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cyanin pathway. The transferred C1 may
only be functional in Arabidopsis when it
interacts with the transferred R.

The observed effect of R on both tri-
chomes and anthocyanin suggests that the
ttg locus in Arabidopsis encodes an R homo-
logue. Alternatively, the ttg protein may
activate an R homologue. The activator R
is a useful visual marker of transformation
in maize (20). Both R and CI may provide
visual genetic markers in Arabidopsis and
other flowering plants by controlling pro-
duction of both pigment and trichomes.
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Interaction of U6 snRNA with a Sequence
Required for Function of the Nematode
SL RNA in Trans-Splicing

Gregory J. Hannon,* Patricia A. Maroney, Yi-Tao Yu,
Gretchen E. Hannon,* Timothy W. Nilsent

Nematode trans-spliced leader (SL) RNAs are composed of two domains, an exon [the
22-nucleotide spliced leader] and a small nuclear RNA (snRNA)-like sequence. Partici-
Jation.in vitro of the spliced leader RNA in trans-splicing reactions is independent of the
exon sequence or size and instead depends on features contained in the snRNA-like
domain of the molecule. Chemical modification interference analysis has revealed that two
short sequence elements in the snRNA-like domain are necessary for SL RNA activity.
These elements are sufficient for such activity because when added to a 72-nucleotide
fragment of a nematode U1 snRNA, this hybrid RNA could participate in trans-splicing
reactions in vitro. One of the critical sequence elements may function by base-pairing with
U6 snRNA, an essential U snRNA for both cis- and trans-splicing.

In nematodes, a subset of mMRNAs contains
a common 5’ terminal 22-nucleotide SL
sequence. The SL sequence is acquired
from a small (~100 nucleotides) SL RNA
by trans-splicing. The SL RNA represents
an unusual type of U snRNA that contains
an exon, the 22-nucleotide SL, and an
snRNA-like domain (I). Awvailability of
ahomologous trans-splicing system in which
synithetic SL RNA can serve as the trans-
splice donor in vitro has facilitated a muta-
tional analysis to identify sequences in the
SL RNA that are important for its function
(2). Such an analysis has shown that SL
RNA participation in trans-splicing in vitro
depends on assembly into an Sm small
nuclear ribonucleoprotein (snRNP) and
does not require specific exon sequences (2,
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3). These observations indicate that deter-
minants of SL RNA function reside in the
snRNA-like domain of the molecule.

We used chemical modification interfer-
ence analysis as a probe to identify func-
tionally important sequence elements in
the snRNA-like domain of SL RNA. SL
RNA that was 3’ end-labeled was treated
with diethylpyrocarbonate (which modifies
purines) under conditions in which less
than one modification per molecule is in-
troduced. The population of the SL RNAs
carrying single modifications at random
sites served as the substrate for trans-splic-
ing (Fig. 1B). Because the SL RNA was 3’
end-labeled, only the Y-intron + exon
intermediate (produced by the first step of
trans-splicing) and the Y-intron product
(produced by the second step of trans-
splicing) were visualized by autoradiography
of gel-fractionated trans-splicing reactions
(Fig. 1, A and B). After recovery from
preparative gels, the two Y-branched spe-
cies, as well as unreacted SL RNA, were
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treated with aniline to induce strand
breakage at sites of modification (Fig. 1C).
Comparison of the cleavage pattern of
unreacted SL RNA with that of the Y
intron + exon intermediate revealed that
modification of any of nine purines pre-
vented SL RNA participation in the first
step of trans-splicing (Fig. 1C); no addi-
tional important purines were identified in
the same analysis of the Y-intron product
(Fig. 1C). Thus, no specific purines were
uniquely required for the second step of
trans-splicing. The purine residues that
were shown by modification interference
to be essential for trans-splicing were con-
fined to two regions of the SL RNA: a
short stretch on the 3’ side of stem II and
the single-stranded region between stems
II and III (Fig. 1D). This single-stranded
region contains the Sm-binding sequence
(AAUUUUGG) flanked by three up-
stream nucleotides (AUA) and three
downstream nucleotides (AAC). The Sm-
binding sequence in U snRNAs directs
assembly of the RNAs into RNP particles
that contain proteins with epitopes recog-
nized by antibodies with Sm specificity
(4). Modification of any of the four pu-
rines in the Sm-binding sequence or either
of the two adjacent downstream adenos-
ines prevented use of the SL RNA in
trans-splicing.

