








Cross-linking Sites within Native Human Spliceosomal snRNPs
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FiG. 2. A, primer extension analysis of Ul snRNA derived from UV-
cross-linked Ul snRNPs (lanes 3 and 4) compared with UV-irradiated
naked Ul snRNA (lanes 1 and 2). The cDNA primer used was comple-
mentary to nucleotides 63—77 in stem-loop II of U1 snRNA (indicated in
(). Lanes 1 and 3, no UV irradiation (control (Ctr)); lanes 2 and 4, 2 min
of UV irradiation at 254 nm. C, U, A, and G indicate dideoxy sequence
markers. Stops of the reverse transcriptase during primer extension
analysis are denoted on the right (U*® to G*® and C?! to A%%). The black
bar on the left indicates stem-loop I of U1 snRNA. B, primer extension
analysis of cross-linked Ul snRNA after immunoprecipitation of cross-
linked Ul snRNPs with anti-70K protein antibody («-70K). Prior to
immunoprecipitation, cross-linked Ul snRNPs were dissociated with
the SDS/Triton X-100 procedure (see “Experimental Procedures”). Lane
1, no UV irradiation (Ctr); lane 2, 2 min of UV irradiation at 254
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snRNA (Fig. 2A, compare lane 4 with lane 2), indicating that
nucleotides one position 5’ to the stop sites (see above) must be
cross-linked to a Ul snRNP in native particles.

To determine whether the reverse transcriptase stops ob-
served in the initial experiment (Fig. 2A, lane 4) were indeed
due to a cross-link with the Ul 70K protein (as expected for
those reasons stated above), we employed the immunoprecipi-
tation procedure outlined above using a monoclonal antibody
(H111) (8) against the Ul 70K protein. Fig. 2B shows the
primer extension analysis of Ul snRNA after UV cross-linking
of the Ul snRNP particles and immunoprecipitation with the
anti-70K protein antibody in the presence of SDS/Triton X-100.
Strikingly, strong reverse transcriptase stops were observed
only at A% and C?! of stem-loop I of Ul snRNA in the UV-
irradiated sample. Both stops are significantly enriched (Fig. 2,
compare A (lane 4) with B (lane 2)) and are located at positions
of Ul snRNA at which RNA-protein cross-links were detected
in the initial experiment (C3! to A% (Fig. 2A). In control
experiments carried out with antibodies specific for other Ul
snRNPs such as the Ul C protein or the Sm proteins, no
reverse transcriptase stops in stem-loop I were detected (data
not shown). We thus conclude that G?® and U®°, located one
nucleotide on the 5'-side of the stops at A%2® and C?!, respec-
tively, are two independent cross-linking sites for the Ul 70K
protein (Fig. 20).

N-terminal Sequencing and MALDI-MS Analysis of U1 70K
Peptides Cross-linked to Stem-loop I of Ul snRNA—The rela-
tively large amount of Ul snRNP purified by anion-exchange
chromatography (31) enabled us to verify our immunoprecipi-
tation results by an independent method, i.e. by isolation and
sequencing of cross-linked Ul 70K peptide-oligonucleotide
complexes. A similar approach was recently described for sev-
eral ribosomal proteins isolated from UV-irradiated ribosomal
subunits (34, 35, 37). Fig. 3 shows the purification strategy for
the isolation of cross-linked peptides from U1l snRNPs. Purified
12 S U1 snRNPs were UV-irradiated at 254 nm, dissociated in
the presence of 8 M urea, and digested with various endopro-
teinases (see “Experimental Procedures”). Cross-linked pep-
tide-snRNA complexes were enriched by size-exclusion chro-
matography, and the snRNA thus isolated was digested with
ribonucleases T1 and/or A. Cross-linked peptide-oligonucleo-
tide complexes were then separated by RP-HPLC. Peak frac-
tions eluting from the RP-HPLC column that showed a strong
absorbance at both 220 and 260 nm are good candidates for
peptides (220 nm) cross-linked to oligonucleotides (260 nm)
(87). Each peak was collected and subjected to automated N-
terminal sequencing and MALDI-MS. N-terminal sequencing
revealed the cross-linked amino acid residue of the peptide
moiety because a gap is expected to occur at the position of the
cross-linked amino acid during analysis of the Edman degra-
dation products (37-39). In addition, MALDI-MS analysis of
the cross-linked peptide-oligonucleotide complex allows the
identification of the cross-linked oligonucleotide (34, 35).

