the Prp3 proteins has
any known protein motifs.

The 18-kDa protein and cyclophilin

Searches of dbEST with the peptide sequences from
the 18-kDa protein yielded a number of virtually iden-
tical EST sequences. The complete sequence of the 800-
base mRNA encoding the 18-kDa protein could be
found in dbEST from some EST clones for which both
the 5" and 3’ sequence was reported. We obtained the
clone T53949 and sequenced it entirely (deposited in
GenBank with accession number AF016371). All three
peptides that we had sequenced from the purified 18-
kDa protein are encoded by this cDNA.

The 18-kDa protein is a new human cyclophilin,
which we have termed USA-CyP for U-snRNP associ-
ated cyclophilin. The cDNA encodes a 177-amino acid
protein with a calculated molecular weight of 19,200 and
an isoelectric point of 8.1 (Fig. 6). Although the cyclo-
philins are a highly conserved family of proteins
(Stamnes et al., 1992; Trandinh et al., 1992; Galat & Met-
calfe, 1995), the three peptide sequences that we ob-
tained identify USA-CyP unambiguously. Two of the
peptides, from amino acids 54 to 61 and from 154 to 164,
are from variable regions in cyclophilins, and the pep-
tides’ sequences match the expected sequences perfectly.

An alignment of USA-CyP to human cyclophilin A
(CyP-A) and C. elegans CyP-11 is shown in Figure 6.
CyP-11 (Page et al., 1996) is likely a true homologue of
USA-CyP; the proteins are 68% identical and are well-
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conserved in two variable regions from positions 51 to
58 and in the carboxyl-terminal 20 amino acids. Searches
of GenBank with BLAST did not reveal any other ex-
ceptionally closely related proteins, and there does not
appear to be an S. cerevisiae homologue. Human CyP-A
is 55% identical to USA-CyP, about average within this
family.

Two cyclophilins with RS domains have been found
recently and both have been proposed to function in
splicing (Anderson et al.,, 1993; Nestel et al., 1996;
Bourquin et al., 1997). One of the cyclophilins has been
localized to the speckles and interacts with both RNA
polymerase II and Clk/Sty kinase in the two-hybrid
system. The two RS cyclophilins are closely related to
each other, but neither cyclophilin is strongly related
to USA-CyP.

DISCUSSION

We have purified and identified three new human
proteins that are components of the U4/U6 and U4/
U6-U5 snRNPs. In the course of work on hPrp18 pro-
tein, we found that antibodies raised against hPrp18
crossreacted with a 55-kDa protein present in U4/U6
and U4/U6-U5 snRNPs (Horowitz & Krainer, 1997).
We used this crossreactivity as the assay for the puri-
fication of the 55-kDa protein. The 55-kDa protein co-
purifies with two other proteins. We identified all three
proteins by peptide sequencing and determined the
cDNA sequences of all of them. Two of the proteins are
human homologues of S. cerevisiae splicing factors, and
the third is a new human cyclophilin. The 55-kDa pro-
tein is homologous to yeast Prp4, a U4/U6-snRNP
protein required for the first step of splicing (Lustig
et al., 1986; Banroques & Abelson, 1989; Petersen-Bjorn
etal., 1989). The second protein is homologous to yeast
Prp3, which is also a component of the U4/U6-snRNP
(Anthony et al., 1997). We refer to the new proteins as
hPrp3 and hPrp4. The third component of the protein
complex is a new cyclophilin, USA-CyP (U-snRNP-
associated cyclophilin).