A functional Sm-binding sequence is
necessary in vitro for SL RNA participation
in trans-splicing (2). For this reason, it
seemed likely that Sm-binding site purines
were identified by the modification interfer-
ence analysis because of an effect on SL
RNP assembly. However, when we assessed
the effect of modification on SL RNP as-
sembly (as measured by mobility shift on
native gels) (3), no individual purine mod-
ification was sufficient to inhibit SL RNP
assembly (5). Thus, the Sm-binding site
purines apparently contribute to SL RNA
function in a manner distinct from their
role in directing RNP formation.

In contrast to the divergence found in
the primary sequence of the remainder of
the snRNA-like domain (the Ascaris SL
RNA and Caenorhabditis elegans SL1 RNA
are only ~40% identical in this domain),
the elements identified by modification in-
terference have been conserved among ev-
olutionarily distant nematodes. The identi-
cal Sm-binding sequence (AAUUUUGG)
is present in all nematode SL RNAs char-
acterized to date. The sequence immediate-
ly 3’ of the Sm site (AAC) is found in the
C. elegans SL RNAs (SL1 and SL2) and in
the SL RNAs of Brugia malayi, Angios-
trongylus cantonensis, and Oncocera volvulus;
the sequence AAA is found in the analo-
gous position in the SL RNA of Dirofilaria
imitis (6). The element on the 3’ side of
stem II has also been conserved both in
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primary sequence and its position relative
to the Sm-binding site. The sequence
GUGGC (which contains guanosines 61,
63, and 64 identified by modification inter-
ference) is found nine nucleotides upstream
of the first adenosine of the Sm-binding site
in Ascaris, B. malayi, O. volvulus, and D.
imitis. A similar sequence UUGGC is found
ten nucleotides upstream of the C. elegans
SL1 Sm-binding site. The C. elegans SL1
RNA and Ascaris SL RNA function equally
in trans-splicing reactions with Ascaris ex-
tracts (7), indicating that a guanosine per
se at base 61 is not required for SL RNA
function.

The chemical modification interference

A
-22 85 144 :1201
SL RNA Pre-mRNA acceptor
SL @ Y-intron + exon
223 !
| —

Y-intron

:

Fig. 1. Chemical modification interference iden-
tifies nine purines essential for SL RNA function.
(A) Schematic representation of the trans-splic-
ing reaction between synthetic SL RNA and a
pre-mRNA containing a trans-splice acceptor
site. Substrates for trans-splicing are as de-
scribed (2, 3). Numbers indicate length in
nucleotides. (B) Trans-splicing reactions with
32P.guanosine triphosphate (GTP)-labeled
(lane 1) or 3' end-labeled (lane 2) SL RNAs and
unlabeled acceptor RNA. Synthesis of sub-
strates and conditions for trans-splicing reac-
tions in Ascaris embryo extract were as de-
scribed (2, 3). Designations of products and
intermediates are as in (A). We performed 3’
end-labeling with 3',5'[5"-**P]cytidine bisphos-
phate (pCp) as described (16). Lane M, restric-
tion fragment markers in nuclectides. (C)
Chemical modification interference analysis. As
a substrate, 20,000 cpm of 3' end-labeled SL
RNA was first treated with diethylpyrocarbonate
under conditions where less than one modifica-

Trans-spliced product

experiment identified elements necessary
for function of the SL RNA’s snRNA-like
domain in trans-splicing reactions. If these
elements were sufficient to confer function,
their introduction into a heterologous RNA
in the appropriate structural context would
be predicted to create a functional artificial
SL RNA. As a recipient RNA for such a
substitution experiment, we chose a 72-
nucleotide fragment of an Ascaris Ul sn-
RNA (bases 91 to 162). This RNA was
selected for the following reasons. (i) Com-
puter-generated secondary structure analy-
sis predicted that deletion of the first 90
nucleotides of the Ascaris U1 snRNA would
result in an RNA that would adopt an
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tion per molecule was introduced (77) and then used for trans-splicing. After gel electrophoresis,
Y-intron + exon, and Y-intron species were purified from preparative gels such as the one shown
in (B), lane 2, and cleaved with aniline (77). Indicated bases are those whose modification
prevented SL RNA use in trans-splicing. Bases were identified by comparison to a chemical
sequencing ladder of unreacted SL RNA (5) and are numbered according to (D). Purines contained
within the 22-nucleotide SL (indicated) are not present in the Y-intron + exon, or Y-intron molecules.
(D) Schematic representation of chemical modification interference results. The sequence and
computer-generated secondary structure of the Ascaris SL RNA in which purines identified in (C)
are shown in lowercase letters and the 3’ side of stem Il, the Sm-binding site, and the 3’ adjacent