In this manner, we identified two different peptide stretches
of the Ul 70K protein cross-linked to Ul snRNA oligonucleo-
tides after digestion of the native UV-irradiated Ul snRNPs
with trypsin and ribonuclease T1. The two peptides coeluted
within the same fractions upon RP-HPLC (data not shown).

nm. Nucleotide positions of reverse transcriptase stops (A?° and C3') are
given on the right. C, secondary structure of the Ul snRNA. Arrows
depict nucleotides that are identified to be cross-linked to the Ul 70K
protein (U%° and G*®). Note that the positions of cross-linked nucleo-
tides are one position upstream of the stops caused by the reverse
transcriptase (A*® and C®!; see B). The position of the cDNA primer
used for primer extension analysis is indicated by the solid line in
stem-loop II.
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Fic. 3. General strategy for N-terminal sequencing and MALDI-MS analysis of cross-linked peptide-oligonucleotide complexes
isolated from UV-irradiated Ul snRNPs. 0.8—1.0 mg of UV-cross-linked Ul snRNPs was dissociated in the presence of 8 M urea and diluted
to a final urea concentration of =1 M, and the protein moiety was digested with various endoproteinases (see “Experimental Procedures”).
Size-exclusion chromatography separated snRNAs and snRNAs that carry cross-linked peptides from the non-cross-linked peptide moiety.
Cross-link-enriched snRNAs were digested with endoproteinase T1 or A, and cross-linked peptide-oligonucleotide complexes were then separated
by RP-HPLC. RP-HPLC fractions with absorbances at 220 and 260 nm were collected and analyzed by automated N-terminal sequencing and
MALDI-MS analysis. N-terminal sequence analysis revealed the cross-linked amino acid because a gap in the analysis of the Edman degradation
products occurs at the site of the cross-linked amino acid (37-39). MALDI-MS of the cross-linked peptide-oligonucleotide complex identified the
oligonucleotide part. The mass difference between the complex and the sequenced peptide reveals the composition of the cross-linked oligonucleo-

tide (34, 35).

The analysis of the Edman degradation products of the tryptic
fragments is shown in Fig. 4. The major sequence was identi-
fied as RVXVDVER (where X is an unknown amino acid) and
corresponds to a tryptic fragment of the Ul 70K protein span-
ning positions 173-180, RVLVDVER. The minor sequence is

read as VNXDTTESKLR, corresponding to a tryptic fragment
of the Ul 70K protein from positions 110 to 120, i.e. VNY-
DTTESKLR. Importantly, Leu'”® of the major sequence and
Tyr!'? of the minor sequence were absent in cycle 3 of the
analysis (denoted as X in Fig. 4), thus confirming that both
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Fic. 4. N-terminal sequence analysis of the isolated Ul 70K
tryptic fragments cross-linked to Ul snRNA oligonucleotides.
Both tryptic fragments eluted within the same fraction from the RP-
HPLC column and hence were sequenced concomitantly. The analysis
and identification of the Edman degradation products of cycles 1-11 of
both peptides are shown. The first panel shows the elution profile of the
phenylthiohydantoin-derivative standards (each 10 pmol) given in one-
letter amino acid code. dptu is diphenylthiourea, which is an Edman
degradation by-product. Amino acids corresponding to residues 1-11
are in boldface. The C-terminal arginine of the minor sequence could
not be unambiguously identified and is therefore shown in parentheses.
The N-terminal sequences of both peptides and their positions within
the Ul 70K protein sequence are listed. The phenylthiohydantoin-
derivatives of residue 3 (Leu'” and Tyr''?, respectively) are missing
(designated as X), confirming these residues as amino acids cross-linked
to the Ul snRNA (see “Results” for details).
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amino acid residues are cross-linked to the Ul snRNA within
the Ul 70K tryptic peptides.

