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Interaction Between PRP11 and SPP9 1 Yeast 
Splicing Factors and Characterization of a 

PRP9-PRP 1 1 -SPP9 1 Complex 

Pierre Legrain* and Christine Chapon 
Several proteins are involved in the early steps of the spliceosome assembly pathway. 
Protein-protein interactions have been identified between two Saccharomyces cerevisiae 
yeast splicing factors, PRP9 and SPP91. Here it is demonstrated that protein-protein 
interactions occur between SPP91 and PRPI 1. The combination of the prp9-1 mutant and 
a truncated prpll mutant exhibits a synthetic lethal phenotype, suggestive of a common 
biochemical defect. The PRP9 and PRPI 1 proteins do not interact directly, but the PRP9 
and PRPI 1 molecules can simultaneously bind SPP91 to form a three-molecule complex. 
Structurally and functionally related proteins are found in mammalian cells and are as- 
sociated in a single biochemical fraction. This strongly suggests that the PRP9-SPP91- 
PRPI 1 complex is a key element of the splicing machinery. 

Nuclear p r e - ~ R N A  splicing occurs in a 
complex called the spliceosome that con- 
tains U-1, U2, and U4/U6.U5 small nuclear 
ribonucleoprotein particles (snRNPs) 
bound to the pre-mRNA (1-3). In yeast, 
more than 30 factors encoded by the PRP 
genes are implicated in splicing. The rec- 
ognition of intron boundaries is a critical 
step in splicing and involves the U1 and 
U2 particles and additional protein fac- 
tors. During spliceosome assembly, the U2 
snRNP binds to the U1 snRNP-pre-mRNA 
complex to form the prespliceosome. Both 
the PRPll and PRP9 yeast proteins are 
required for prespliceosome formation. 

Unite de Genetique Moleculaire des Levures, Depar- 
tement de Biologie Moleculaire, lnstitut Pasteur, Paris 
75724, France. 

*To whom correspondence should be addressed. 

Moreover, the PRP9 protein associates with 
the U2 snRNP particle in a salt-dependent 
fashion (4-6). 

We identified an essential gene, SPP91, 
as a second-site suppressor of the prp9-1 
mutation (7). The SPP91 gene is identical 
to the .PRPZI- gene whose product is also 
required for the formation of the prespliceo- 
some (8). In the absence of splicing com- 
plexes, neither the PRP9 protein nor the 
SPP91 protein is tightly associated with the 
U1 or the U2 snRNPs. In contrast, when 
splicing reactions are performed in vitro, 
both PRP9 and SPP91 are found associated 
with the prespliceosome (6, 8). These ob- 
servations suggest that the PRP9 and SPP91 
proteins act together to promote the inter- 
action between the U2 snRNP particle and 
the U1 snRNP-pre-mRNA complex. Al- 
though it is likely that protein-protein in- 

teractions play a crucial role in spliceosome 
assembly, very little is known about these 
interactions. We have demonstrated that 
the PRP9 and SPP91 proteins interact (9). 
Here, we demonstrate that PRPll also 
binds to SPP91, and we present genetic 
evidence that PRPI) and PRPll are func- 
tionally related. Moreover, with a three- 
molecule binding assay, we identify a mul- 
timolecular complex formed by SPP91, 
PRP9, and PRP11. 

The PRP9 and- PRP11 proteins contain 
cysteine-histidine motifs (CH) that are 
loosely related to those found in CzHz zinc 
finger proteins (Fig. 1) (5). When the 
PRPll allele deleted for the CH motif 
(prpl 1 ACH) was expressed in a prp 1 1 - 1 
strain, a dominant lethal phenotype was 
observed (Fig. 2). A prpll allele that con- 
tained only the region downstream of the 
CH motif still exhibited the dominant lethal 
phenotype (1 0). This dominant lethal phe- 
notype suggests that the COOH-terminal 
region of PRP11 contains a binding site for a 
factor that is titrated by the truncated pro- 
tein (1 1). Expression of prp 1 1 ACH also had 
a strong effect on p@9- 1 cell viability but not 
on the viability of wild-type isogenic cells 
(Fig. 2). This synthetic lethal phenotype 
suggests that there is a close functional 
relation between PRP9 and PRPll proteins. 
Synergistic effects have been observed be- 
tween the p@5, p@9, prpl 1, and p@21 
temperature-sensitive (ts) mutations (1 2). 