(Adj) nucleotides are indicated by brackets.
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overall structure similar to that of the SL
RNA’s snRNA-like domain (two stem
loops separated by a single-stranded region
containing the Ul snRNA Sm-binding
site). (ii) The Ul snRNA has the se-
quence UUGGC ten nucleotides upstream
of the first nucleotide of its Sm-binding
site. (iii) This fragment was predicted to

II III

U1 snRNA

lack the binding sites for Ul-specific pro-
teins (8). After introduction of an exon
and a 5’ splice site (for convenience, in
initial constructs we used the 22 nucleo-
tide SL sequence and the accompanying
5'-splice site), the resultant chimeric
RNA was predicted to have an arrange-
ment of structural domains resembling
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Fig. 2. Conversion of a 72-nucleotide fragment of an Ascaris oS Fhih
U1 snRNA into a functional SL RNA by site-directed mutagen-
esis. (A) Schematic representation of chimeric synthetic SL
RNAs. (Top) Both the SL RNA and U1 snBNA are shown in H

predicted secondary structures with stem loops numbered.

(Bottom) Nucleotide sequences of chimeric SL-U1 SL RNAs. The first 33 nucleotides of the SL RNA
(bold uppercase and boxed) were fused to a 72-nuclectide fragment of Ascaris U1 snRNA
(sequence shown in lowercase). Nucleotides indicated by bold lowercase and boxed are not
derived from either the U1 snRNA or the SL RNA and were introduced as a conseqguence of the
cloning strategy we used to generate the chimeric molecule. (B) Trans-splicing of chimeric SL-U1

SL RNAs. Lane 1,

wild-type SL RNA; lane 2, SL-U1 chimeric RNA with U1 Sm-binding site

AAUUUUUGC and SL RNA adjacent bases AACG; lane 3, SL-U1 chimeric RNA containing the SL
RNA Sm-binding site AAUUUUGG and U1 3 adjacent bases GUUU; lane 4, SL-U1 chimeric RNA
with SL RNA Sm-binding site and adjacent bases; and lane 5, wild-type SL RNA. We used 150,000
cpm (5 ng) of each RNA in trans-splicing reactions identical to those shown in Fig. 1B. After
incubation, reactions were analyzed as described (3). Schematic designations of products and
intermediates are as in Fig. 1A. Lane M, restriction fragment markers in nucleotides.

Fig. 3. Function of the SL RNA in trans-splicing correlates with cross-linking A
efficiency. (A) AMT-dependent UV cross-linking of wild-type SL RNA. We
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incubated 150,000 cpm (5 ng) of [*°P]GTP (guanosine triphosphate)-

labeled SL RNA for 30 min at 30°C as described for trans-splicing reactions

(Fig. 1B) without addition of adencsine triphosphate (ATP) or acceptor
pre-mRNA (lanes 1 to 3). The reaction in lane 4 did not contain extract. After
incubation, AMT (40 pg/ml) was added to the reactions shown in lanes 2 to
4, and all reactions were incubated an additional 20 min at 4°C in the
presence (lanes 1, 3, and 4) or absence (lane 2) of irradiation with 365-nm .