An aliquot of this fraction was subjected to MALDI-MS (Fig.
5) to determine the mass of the cross-linked peptide-oligonu-
cleotide complex. The difference between the mass of the cross-
linked peptide-oligonucleotide complex and that of the peptide
alone (RVLVDVER, [M + H]+ = 985.6, and VNYDTTESKLR,
[M + H]+ = 1325.7; cross-linked amino acids are underlined)
allows the determination of the composition of the cross-linked
oligonucleotide (34, 35). MALDI-MS analysis of the fraction
showed a mass peak of 3020.2 (Fig. 5A), but a mass difference
of either 2034.6 or 1694.5, respectively, does not correspond to
any T1 fragment of Ul snRNA sequence. However, it is well
known from MALDI-MS analysis of oligonucleotides that a
variety of metal counterions interact with the phosphate back-
bone, causing multiple or “false” mass peaks of cross-linked
complexes with increasing numbers of nucleotides (40). In fact,
the exact mass of a large cross-linked complex could previously
be determined only after performing an ion-exchange proce-
dure (34, 40). Taking this into account, the mass of 3020.2
corresponds to a T1 oligonucleotide of Ul snRNA with the
nucleotide composition G;A,Y5 (where Y is pyrimidine since C
and U differ by only 1 mass unit) with four Mg?* ions attached,
cross-linked to the major tryptic fragment of the Ul 70K pro-
tein, RVLVDVER (Fig. 5C; see figure legend for further de-
tails). Only one T1 fragment matches this calculated composi-
tion, namely 5'-AUCACG-3’ from positions 29 to 34 of stem-
loop I. This was verified by further MALDI-MS analysis of the
fraction after partial hydrolysis (Fig. 56B). The spectrum shows
multiple mass peaks (designated b-f), which are analyzed in
Fig. 5C. They correspond to the hydrolysis products of the Ul
snRNA oligonucleotide still cross-linked to the 7RVLVD-
VER®° U1 70K tryptic peptide. The cross-linked oligonucleo-
tide composition perfectly matches the composition of the Ul
snRNA T1 fragment from positions 29 to 34 of stem-loop I
(5'-AUCACG-3’) (Fig. 5D). Furthermore, the mass analysis
revealed that the actual cross-linking site must be located at
the 5’-end of the fragment (5'-AUCACG-3’) (Fig. 5, B and C,
mass peak a/b). This is consistent with the identification of U%°
being one of the cross-linking sites for the Ul 70K protein as
detected by immunoprecipitation combined with primer exten-
sion analysis (Fig. 2, B and C; see above). Although the fraction
analyzed contained the minor second tryptic peptide of the Ul
70K protein (11°VNYDTTESKLR'2?) cross-linked to U1l snRNA
(see above), the corresponding cross-linked oligonucleotide
could not be identified in this experiment because the major
cross-linked complex in this fraction (RVLVDVER cross-linked
to 5'-AUCACG-3’) obscured the minor complex in the mass
spectrum.

In a similar experiment using chymotrypsin and RNase A for
the generation of cross-linked peptide-oligonucleotide com-
plexes, we could isolate and sequence an RP-HPLC fraction
containing a predominant chymotryptic fragment of the Ul
70K protein, 1°”VARVNYDTTESKL!!® (data not shown). In
absolute agreement with the data derived from the tryptic
fragment, Tyr!''? was found by Edman degradation to be the
actual site of cross-linking to the Ul snRNA in the chymotryp-
tic fragment (data not shown). Fig. 6A shows the MALDI-MS
analysis of the fraction. The mass peak designated as a (2492.7)
corresponds to the mass of the peptide (VARVNYDTTESKL,
[M + H]+ = 1495.8) cross-linked to a 3-mer oligonucleotide
with the composition G;A,Y; (Fig. 6B). The other mass peaks
could not be assigned, but most probably correspond to contam-
inating minor peptides within the fraction already apparent in
the Edman degradation. Mass peaks of cross-linked peptide-
oligonucleotide complexes shows a reduced intensity in com-
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Fic. 5. MALDI-MS analysis of the
Ul 70K tryptic peptide (*”>RVLVD-
VER'®°) cross-linked via Leu'” to an
RNase T1 fragment (*?AUCACG3*) in
stem-loop I of Ul snRNA. A, mass spec-
trum of the RP-HPLC-purified fraction
containing two U1l 70K tryptic fragments
(*"*RVLVDVER'® and !'°"VARVNY-
DTTESKL'*®) cross-linked to Ul snRNA
T1 oligonucleotides. B, mass spectrum of
the fraction after partial hydrolysis of the
cross-linked oligonucleotide. C, nucleotide
composition of the Ul snRNA T1 oligonu-
cleotide cross-linked to the U1 70K tryptic
fragment (**RVLVDVER'°). The nucle-
otide composition (fourth column) was de-
termined from mass peaks a—f as shown in B
A and B. The cross-linked U1 70K peptide
sequence (fragment 173-180) and its
mass ([M + H]") are also listed (¢hird
column). The cross-link site within the
peptide (Leu'”™) as identified by Edman
degradation is underlined (see Fig. 3). Y
denotes pyrimidines C and U. Note that C
and U differ by only 1 mass unit (323 and
324, respectively). Since MALDI-MS in
the linear mode does not allow the unam-
biguous differentiation between C and U,
different compositions of the cross-linked
oligonucleotide were considered. Hence,
the calculated mass (second column) is
given as the average of all possible com-
binations of C and U residues within the
oligonucleotide concerned. The mass of
the cross-linked T1 oligonucleotide was
calculated as 1937.5 + 1.5. The mass dif- s