The possible interactions between the 
PRP9 and PRPll proteins were tested with 
the two-hybrid system which scores for in 
vivo interactions between two proteins 
overproduced in yeast (13, 14). In this 
assay, two proteins are fused to the DNA 
binding domain and to the activation do- 
main of the yeast transcriptional factor 
GAL4, respectively. An interaction be- 
tween these proteins brings together the 
two GAL4 domains, allowing the forma- 
tion of a functional GAL4 complex that 
activates the expression of a lac2 reporter 
gene. When the PRP9 coding region was 
fused to the GAL4 activation domain and 
the PRPll coding region was fused to the 
GAL4 DNA binding domain, very low 
amounts of p-galactosidase activity were 
detected. Similar results were observed for 
the reciprocal combination (Fig. 3A), sug- 
gesting that PRP9 and PRPll proteins do 
not interact. In contrast, in an assay with 
the PRPll and SPP91 GAL4 fusion pro- 
teins, high quantities of p-galactosidase 
activity were detected, revealing a strong 
interaction between these two proteins 
(Fig. 3A). 

This interaction was characterized in 
greater detail with the PRP11-1 (15) and 
PRP11ACH mutant proteins (Fig. 1). We 
assayed- the interaction of the PRP11-1 
protein fused to either the GAL4 activation 
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or DNA binding domain with the reciprocal 
SPP91 fusion protein. In both assays we 
detected approximately background amounts 
of P-galactosidase activity. This suggests 
that the heat-sensitive phenotype of the 
prpll-1 mutation results, at least in part, 
from a reduced interaction between PRPll 
and the SPP91 protein (Fig. 3A). In con- 
trast, PRP11ACH protein fusions exhibited 
a high p-galactosidase activity in either 
combination, similar to those obtained with 
the wild-type PRPl1 protein, indicating that 
the CH motif is not involved in the binding 
to the SPP91 protein. These results are very 
similar to those obtained for PRP9. The 
m9ACH2 mutant exhibited a dominant 
lethal phenotype when expressed in p ~ 9 - 1  
cells, and the PRP9 protein interacted with 

CH rsi 
1 6 5 ~ 1 2 1  178 266 

PRPll  / I  

I 7. Zip 8'7 CHI CH2 530 

Fig. 1. The PRP9 and PRP11 proteins. Se- 
quences of the proteins have been described 
(4, 5). The ts mutations, a putative leucine 
zipper (Zip, shaded box), the motifs related to 
the C,H, zinc fingers (CH, striped boxes), and 
the deleted region (A) in the prpl lACH mutant 
are indicated. The mutations tsl and ts2 in PRP9 
and tsl in PRP11 referto the prp9-1, prp9-2, and 
prpl 1-1 mutations, respectively (9, 15). 

PRP9 

prp 1 1 - 1 prP9- 1 WT 

PI ' 

Glu 

pLGSD5 

Fig. 2. The prpl lACH mutant exhibits a domi- 
nant lethal phenotype. The prpl 1-1 [A635 
(25)], prp9- 1 [Cy105 (7)], or isogenic wild-type 
[MGD353-46D (7)] cells were transformed with 
the prpl lACH or the pLGSD5 plasmid (27). 
The prpl lACH plasmid was derived from the 
pLGSD5 vector and harbors a prpl lACH gene 
whose expression is promoted from a galac- 
tose-inducible promoter. Transformants were 
streaked on glucose (Glu)- or galactose (Gal)- 
containing medium and grown at 25°C. The 
prpl lACH mutant was derived by site-directed 
mutagenesis of the wild-type gene. Two Xho I 
sites were introduced at positions correspond- 
ing to residues indicated (Fig. 1) and subse- 
quently digested and religated. The gene was 
amplified by PCR with two flanking Bam HI sites 
and cloned in the pLGSD5 vector. 

the SPP91 protein through a region identi- 
fied by two ts mutations that is distinct from 
any of the PRP9 CH motifs (9) (Fig. 3A). 