light as described (1

2). After incubations, reactions were analyzed as

described in Fig. 2B. (B) Function of trans-splicing correlates with cross-

linking. Lanes 1 and 5, wild-type SL RNA; lanes 2 and 6, SL RNA in which the

Sm-binding region (AAUUUUGGAACG) was replaced with the analogous

region of U1 snRNA (AAUUUUUGCGUUU); lanes 3 and 7, SL RNA in which

the Sm-binding site (AAUUUUGG) was replaced with the U1 snRNA

Sm-binding site (AAUUUUUGC); and lanes 4 and 8, SL RNA in which the

four nucleotides 3’ of the Sm-binding site (AACG) were replaced with the -
analogous nucleotides of U1 snRNA (GUUU). Lanes 1 to 4, trans-splicing

reactions performed as in Fig. 1B; lanes 5 to 8, cross-linking reactions

performed as in (A, lane 3). Lane M, restriction fragment markers identical to

those in Fig. 2B (nucleotide sizes not indicated). Schematic designations of trans-splicing
intermediates and products are as in Fig. 1A. Unlike similar substitution mutations in the chimeric
SL-U1 RNA (Fig. 2B), replacement of either the SL RNA's Sm-binding site alone (lane 3) or 3’
adjacent sequences alone (lane 4) with analogous U1 snRNA sequences does not completely eliminate trans-splicing function. Replacement of the
entire region (as it does with the chimeric SL-U1 RNA) abolishes function (lane 2).
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those of the authentic SL RNA (Fig. 2A).

This chimeric RNA was synthesized, and
it efficiently assembled into an Sm RNP, as
assessed by native gel electrophoresis and
cap trimethylation assays (2, 3); however,
it did not function in trans-splicing (5).
The chimeric RNA was further modified
by replacement of the Ul sequence
AAUUUUUGC-GUUU (the Sm-binding
site and adjacent four 3’ nucleotides) with
the corresponding region of the SL RNA
(AAUUUUGG-AACG). This altered chi-
meric RNA appeared to function in trans-
splicing (Fig. 2B, lane 4) because of the
appearance of RNAs with the expected mo-
bilities of the trans-spliced product and
branched molecules (Y intron and Y intron
+ exon). To confirm the authenticity of the
trans-splicing, we subjected the two putative
products (ligated exons and Y-intron) to
two-dimensional ribonuclease (RNase) T1
fingerprinting. The 22-nucleotide SL se-
quence was accurately transferred from the
chimeric SL-Ul snRNA to the acceptor
molecule, and the branch point adenosines
(2) used to generate the Y-branched product
were identical to those used in trans-splicing
with authentic SL RNA (5). The artificial
SL-U1 RNA was used as a trans-splice donor
in spite of an excess of endogenous SL RNA
present in the extract (2, 3).

Because the functional chimeric RNA
contained a substitution that replaced both
the Ul Sm-binding site and the adjacent 3’
nucleotides, we examined whether each of
these substitutions was necessary. Therefore,
two additional chimeric RNAs were con-
structed. The first contained the Ul Sm-
binding region with the adjacent nucleo-
tides from the SL RNA (AAUUUUUGC-
AACG). This RNA did not function in
trans-splicing (Fig. 2B, lane 2). Similarly, a

B1 B 8.8

234 M

1777



chimeric RNA containing the SL RNA Sm-
binding site and Ul adjacent nucleotides
(AAUUUUGG-UUUG) was not active
(Fig. 2B, lane 3). Thus, the primary se-
quences of both the Sm-binding site itself and
the adjacent 3’ nucleotides were required for
chimeric SL RNA function. We investigated
the possibility that the 22-nucleotide SL se-
quence itself might be important in conferring
SL RNA function to the chimeric molecule,
even though exon sequence is irrelevant in
the context of the native SL RNA (3).
Chimeric SL-Ul RNAs were constructed
with a variety of artificial exons derived from
pBR 322 (3), and in each case these RNAs
functioned in trans-splicing with an efficiency
comparable to that seen when the same exons
were affixed to the wild-type SL RNA (5).