USA-CyP Y AV P VNPV F F D VESEG GIBHGRIVIATELFADVVPKTAENFRQF CTGE[RAKDGVPHGYKGSTFHRVIKDFMI 74
CyP-11 RN A I P BIN P v F RV ENGGRIP iR 1 ELF ADVIIPRITAENFRQF CTGERSK DGV PRIGYKMETFHRV IKDFMI 80
CyP-A NPV F F DEFRENG(APILGRIAYFE L F AD[VPK TAENF REYEST G £ A TYE3G v K G S[EF HREE 1 [IEF MO 61

USA-CyP QGGDF v ANERIR
CyP-11 QGGDF & LESIYG
CyP-A QGGDFEREG TGEf4S 1V G

USA-Cyp ANNKPKL PRV INQC Gl 177
Cyp-11 ANNKPKLPTVERJacGQL 183
Cyp-A RFGS . RYGHTSKKHTHAD|eIME 164

(eLF D E NF (4L sdHEFYP GIEL SMANNGPNTNGCQF F I TCYK[EDWLDGKHV VF GKigHD GIHL EgYl 154
NK FIDENF[ELKH ML SMANAGRJTNGCQFF ITCAK TDREL DK HV VF GRRVE T 160
3K FIADENF L KHERGP GREL SMANAGPIITNGEQF F IBEIAK TRRWLDGKHV VF GK v€Ec MY v [ S|

FIGURE 6. Alignment of USA-CyP, CyP-11, and CyP-A. Protein sequences of H. sapiens USA-CyP (U-snRNP-associated
cyclophilin) and CyP-A (cyclophilin A) together with C. elegans CyP-11 were aligned using the PILEUP program. Sequences
are described in the text. Positions at which the sequences are identical are shown white-on-black; if two of three are the
same, then those two are white-on-black. Positions of similarity are shown black-on-gray; similarities used were the same
as in Figure 3. Each sequence was numbered from its amino terminus.
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hPrp3, hPrp4, and USA-CyP form a tightly bound
complex, which we have purified to near homogene-
ity. In two columns where the elution pattern of the
three proteins could be seen clearly, they co-chromato-
graphed precisely (Figs. 1, 2). The complex eluted near
700 mM salt from both columns, implying that the
interactions among the proteins are strong and spe-
cific. The calculated isoelectric points and charges of
the proteins show that only hPrp3 is highly positively
charged, suggesting that binding of hPrp3 to the neg-
atively charged heparin and sulfonic acid columns was
the basis of the fractionation. The purified complex is
free of RNA and is held together by interactions among
the three proteins. Previous methods used to identify
human U4/U6-snRNP proteins have relied on purifi-
cation of intact snRNPs (Hinterberger et al., 1983; Be-
hrens & Lithrmann, 1991; Okano & Medsger, 1991;
Gozani et al., 1994). Using the serendipitous antibody
crossreaction, we were able to purify proteins in the
absence of the snRNAs, facilitating the identification
of the interactions among the proteins.

Previous work established that hPrp4 is a component
of the U4/U6 and U4/U6-U5 snRNPs (Horowitz &
Krainer, 1997). Glycerol gradients and immunoprecip-
itations showed that the primary interaction of hPrp4
is with the U4/U6 snRNP. The strength of the interac-
tions among the subunits of the hPrp3-hPrp4-USA-
CyP complex argues that all three proteins are associated
with the snRNPs. The purification data show that all the
hPrp4 is complexed to the other proteins, implying that
it is within this complex that hPrp4 binds the U4/U6
snRNP. Yeast Prp3 and Prp4 are components of the
U4/U6 and U4/U6-U5 snRNPs, and their behaviors are
similar to that of hPrp4 (Banroques & Abelson, 1989;
Petersen-Bjorn et al., 1989; Anthony et al., 1997).

U4/U6-snRNP proteins of 60, 90, and 150 kDa had
been reported previously (Blencowe et al., 1993; Go-
zani et al., 1994), whereas proteins of 15.5, 20, 27, 60,
and 90 kDa had been identified in the U4/U6-U5
snRNP (Behrens & Lithrmann, 1991). After the sub-
mission of our work, Lauber et al. (1997) reported fur-
ther characterization of the U4/U6-US5 proteins. The
60-kDa protein is hPrp4, and the 90-kDa protein is
hPrp3. Further, the 20-kDa U4/U6-U5 protein is the
same as USA-CyP (R. Lithrmann, pers. comm.). Lauber
et al. (1997) showed that both the 60-kDa (hPrp4) and
90-kDa (hPrp3) proteins are components of the U4/U6
snRNP, as well as of the U4/U6-U5 snRNP; the results
for hPrp4 are consistent with our previous work
(Horowitz & Krainer, 1997). Lauber et al. (1997) and
our study reach similar conclusions about hPrp3 and
hPrp4; we show, in addition, that hPrp3 and hPrp4,
together with USA-CyP, form a stable complex in
the absence of RNA. The 60K U4/U6-snRNP protein
identified by Gozani et al. (1994) is the same as hPrp4,
based on its cross-reactivity with antibodies against
hPrp18 (K. Chua and R. Reed, pers. comm.). The 90K
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protein (Gozani et al., 1994) seems very likely to be
hPrp3.