To determine whether interactions of 
the SPP91 protein with the PRP9 and 
PRPll proteins were exclusive, we asked 
whether overexpression of the SPP91 pro- 
tein could bridge the PRP9 and PRPll 
proteins when they were fused to the GAL4 
DNA binding or activation domain. The 
coincident binding of PRP9 and PRPll 
proteins to the SPP91 protein, if it occurs, 
may allow the formation of a three-protein 
complex and result in high amounts of 
8-galactosidase activity. Overproduction of 
the SPP91 protein resulted in a 20-fold 
increase in 8-galactosidase activity com- 
pared with cells that contained the wild- 
type concentration of the SPP91 protein 
(Fig. 3B). 

We verified the specificity of this assay 
by performing similar experiments with sev- 
eral mutant combinations. The PRPl1-1 
protein, which interacts very poorly with 
the SPP91 protein, exhibited low p-galac- 
tosidase activity in this three-protein bind- 
ing assay. In contrast, two mutants in the 
CH motifs of PRP11 or PRP9 proteins, the 
PRPllACH and the PRP9-C423 mutant 
proteins (16), exhibited a 25- to 30-fold 
increase of p-galactosidase activity when 
tested in the three-molecule binding assay. 
These mutant proteins retain their ability 
to bind SPP91 when tested in the two- 
hybrid system (Fig. 3A) (9). Altogether, 
these results suggest that the PRP9, PRP11, 
and SPP91 proteins can form a multimolec- 
ular complex. We cannot exclude the pos- 

sibility that independent PRP9-SPP91 and 
PRP11-SPP91 interactions promote confor- 
mational changes favoring a direct PRF'9- 
PRP11 interaction. However, this latter hy- 
pothesis seems unlikely because PRP9ACH2 
and PRP11ACH mutant proteins exhibit a 
similar phenotype. 

The ability of PRP9 and PRPll to bind 
SPP9l is independent of their CH motifs. 
The CH motifs are involved in another 
function, as demonstrated by the dominant 
lethal phenotype observed with m9ACH2 
and prpl 1 ACH mutants (Fig. 2) (9, 1 1 ) . 
These motifs are located in the COOH- 
terminal and the NH,-terminal parts of 
PRP9 and PRP 1 1, respectively (Fig. 1). 
Thus, these proteins may be formed of 
independent domains, in a manner similar 
to the U1 snRNP-specific protein, UlC, 
whose CH domain is involved in the bind- 
ing to the U1 snRNP (5, 17, 18). By 
analogy, the CH domains of the PRP9 and 
PRPll proteins are likely candidates for 
regions required for binding to the snRNP 
particles. 

Homologs of PEW9 and PRPll have 
been identified in mammalian cells. A 
PRP9 antiserum detects one of the proteins 
of the 17s U2 snRNP (1 9, 20), which is 
also present in the splicing factor SF3a (21, 
22). SF3a is a biochemical fraction consist- 
ing of three polypeptides (60, 66, and 120 
kD) (23). These polypeptides are found 
among the spliceosome-associated proteins 
(SAPS) (identified as SAP 61, SAP 62, and 
SAP 114, respectively). Complementary 
DNA of SAP 62 has been cloned and is 
homologous to the PRPl 1 gene (24). The 
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e = - 
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PRP9 PRPl1 PRP11-1 PRPIIACH PRP9 X e m  0 I.r 

PRPll SPP91 SPP91 SPP91 SPP91 SPw' - + - + - + - A  

PRPll PRP11-1 PRPI~ACH PRP9C423 
PRP9 PRP9 PRP9 PRPll  

Fig. 3. Interaction between PRP9, PRP11, and SPP91 proteins. The two-hybrid system (13, 14) was 
used to monitor protein-protein interactions with proteins fused to the GAL4 DNA binding domain 
(GAL4 1-147) or the activation domain (GAL4 768-881) (28). (A) Direct interactions between 
proteins. Reciprocal combinations are presented. Interactions between PRP9 and PRP11 proteins, 
the SPP91 protein, and wild-type or mutant PRP11 proteins (gray bars) and between PRP9 and 
SPP91 proteins (black bars) are presented. The characteristics of the latter interaction were 
described elsewhere (9). (B) Assay for indirect binding between PRP9 and PRP11 proteins. Cells 
were transformed with one plasmid expressing fusion proteins with the GAL4 activation domain 
[PRPl 1 , PRP11-1, PRP11 ACH, or PRP9-C423 (16)] simultaneously with another plasmid expressing 
fusion proteins with the GAL4 DNA binding domain (PRP9 or PRP11). The SPP91-1 gene was 
introduced with its own promoter in the PRP9-GAL4(1-147) or in the PRP11-GAL4(1-147) plasmid. 
The cells did (+, black bars) or did not (-, gray bars) overproduce the SPP91 protein. The GAL4 
fusion proteins were overproduced at a very high amount compared with the endogenous 
expression or the plasmid-derived SPP91 expression because the chimeric genes were under a 
strong promoter. Cells were grown at 30°C and p-galactosidase activity was measured at 30°C as 
described (9), in duplicate for at least three independent transformants. 
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Ordered Restriction Maps of Saccharomyces 
cerevisiae Chromosomes Constructed by 