We have identified two sequence ele-
ments in the snRNA-like domain of the
nematode SL RNA that are necessary for its
participation in trans-splicing and have
shown that these elements can confer SL
RNA function to a fragment of a nematode
U1 snRNA. The first element, the sequence
on the 3’ side of stem II, may serve as the
recognition sequence for an SL RNP-specif-
ic protein or might interact with other trans-
spliceosomal components. The presence of a
nearly identical sequence element upstream
of the Ul snRNA Sm-binding site may
be coincidental because this element is
not conserved either in the C. elegans Ul
snRNA or in the Ul snRNAs of higher
eukaryotes. The second element includes
the Sm-binding site of the SL RNA. In
other eukaryotes, the Sm-binding sequences
of U snRNAs, although subject to variation,
appear to direct the binding of identical core
proteins (9). Similar variation in Sm-bind-
ing sequences is tolerated in nematode U
snRNAs (10), and a similar set of core
proteins appears to be associated with affin-
ity-purified Ascaris U1, U2, U4, and SL
snRNPs (11). Nevertheless, the Ul Sm-
binding sequence is not sufficient for chimer-
ic SL-U1 RNA function in trans-splicing,
suggesting that the bases composing the
Sm-binding site of the SL RNA have a role
in addition to directing assembly into an Sm
snRNP. It is possible that the sequence
conservation of an extended SL RNA Sm-
binding sequence is required for the binding
of SL RNP-specific proteins [four such can-
didate proteins have been identified in puri-
fied SL RNP preparations (11)]. Alterna-
tively (or in addition), the sequence conser-
vation of the Sm-binding site and adjacent
sequences could be dictated by a require-
ment for the SL RNA to interact with
another trans-spliceosomal RNA.

To address the latter possibility, we per-
formed cross-linking experiments using ami-
nomethyltrioxsalen (AMT), which interca-
lates into double-stranded nucleic acid heli-
ces and forms covalent adducts after irradia-
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tion with long-wavelength (365 nm)
ultraviolet (UV) light (12). Using labeled
SL RNA, we observed three cross-linked
species (Fig. 3A, lane 3). The appearance of
the cross-linked species was dependent on
incubation in extract, the presence of AMT,
and irradiation with 365-nm light (Fig. 3A).
To determine if the capacity of the SL RNA
to form cross-linked species correlated with
its ability to function in trans-splicing, we
performed parallel trans-splicing and cross-

linking assays using either wild-type SL
RNA or mutant SL RNAs altered in the
Sm-binding site region (Fig. 3B). Although
the mutant SL RNAs were efficiently assem-
bled into Sm snRNPs (5), they either did
not function (Fig. 3B, lane 2) or functioned
poorly (Fig. 3B, lanes 3 and 4) as trans-splice
donors. These same RNAs cross-linked in-
efficiently (Fig. 3B, lanes 6 to 8). These
results demonstrated a correlation between
cross-linking and function in trans-splicing

Fig. 4. The SL RNA is A B

cross-linked to U6 sn- | 25 BT K R R d i
RNA. (A) Deproteinized 557
RNA prepared from - T ek
cross-linking  reactions

identical to those shown 309
in Fig. 3, lane 3 were

digested with RNase H b & 240
as described (2) in the -—c (B I 118 217
absence of added oli- 2
godeoxynucleotide (lane 180
1) or in the presence of g = 60
oligodeoxynucleotides - 147
complementary to bases

22 to 42 of Ascaris SL 122

RNA (lane 2), bases 1 to
13 of Ascaris U1 snRNA
(lane 3), bases 29 to 45
of Ascaris U2 snRNA
(lane 4), bases 64 to 83
of Ascaris U4 snRNA
(lane 5), bases 37 to 61
of Ascaris U5 snRNA

(lane 6), or bases 37 to 55 of Ascaris U6 snRNA (lane 7). Somewhat less efficient but similar digestion
to that seen in lane 7 was observed when digestion was carried out with an oligodeoxynucleotide
complementary to bases 73 to 90 of U6 snRNA (5). After digestion, RNAs were analyzed as described
(2). The three cross-linked species are designated a, b, and ¢. Sequences of oligodeoxynuclectides are
given in (18). (B) Cross-linked species ¢ in (A) was excised from preparative gels and digested with the
same panel of oligodeoxynucleotides described in (A). Lane designations are identical to those in (A).

Lane M, restriction fragment markers in nucleotides.