hPrp4 is a member of the family of WD-repeat pro-
teins (Neer et al., 1994). By comparison with the WD-
repeat consensus sequence, we have identified seven
repeats of the WD motif in the hPrp4 sequence. Pre-
viously, five repeats had been found in yeast Prp4 (Dal-
rymple et al., 1989; Neer et al., 1994); we have found
two additional repeats in yeast Prp4 that do not con-
form to the consensus. The hPrp4 WD repeats are
spaced regularly, with a periodicity of 42 amino acids,
and the seven repeats are more closely related to one
another than to the consensus sequence (see Fig. 4).
However, the homology between corresponding re-
peats in hPrp4, cPrp4, and Prp4 suggests that the an-
cestral Prp4 protein had seven repeats.

The X-ray structure of the archetypal WD-repeat pro-
tein, GB, has been solved (Wall et al., 1995; Sondek
et al., 1996). It shows that the seven WD repeats of GB
form a nearly symmetrical, sevenfold B-propeller. This
propeller acts as an inflexible scaffold to which the Ga
and Gy subunits bind; both Ga and Gy make exten-
sive contacts with the GB propeller. The structure of GB
remains essentially unchanged upon activation of the
G protein (Wall et al., 1995; Lambwright et al., 1996).

All WD-motif domains are likely to fold into pro-
peller structures quite similar to that of GB (Wall et al.,
1995; Neer & Smith, 1996; Sondek et al., 1996), and we
expect that hPrp4 folds in this way. Amino acids iden-
tified in the GB structure as especially important for
stability of the propeller structure are present in six of
the seven WD repeats in hPrp4, allowing us to predict
the positions of the B strands that make up the pro-
peller (Fig. 4). The question of whether all such pro-
peller structures are involved in protein-protein
interactions appears to be open. In GB, the residues on
the surface of the WD-propeller determine the inter-
actions, whereas the most conserved residues have es-
sential structural roles in the propeller. Because we
have identified hPrp4 within a stable complex of three
proteins, it seems quite plausible that its WD-propeller
is in fact involved in protein-protein interactions.

hPrp4 appears likely to contact hPrp3 within the
complex with USA-CyP. Interaction between hPrp3 and
hPrp4 could be bridged by USA-CyP. Cyclophilins can
bind to single short peptide sequences through their
active sites (Gamble et al.,, 1996, Luban, 1996, Zhao
et al., 1997), but can also be involved in ternary com-
plexes, such as the cyclophilin A-cyclosporin A-calci-
neurin complex (Schreiber & Crabtree, 1992; Marks,
1996). Earlier work in yeast showed that overexpres-
sion of Prp3 in many prp4 strains suppresses the mu-
tant phenotype (Last et al., 1987; Hu et al., 1994), and
more recent work shows that yeast Prp3 and Prp4
interact in the two-hybrid system (J. Banroques, pers.
comm.). These studies support the notion that yeast
Prp3 and Prp4 interact, although there is no biochem-
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ical evidence for a direct interaction. hPrp3 and hPrp4
do not interact in the two-hybrid system (Lauber et al.,
1997); USA-CyP may be needed for their interaction.