Cross-linking Sites within Native Human Spliceosomal snRNPs

1400 iebd T I1dbd | 2do0 2300 adod | 3600 ead | 3due | 3700 3400 m/z

1944.3

L S s s e m A

ference of 97.1 + 1.5 between the meas-
ured mass of peak a (A; 3020.2) and the
calculated mass of 2923.1 *= 1.5 (985.6 +

(1937.5 = 1.5) = 2923.1 = 1.5) is due to
the interaction of four Mg?* ions with the

complex (fourth column). The calculated
mass of the total complex (second column)

therefore includes the masses of four
Mg?" ions ((2923.1 = 1.5) + 972 =

3020.3 = 1.5). Furthermore, the partial
hydrolysis of the cross-linked complex re-

sulted in fragments that have 2’,3'-cyclic
phosphate termini (mass peaks b, d, and

f), which is indicated as —H,O in the

fourth column. D, sequence of the Ul

1400 " isoo  1ebo  idod | i806 1900 3008 3103 3den | %o 3400 190 mrg
Mass Mass calculated Peptide : z
Crossling e
[MsHJ+ (MsHJ* [M+H]*= 985.6 oo P
(a) 3020.2 | 3020.3 + 1.5 | RVLVDVER + GlA2Y3, + 4 Mg2+
(b) 1926.6 | 1925.6 + 1.0 RVLVDVER + A1Y2, - Hz0
{e) 1944.3 | 1943.6 ¢ 1.0 | RVLVDVER + BA1Y2
(d) 2255.3 | 2254.6 + 1.0 | RVLVDVER + A2Ya2, - H0
(e) 2273.3 | 2272.6 + 1.0 | RVLVDVER + AgY2
(£) 2560.6 | 2560.1 + 1.5 | RVLVDVER + BaY¥3, - H20

snRNA T1 oligonucleotide cross-linked to
Leu'”® in the U1 70K protein. Positions on
the Ul snRNA are shown as subscript
numbers. Brackets indicate either the
mass of the total complex (mass peak a) or
of fragments obtained after partial hy-
drolysis (mass peaks b—f). Designation of
the bars correspond to the peaks in A and
B and the first column in C.

parison with non-cross-linked peptides when measured under
standard conditions for peptides.2 HeLa U1l snRNA contains
four RNase A fragments with the determined nucleotide com-
position (?GAU?°, 84GACSS, 93GAU®, and #°AGU'®7). The
GAU 3-mer from positions 28 to 30 is located in stem-loop I of
the Ul snRNA and encompasses the second cross-linking site
for the U1 70K protein (G2®) as identified independently by our

2 B. Thiede and H. Urlaub, unpublished data.

D a

| 1
5 20AUCAC Gz 3
b/c

dle
| I —

f

immunoprecipitation and primer extension analysis (Fig. 2B;
see above). Our sequencing results with the cross-linked Ul
70K peptide-oligonucleotide complexes clearly confirm our in-
terpretation of the immunoprecipitation experiment, i.e. that
the U1 70K protein is cross-linked via two independent sites to
U3% and G?® in stem-loop I. We conclude that Tyr!!2 of the Ul
70K protein is cross-linked to G*® and Leu!”® to U%C. In sum-
mary, immunoprecipitation combined with primer extension
analysis is shown to be a reliable method for the detection of
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Fic. 6. A, MALDI-MS spectrum of the 0]
RP-HPLC-purified fraction containing 90]
mainly the Ul 70K chymotryptic frag- s8]
ment (*“”VARVNYDTTESKL'") cross- i)
linked via Tyr''? to an RNase A fragment ]
of Ul snRNA. B, nucleotide composition #2]
of the RNase A fragment of Ul snRNA