Optical Mapping 

David C. Schwartz,* Xiaojun Li,"fuis I. Hernandez,? 
Satyadarshan P. Ramnarain, Edward J. Huff,? Yu-Ker Wang? 

A light microscope-based technique for rapidly constructing ordered physical maps of 
chromosomes has been developed. Restriction enzyme digestion of elongated individual 
DNA molecules (about 0.2 to 1.0 megabases in size) was imaged by fluorescence mi- 
croscopy after fixation in agarose gel. The size of the resulting individual restriction 
fragments was determined by relative fluorescence intensity and apparent molecular 
contour length. Ordered restriction maps were then created from genomic DNA without 
reliance on cloned or amplified sequences for hybridization or analytical gel electropho- 
resis, Initial application of optical mapping is described for Saccharomyces cerevisiae 
chromosomes. 

Construction of physical maps for eukary- ping offer the advantage of good size reso- 
otic chromosomes is laborious and difficult, lution, even for large molecules, but require 
in part because many of the current proce- preparation of DNA in bulk amounts from 
dures for mapping and sequencing DNA sources such as genomic DNA or yeast 
were originally designed to analyze genes artificial chromosomes (YACs) (2). In con- 
rather than genomes (1). The electropho- trast, single-molechle techniques, such as 
retic methods that are widely used in map- fluorescence in situ hybridization (FISH), 

make use of only a limited number of 
chromosomes (3), but have not yet attained 
a sizing resolution comparable to that of 
pulsed electrophoresis (4). Ideally, one 
would like to be able to combine the sizing 
power of electrophoresis with the intrinsic 
ordering capability of FISH in order to 
construct accurate restriction maps very 
rapidly. The methodology described in this 
report, which we refer to as optical map- 
ping, approaches this ideal by imaging 
stained, single, deproteinized DNA mole- 
cules during restriction enzyme digestion. 
This allows direct, ordered mapping of re- 
striction sites. 

In brief, a fluid flow was used to stretch 
out DNA molecules dissolved in molten 
agarose and fix them in place during gela- 
tion (4). The gelation process restrains 
eloneated molecules from relaxine to a ran- - - 
dom coil conformation during enzymatic 
cleavage. A restriction enzyme is added to 
the molten agarose-DNA mixture, and cut- 
ting is triggered by the diffusion of MgZ+ 
into the eelled mixture. which has been 

c7 

mounted on a microscope slide. Fluores- 
cence microscopy coupled with digital im- 
age processing techniques were used to 
record, at regular intervals, cleavage sites, 
which are visualized by the appearance of 
growing gaps in imaged molecules (5) and 
bright, condensed pools or "balls" of DNA 
on.the fragment ends flanking the cut site. 
These balls form shortlv after cleavage as a - 
result of coil relaxation at the new ends. 
The size of the resulting fragments was 
determined in two ways: by measurement of 
the relative fluorescence intensities of the 
products and by measurement of the rela- 
tive apparent DNA molecular lengths in 
the fixating gel. Maps are subsequently 
assembled by recording the order of the 
sized fragments (6). Averaging a small 
number of molecules rather than using'only 
one improves accuracy and permits rejec- 
tion of unwanted molecules (7). 

Laree DNA molecules can be stretched " 
out in molten agarose by flow forces and 
then rapidly fixed in place by agarose gela- 
tion, without application of electrical fields 
(4). Experimentally, the kinetics of gela- 
tion are controlled by temperature and op- 
timization of the annealing conditions. For 
our analvsis. DNA coils must be criticallv , , 

stretched: too much and the molecule be- 
comes difficult to image, too little and there 
is insufficient tension to reveal cut sites. 
Excessively stretched molecules present too 
little fluorochrome per imaging pixel, so 
that measured molecular intensities ap- 
proach background values. Additionally, 
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