Unlike the sequences of hPrp4 and USA-CyP, the
sequence of hPrp3 is not instructive at present. Ho-
mology among the Prp3 proteins from four organisms
is concentrated in the carboxyl terminus (Fig. 5), but
we did not find any motifs in the sequences. hPrp3 is
a highly basic protein with a pI of 10.3, suggesting that
it might bind RNA. The binding of the complex of
hPrp4, hPrp3, and USA-CyP to the U4/U6 snRNP could
be mediated through another protein (perhaps one that
binds to the hPrp4 WD-domain), although no other
U4/U6-snRNP proteins are known in humans (Lauber
et al., 1997). If, alternatively, the complex binds di-
rectly to the RNA, then hPrp3 is a good candidate to
mediate the binding. Lauber et al. (1997) noted re-
cently that hPrp3 has some sequence similarity to
RNAase III, a double-stranded RNA binding protein;
our alignment of Prp3 homologues from Homo sapiens,
C. elegans, S. pombe, and S. cerevisige (Fig. 5) does not
show phylogenetic conservation of the relevant se-
quences (not shown).

Our data show that hPrp3 and hPrp4 form a com-
plex and might act together during splicing. The roles
of Prp4 and Prp3 in splicing in yeast have been stud-
ied extensively, and the data are consistent with the
notion that the proteins have allied functions. Both are
part of the U4/U6 snRNP (Banroques & Abelson, 1989;
Petersen-Bjorn et al., 1989; Anthony et al., 1997); Prp4
binds principally to the U4 snRNP (Fabrizio et al., 1989;
Bordonné et al., 1990; Xu et al., 1990). In several stud-
ies with extracts from temperature-sensitive strains,
inactivation of prp3 or prp4 affects the snRNP associ-
ations or destabilizes free U6 snRNP (Bordonné et al.,
1990; Galisson & Legrain, 1993; Anthony et al., 1997),
but other studies report no effect (Ayadi et al., 1997).
The results may depend on the particular mutants and
methods used and may imply that the proteins are
necessary at several different stages in the splicing path-
way. Both Prp3 and Prp4 are required for the first step
of splicing (Lustig et al., 1986; Hu et al., 1994). Inacti-
vated prp3 extracts are blocked at the transition from
complex B to complex A2-1 (the first complex contain-
ing U4/U6-U5) (Anthony et al., 1997), and antibodies
against Prp4 block splicing at the same point (Ban-
roques & Abelson, 1989). However, in extracts from
some prp4 strains, the transition from complex B to
A2-1 proceeds normally, but the mutant prp4 protein
blocks splicing by preventing the dissociation of U4
from the spliceosome (Ayadi et al., 1997). Prp4 is only
stably bound to spliceosomes that contain the U4
snRNP (Tarn et al., 1993).

The role of the USA-CyP protein in splicing is in-
triguing. USA-CyP is a canonical cyclophilin: an 18-
kDa protein with high homology to other cyclophilins
(Stamnes et al., 1992; Trandinh et al.,, 1992; Galat &
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Metcalfe, 1995). Only one cyclophilin, CyP-11 from C.
elegans (Page et al., 1996), is significantly more closely
related to USA-CyP than are other cyclophilins. CyP-11
is not an abundant cyclophilin; it exhibits weak pro-
line isomerase (rotamase) activity with a standard sub-
strate, suggesting that it might have specific substrates
(Page et al., 1996). No clear homologue of USA-CyP
exists in S. cerevisiae.

Cyclophilins have been studied intensively because
of their medical importance as the targets of the im-
munosuppressive drug cyclosporin A. However, the
normal cellular roles of the cyclophilins have been elu-
sive (Luban, 1996; Marks, 1996). The rotamase activity
has been thought to play an important part in protein
folding (Fischer et al., 1989; Gething & Sambrook, 1992;
Rutherford & Zuker, 1994). An alternative view is that
cyclophilins act principally as chaperones in complex
macromolecular processes, binding to sequences con-
taining proline, and that the rotamase activity is a con-
sequence of the hydrophobicity of the binding pocket
(Schreiber & Crabtree, 1992).