cross-linked to the Ul 70K chymotryptic i
fragment ("’”VARVNYDTTESKL''®). The 28]
nucleotide composition is listed in the 24]

forth column and was determined from
mass peak a in A. The cross-linked Ul
70K peptide sequence (fragment 107-119)
and its mass ([M + H]") are also listed
(third column). The cross-linked amino
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acid within the peptide (Tyr''?) as identi-

fied by Edman degradation is underlined i

41465

16072 _B.JE2
| T.9E2
| 7.762
| 7.632
| 7.4E2
1 7.262
[ 7.1E2
| 6.9E2
| 6.8E2
1.6.6E2
1486.0

L 6.4E2
|-6.3E2
[ 6.1E2
|-6.082
| 5.822
| 5.622
|.5.5E2
1 5.322

| 5.2E2

| 5.0E2

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700  miz

(see Fig. 3). See “Results” and the legend
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RNA-protein cross-linking sites on the RNA in native UV-
irradiated snRNP particles.

U5 snRNA-Protein Cross-linking Sites within Native 25 S
U4/U6.U5 Tri-snRNPs—We used our primer extension ap-
proach to investigate the U5 snRNA-protein interaction within
native 25 S U4/U6.U5 tri-snRNP particles isolated from HeLa
cells. Fig. 7TA shows the primer extension analysis of U5 snRNA
derived from cross-linked tri-snRNP particles (lanes 3 and 4)
and of UV-irradiated naked U5 snRNA (lanes 1 and 2). In
comparison with the irradiated naked U snRNAs, primer ex-
tension analysis of U5 snRNA derived from UV-irradiated tri-
snRNP particles shows additional strong reverse transcriptase
stops at U*! to A** (Fig. 7A, lane 4), corresponding to U*° to U*?
within the highly conserved loop 1 being cross-linked (Fig. 7B).
Although stops at these nucleotides, in particular at U*° and
U*!, were also present in the irradiated naked U5 snRNA, they
were significantly increased (~50-fold) in the irradiated tri-
snRNP sample (Fig. 7A, compare lanes 2 and 4). This suggests
that U*° to U*3 are targets for RNA-protein cross-links within
loop 1 of U5 snRNA. In addition, less strong RNA-protein
cross-linking sites were observed at A’”° and U2 in the 3'-half
of IL1 (Fig. 7A; see also Fig. 7C for U5 snRNA sequence),
corresponding to reverse transcriptase stops at C! and C"®
(Fig. TA). Weak stops were also observed at A*” and in the
5’-half of IL2 (Fiig. 7A). At these sites, no stops were detectable
on the irradiated naked U5 snRNA (Fig. 7A, compare lanes 2
and 4), demonstrating that they are also due to RNA-protein
cross-linking events.

To identify the Ub-specific proteins cross-linked to these
nucleotides within U5 snRNA, we applied our procedure of
immunoprecipitation and primer extension to the UV-cross-
linked tri-snRNP particles using antibodies specific for the
220-, 200-, 116-, and 40-kDa proteins (41-43). These four pro-
teins form a remarkably stable heteromeric protein complex in
the absence of U5 snRNA (43). Fig. 7B shows the results of the
primer extension analysis of U5 snRNA after cross-linking of
the tri-snRNP particles and immunoprecipitation of the 220-
and 116-kDa proteins. Reverse transcriptase stops were exclu-
sively detected in the UV-light irradiated sample that was
subjected to immunoprecipitation with anti-220-kDa protein
antibody (Fig. 7B, lane 2). The stops observed after immuno-
precipitation with the anti-220-kDa protein antibody are lo-
cated at U*! to A** (Fig. 7B), corresponding to cross-links to U%°

to U*? within the highly conserved loop 1 of U5 snRNA. In
addition, a weaker reverse transcriptase stop was observed at
C", corresponding to a cross-link to U”? within the 3'-half of
IL1 of U5 snRNA. No stops were detected within loop 1 and IL1
of U5 snRNA with anti-116-kDa protein antibody (Fig. 7B, lane
4) or anti-200- and anti-40-kDa protein antibodies (data not
shown). This clearly demonstrates that within native tri-
snRNP particles, only the U5-specific 220-kDa protein is cross-
linked to the four adjacent nucleotides within loop 1 as well as
to U" within the 3’-half if IL1 of U5 snRNA (Fig. 7C). The
absence of any detectable full-length U5 snRNA transcript in
either the irradiated (Fig. 7B, lanes 2 and 4) or non-cross-
linked (lanes 1 and 3) samples shows that non-cross-linked U5
snRNA was not coprecipitated. After UV irradiation, only those
U5 snRNAs were coprecipitated that were covalently attached
to the 220-kDa protein via cross-links to nucleotides in either
loop 1 or IL1 (Fig. 7C). The low overall level of cross-linking
yield argues against multiple cross-links occurring in one U5
snRNA molecule. Therefore, every nucleotide that causes a
reverse transcriptase stop in this experiment represents an
authentic cross-linking site for the 220-kDa protein. This situ-
ation is similar to that observed in the case of the Ul 70K
protein (Fig. 2; see above), where independent sites within the
protein became cross-linked to neighboring nucleotides of stem-
loop I of U1 snRNA, thus causing apparently multiple reverse
transcriptase stops.

DISCUSSION

In this study, we have employed a novel method involving
UV cross-linking to investigate direct snRNA-protein interac-
tions within native HeLa snRNP. To identify the exact sites of
cross-linking of the proteins to the RNA, we developed an
approach that combines immunoprecipitation of cross-linked
proteins with primer extension analysis of the cross-linked
RNA moiety.

To test the feasibility of our approach, we chose native Ul
snRNP and tri-snRNP particles purified from HeLa cells. The
primer extension analysis subsequent to immunoprecipitation
identified multiple cross-linking sites of the Ul 70K protein in
U1 snRNA (G?® and U?°) and of the U5 snRNP-specific 220-
kDa protein in the U5 snRNA (U to U* and U"2). The fact
that the Ul 70K protein amino acids Tyr!!2 and Leul”® were
found to be cross-linked to G*® and U?°, respectively, by N-
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Fi1G. 7. A, primer extension analysis of U5 snRNA derived from UV-
cross-linked 25 S U4/U6.U5 tri-snRNP (lanes 3 and 4) compared with
UV-irradiated naked U5 snRNA (lanes 1 and 2). Lanes 1 and 3, no UV
irradiation (control (Ctr)); lanes 2 and 4, 2 min of UV irradiation at 254
nm (UV). C, U, A, and G indicate dideoxy sequence markers. The cDNA
primer used in this experiment is complementary to positions 83—-103
(indicated as a solid line in C). The in vitro U5 snRNA transcript used
for generation of marker lanes has five additional nucleotides on the
5'-end. Reverse transcriptase stops at U*! to A**, C™, and C”® and weak
stops at nucleotides within the 5'-half of IL2 are denoted on the right.
Black bars on the left indicate loop 1 and the 3’-half of IL.1 of U5 snRNA.
B, primer extension analysis of cross-linked U5 snRNA after immuno-
precipitation of cross-linked 25 S U4/U6.U5 tri-snRNPs with anti-220-
kDa protein (a-220) or anti-116-kDa protein (a-116) antibody. Prior to
immunoprecipitation, cross-linked 25 S U4/U6.U5 tri-snRNPs were
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terminal sequencing and MALDI-MS of purified Ul 70K pep-
tide-oligonucleotide cross-links (Figs. 4—6) provides an inde-
pendent confirmation that each strong reverse transcriptase
stop observed after immunoprecipitation is an authentic cross-
linking site. Our approach can therefore be considered as a
general approach suitable for the detection of single and/or
multiple RNA-protein contact sites in a variety of different
native UV-irradiated RNP particles.