One of the best characterized examples of cyclophi-
lin action is that of cyclophilin A (CyP-A) and HIV-1.
CyP-A is essential for HIV-1 virion infectivity (Luban,
1996); it interacts with HIV-1 capsid protein (CA) and
is incorporated into the virion (Franke et al., 1994; Thali
et al., 1994). NMR data suggest that the isomerization
of a proline could trigger the disassembly of the capsid
(Gitti et al., 1996). However, the crystal structure of
CyP-A bound to CA suggests strongly that the role of
CyP-A is to facilitate disassembly of the CA core by
destabilizing interactions between CA proteins by bind-
ing specifically to CA sequences (Braaten et al., 1996;
Gamble et al., 1996; Zhao et al., 1997). In this view, the
cyclophilin acts as a chaperone in the disassembly pro-
cess. A chaperone function has also been suggested for
the Drosophila cyclophilin NinaA, which is required for
proper function of rhodopsin (Baker et al., 1994).

USA-CyP could be involved in splicing in a number
of different ways. It may facilitate the folding of hPrp3
or hPrp4 or be needed for them to associate properly.
USA-CyP could act as a chaperone in assembly steps
that involve complicated rearrangements of protein in-
teractions. USA-CyP could facilitate the assembly of
the U4, U4/U6, or U4/U6-U5 snRNP. Alternatively,
USA-CyP could act within the spliceosome, either dur-
ing the entry of the U4/U6-U5 snRNP or during the
rearrangement of complex B to complex C, which in-
volves the dissociation of the U4/U6 snRNP and the
departure of the U4 snRNP. Analogy with HIV as well
as the results for yeast Prp4 (Ayadi et al., 1997) suggest
that USA-CyP might function during the disassembly
of the U4/U6 snRNP within the spliceosome. USA-
CyP might not be required routinely for splicing; its
function could be to assist in the repair or disassembly
of spliceosomes that are in improper conformations or
have halted in the splicing pathway. In heat-shocked
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mammalian cells splicing is shut down, and the tran-
sition from complex B to C is blocked (Utans et al., 1992).
The U4/U6- U5-snRNP specific proteins, which include
the 20-kDa protein that is likely to be USA-CyP, restore
splicing activity to heat-shocked extracts (Utans et al.,
1992). Because cyclophilins have been shown to be chap-
erones in the refolding of proteins after heat shock (Bose
etal., 1996; Freeman et al., 1996), USA-CyP could be re-
sponsible for the restoration of splicing activity.

Our results suggest that a new cyclophilin, USA-
CyP, is involved in splicing, perhaps acting in concert
with hPrp3 and hPrp4. The precise role of this cyclo-
philin in the splicing pathway remains to be defined.

MATERIALS AND METHODS

Purification of the 55-kDa protein

The 55-kDa protein was assayed by western blot with anti-
bodies raised against hPrpl8 (Horowitz & Krainer, 1997).
Nuclear extract (36 mL; 10 mg protein/mL) was prepared
from 40 L HeLa cells by the method of Dignam et al. (1983)
except that the final dialysis was omitted. Protease inhibitors
PMSF (0.4 mM), leupeptin (10 pg/mL), pepstatin (2 ug/
mL), aprotinin (4ug/mL), chymostatin (5 ug/mL), and E-64
(4 ng/mL) were used throughout the purification. The KCl
concentration of the extract was adjusted to 0.2 M, and poly-
ethyleneimine, pH 7.9, was added to 0.1% (w/v) final con-
centration (Jendrisak & Burgess, 1975). The supernatant,
which was free of nucleic acid (<1% of the starting amount
by Ax¢o), contained most of the 55-kDa protein. Solid ammo-
nium sulfate was added sequentially to give concentrations
of 20, 25, 30, 35, and 40%. Ninety-five percent of the 55-kDa
protein was present in the 25-30% and 30-35% fractions,
which were pooled and dialyzed against 50 mM MES,
pH 6.5, 150 mM NaCl, 10% glycerol, 1 mM DTT, 0.5 mM
EDTA, and 0.5 mM EGTA (Buffer M). The pooled fractions
were loaded on a 1.7-mL Poros 20 HS column (Perseptive
Biosystems) and eluted with a 150-1,000 mM NaCl gradient
in Buffer M. The 55-kDa protein eluted at 650 mM NaCl. The
peak fractions were pooled, dialyzed against 50 mM Tris,
pH 8.0 at 25°C, 150 mM NaCl, 10% glycerol, 1 mM DTT,
0.5 mM EDTA, and 0.5 mM EGTA (Buffer T), and loaded on
a 1.7-mL Poros 20 HE1 column (Perseptive Biosystems). The
bound proteins were eluted with a 150-2,000 mM NaCl gra-
dient in Buffer T. The 55-kDa protein, together with the 90-
kDa and 18-kDa proteins, eluted at 700 mM NaCl. The peak
fractions contained about 5 ug of protein in a volume of
2 mL; the concentration was estimated from the Ag; of the
eluate. The A, of the same fractions was about half the
Asgo, giving a molar ratio of protein complex to a 100-base
RNA of at least 40:1. All columns were run at room temper-
ature using a Perseptive Biosystems Sprint chromatography
system equipped with a dual wavelength detector.