Since no label for either the RNA or the protein moiety can be
used in native particles, it is clear that our approach is not as
sensitive as when labeled components are used; and therefore,
more material is required. Despite the lower sensitivity, our
approach has advantages over those that use reconstituted
particles. First, purified native particles are stable and fully
assembled and thus more homogeneous. Reconstitution of par-
ticles has been successfully used to increase the cross-linking
yield by incorporation of site-specific cross-links. However,
cross-linking of such particles depends on the efficiency of
reconstitution, and incomplete or incorrect assembly can result
in different subpopulations or false positives, which in turn
complicate the interpretation of the complex cross-linking pat-
tern. Second, primer extension analysis of the cross-linked
RNAs subsequent to immunoprecipitation can reveal multiple
contact sites between one protein and the RNA within one
experiment. Thus, our approach allows the rapid and exact
identification of RNA-protein cross-links.

In addition to its methodological importance, this work also
contributes valuable information that helps in our understand-
ing of the molecular organization of the Ul particle as well as
that of U5 snRNP within the context of tri-snRNP. Previous
deletion and mutation analyses demonstrated that the Ul 70K
protein directly and specifically interacts with stem-loop I of
U1 snRNA via its RNA-binding domain (RBD) (11) (Fig. 8A),
requiring 8 of 10 bases (positions 28 -37) of the loop for binding
(12, 13). Our Ul 70K protein cross-linking results (cross-link-
ing of Tyr'? and Leu'”® to G*® and U3° within stem-loop I,
respectively) complement the previous studies and allow us to
formulate a structural model to explain the Ul 70K RBD in-
teraction with stem-loop I of Ul snRNA. Based on a combina-
tion of a secondary structure prediction of the U1 70K RBD (11,
44) (Fig. 8A) and crystallographic data of other RBD-containing
proteins complexed with RNA (U1 A (18), U2 A’/U2 B” (21), and
Sxl (45)), we modeled a three-dimensional structure of the Ul
70K RBD (SWISS-MODEL) (46). In this model, the cross-
linked amino acids are located in loop 1 (Tyr!'2) and p-strand 4
(Leul") adjacent to the octamer consensus sequence motif
present in B-strand 3 (11) (Fig. 8, A and B). The side chains of
the amino acids directly interact with nucleotides in U1l stem-
loop I separated by 1 base (Fig. 8B). This site-specific interac-
tion found in the Ul 70K RNP is highly reminiscent of that
observed in crystal structures of other RBD-containing pro-
teins complexed with RNA. Thus, amino acids located in loop 1
and B-strand 4 of RBD-1 from the Ul A (18) and Sxl (45)
proteins contact nucleotides separated by 1 base in their cog-
nate RNAs (of Ul snRNA stem-loop II and the transformer

dissociated with the SDS/Triton X-100 procedure (see “Experimental
Procedures”). Lanes 1 and 3, no UV irradiation; lanes 2 and 4, 2 min of
UV irradiation at 254 nm. See Fig. 1 for details. Nucleotide positions of
reverse transcriptase stops (C”® and U*! to A**) are given on the right.
Black bars on the left indicate loop 1 and the 3'-half of IL1 of U5 snRNA.
C, secondary structure of the U5 snRNA. Arrows depict nucleotides that
were identified to be cross-linked to the 220-kDa protein (U*° to U*® and
U"). Note that the positions of cross-linked nucleotides are one position
upstream of the stops caused by the reverse transcriptase (C*® and U*!
to A**; see A and B). The gray arrow indicates the weaker cross-link at
U*2, The position of the cDNA primer used for primer extension anal-
ysis is indicated by the solid line.
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Amino acids within white boxes that are
marked by arrows (Tyr''? and Leu'’®) are
the cross-linking sites to Ul snRNA. Sec- B
ondary structure elements are given
within the sequence. The secondary struc-
ture prediction was performed according
to Ref. 44. B, schematic representation of
the RNA-binding domain of the Ul 70K
protein cross-linked to stem-loop I of Ul
snRNA. The three-dimensional structure
of the Ul 70K RBD was modeled using
SWISS-MODEL (46) and secondary
structure prediction analysis (PHDsec)
(44). Cross-linked amino acids (Tyr''? and
Leu'™) are shown within the structure of
the protein. Cross-linked amino acids and
nucleotides are connected by arrows.

polypyrimidine tract, respectively) (18, 45). Our results there-
fore provide further evidence for the highly conserved nature of
the RBD-RNA interactions.

In UV-irradiated tri-snRNP particles, we demonstrated that
the predominant UV-induced cross-links occur between the U5
snRNP-specific 220-kDa protein and several nucleotides within
the highly conserved loop 1 of U5 snRNA. In addition, we
observed a weaker site of cross-linking of the 220-kDa protein
to U2 in the 3'-half of IL1 (Fig. 7).

Our cross-linking results from HeLa tri-snRNP complement
and extend previous cross-linking studies of U5 snRNPs recon-
stituted in vitro within yeast nuclear extracts (28). In these
studies, the 220-kDa yeast homologue Prp8p was found to be
cross-linked mainly to loop 1 of U5 snRNA. Additional site-
specific cross-linking sites for Prp8p were also identified in the
3’-half of IL1 (corresponding to IL2 in the yeast nomenclature)
and for nucleotides in the 5'- and 3’-halves of IL2 (correspond-
ing to yeast IL1). In our studies, we further observed RNA-
protein cross-linking sites within the 5'-half of IL2 of U5
snRNA. Due to their low abundance, we were not able to
identify the U5 or tri-snRNP(s) involved in these or the other
weak RNA-protein cross-linking sites observed (to U%® and A7%;
see “Results”). In yeast, the U5 snRNP-specific Snulldp was
found to be cross-linked to the 5’-half of IL2 (yeast IL1) (28). We
did not identify the Snull4p human homologue, the U5 116-
kDa protein, within any cross-linked products. A possible ex-
planation for the different 116-kDa protein/Snull4p cross-
linking pattern may be that yeast U5 snRNP assumes a
different RNP conformation than HeLa U5 snRNP, possibly
due to the additional variable stem-loop in yeast that is located
close to the cross-linking site of Snull4p.

Taken together, our 220-kDa protein cross-linking data sug-
gest that, similar to the situation in yeast, multiple 220-kDa
protein regions directly contact U5 snRNA and that the human
220-kDa protein spans the entire 5'-stem-loop of U5 snRNA.
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Thus, not only is the 220-kDa protein evolutionarily highly
conserved between yeast and man, but also its interactions
with the U5 snRNA within U5 snRNPs.

The fact that the highly conserved loop 1 of U5 snRNA
extensively contacts the 220-kDa protein (with U%° to U3 being
cross-linked to this protein (see Fig. 7)) deserves special atten-
tion for the following reasons. First, it has been shown within
both the yeast and mammalian in vitro splicing systems that
deletion of loop 1 has no effect on the first catalytic step of
splicing (47, 48). Additionally, loop 1 is dispensable for the
second catalytic step of splicing within the mammalian splicing
system (48). These results suggest that, under certain condi-
tions, loop 1 is not absolutely required for splicing and that
other spliceosomal factors can compensate for it when it is
absent. The extended interaction surface between loop 1 and
the 220-kDa protein, observed in our experiments, reinforces
the idea that the 220-kDa protein substitutes for the function of
loop 1 in exon alignment prior to the second catalytic step of
splicing when loop 1 is deleted (48). Second, since loop 1 and the
220-kDa protein/Prp8p can be cross-linked to equivalent posi-
tions at the 5'- and 3’-splice sites in HeLa cells as well as in the
yeast system (49-51), it has been hypothesized that one role of
the protein is the stabilization of the loop 1-pre-mRNA inter-
action throughout the splicing reaction (50). The fact that at
least two of the nucleotides that we identified here as cross-
linking sites for the 220-kDa protein, namely U%® and U*!, are
identical to those found cross-linked to the 5’-splice site and
adjacent to the 3’-splice site in both splicing systems (52, 53)
lends support to the proposed function of the protein in exon
alignment.

Cross-linking and genetic studies of the 220-kDa protein and
its yeast homologue indicate a functional interaction of the
carboxyl-terminal region of the protein and the 5'-splice site as
well as the 3'-splice site in the catalytic center (54—56). Accord-
ingly, the exact localization of the region of the 220-kDa protein
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that is involved in the observed extended interaction with loop
1 of U5 snRNA (e.g. according to the methods outlined above for
the Ul 70K protein) will be important, as it allows us to gain
further insight into the functional and/or structural domains of
the protein that are close to or within the catalytic center of the
spliceosome. As it has recently been shown that Prp8p also
directly interacts with U6 snRNA (29) and seems to stabilize
tertiary interactions of the 5’'-splice site, the 3’-splice site, and
U6 snRNA prior to the second step of splicing (57), it would
thus be interesting to see whether distinct protein regions or
domains might have distinct functional features.
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