Peptide sequencing
For protein sequencing, the peak fractions were concen-
trated by TCA precipitation (Hwang & Chu, 1996), separated

by SDS-PAGE, and digested in the gel with Achromobacter
protease L. The resulting peptides were separated by reversed-
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phase HPLC, and sequenced using an automated protein
sequencer (ABI Procise 494). The sequences obtained were:
for the 18-kDa protein, (1) IENVPTGPNNK (11/11); (2)
DGVPIGYK (8/8); and (3) dSTFHRVIK (9/10); for the 55-
kDa protein, (1) AGIEAGNINITSGEVFEIEEhISERQAE (27/
28); (2) RARQINVSTDDS (12/12); (3) FEPIHGNFLLTsAYDN
(15/16); (4) PHIYYKSLEIEK (10/12); and (5) LEEARLHK
(8/8); for the 90-kDa protein, (1) LQAEISQAARrK (11/12);
(2) EDYFGITNLVEePAaLNPV (17/19); (3) EVFGDDSEI (9/
9); (4) PTPLILDEQGRTVDA (15/15); and (5) IEANAGQLY
LTGVVVLH (17/17), where the fraction of amino acids that
match the sequence inferred from the cDNA sequence is
indicated in parentheses after the peptide and the disagree-
ing amino acids are in lower case within the sequence. Most
of the disagreements are at positions where there was some
uncertainty in the peptide sequence.

EST clones and DNA sequencing

EST cDNAs that encode the peptides were found using the
BLAST search program and the EST database at the National
Center for Biotechnology Information. Human EST clones
encoding the proteins were obtained from the ATCC. The
EST clone of the 55-kDa protein, EST187107 (GenBank ac-
cession number AA315321), is from a colon carcinoma cell
line (HCC II). Lauber et al. (1997) recently reported the se-
quence of a HeLa ¢cDNA encoding the same protein. Our
sequence and theirs disagree at nine positions in the protein
sequence (Q10, R78, V86, R134, G141, G405, A447, C510, and
A521), likely reflecting polymorphisms in this gene. Some
polymorphisms are also suggested by the peptide sequences.
The EST clone of the 90-kDa protein, EST zq66a04 (GenBank
accession numbers AA205466 and AA205409), is from Ntera-
2/RA neuroepithelial cells. Our sequence agrees with the
sequence of the same EST clone reported recently (Lauber
etal., 1997). The EST clone of the 18-kDa protein, EST yb85b12
(GenBank accession number T53949), is from a liver library.
The clones were sequenced using an ABI Prism sequencing
kit and an ABI Prism 377 DNA sequencer. Both strands of all
the clones reported were sequenced completely. Sequence
analysis was performed with GCG version 9.0 (GCG, 1996).
The parameters used for the alignments (the GCG defaults)
tend to disfavor the inclusion of gaps.
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