Fig. 5. RNase T1 finger-

print analysis of cross- A
linked SL RNA. (A) Two-
dimensional RNase T1
fingerprint of uncross- 16
linked SL RNA excised

from a preparative gel -

similar to Fig. 3, lane 3.
Oligonucleotide desig-
nations are as in (719).
(B)  Two-dimensional .
RNase T1 fingerprint of -
cross-linked species ¢ 2
(Fig. 4A) excised from

preparative gels as de-

scribed in Fig. 4B. The o
small arrow indicates an
“oligonucleotide [oligonu-
cleotide 1 in (A)] absent
from this fingerprint. The
X indicates the position !
of an oligonucleotide not

present in the fingerprint

shown in (A). Finger-

prints of cross-linked species a and b (Fig. 4A) appear identical to the fingerprint of cross-linked species
¢ (56). Fingerprinting was as described (79) and arrows | and |l indicate the first (gel electrophoresis) and
second (homochromatography) dimensions, respectively.
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Fig. 6. A potential base-pairing interaction between the SL RNA and U6 snRNA. (A) The sequences
of a possible site of base pairing between the Ascaris SL RNA and U6 snRNA are shown. The
potential interaction is drawn to maximize base pairing, and the specific bulged uridine in the SL
RNA'’s Sm-binding site was arbitrarily chosen. The region of U6 snRNA known to interact with U2
snRNA (72, 74) in other eukaryotes is indicated. (B) The same interaction shown in (A), indicating
the position of an AMT cross-link between the SL RNA and U6 snRNA (73). The presumptive cap
structures of the snRNAs are indicated to provide orientation: TMG, trimethylguanosine (U4 snRNA
and SL RNA); meP, gamma monomethyl phosphate (U6 snRNA).

and suggested that the Sm-binding region of
the SL RNA could be interacting with
another RNA by base pairing.

To determine if AMT cross-linking had
identified an interaction between the SL
RNA and a characterized U snRNA, we
digested the cross-linked species with
RNase H in the presence of oligodeoxynu-
cleotides complementary to SL, Ul, U2,
U4, U5, or U6 snRNAs (Fig. 4). As ex-
pected, the cross-linked species were digest-
ed with RNase H in the presence of an
oligodeoxynucleotide complementary to SL
RNA (Fig. 4, A and B, lane 2). The
cross-linked species were not digested in the
presence of oligodeoxynucleotides comple-
mentary to Ul, U2, U4, or U5 snRNAs
(Fig. 4, A and B, lanes 3 to 6) but were
digested in the presence of either of two
oligodeoxynucleotides complementary to
U6 snRNA [(Fig. 4, A and B, lane 7) and
(5)]. These results indicated that synthetic
SL RNA could base pair with U6 snRNA
present in the extract. The same interac-
tion occurs between endogenous SL RNA
and U6 snRNA because cross-linked spe-
cies of identical mobility to those seen with
synthetic SL RNA are detected by North-
ern blot analysis of RNAs prepared from
AMT-UV-treated extracts (5).

To determine the site of cross-linking
with respect to the SL RNA, we performed
two-dimensional RNase T1 fingerprint anal-
ysis (Fig. 5). Comparison of fingerprints
generated from uncross-linked (Fig. 5A) or
cross-linked SL RNA (Fig. 5B) revealed a
single difference. In the fingerprint of the
cross-linked species, oligonucleotide 1 (OH-
AAAAUAAAUUUUG-P) spanning the
SL RNA’s Sm-binding site was absent and
was replaced by a heterogeneous slowly mi-
grating species (X in Fig. 5B). Photoreversal
of the cross-linked species with shortwave
(254 nm) UV light showed that oligonucle-
otide X was a cross-linked derivative of
oligonucleotide 1 of the SL RNA (5). These
results indicated that the AMT cross-link
between the SL RNA and U6 snRNA was
confined to a 13-nucleotide region of the SL
RNA that contained the SL RNA’s Sm-
binding sequence. Further mapping by par-
tial alkaline hydrolysis placed the major site
of cross-linking at uridine 77 of the SL
RNA, the 5’-most uridine of the SL RNA's
Sm-binding site (13). In the U6 snRNA, we
have mapped the major site of cross-linking
to uridine 98, five nucleotides from the 3’
end (13). Inspection of the sequences of the
SL RNA and U6 snRNA indicated that
these RNAs are complementary over a
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stretch of 18 nucleotides (with one bulged
nucleotide) that includes the cross-link site
(Fig. 6). In the SL RNA, the region of
complementarity includes the Sm-binding
site and adjacent critical nucleotides. In U6
snRNA, the region of complementarity ad-
joins and overlaps the portion of U6 snRNA
that in other organisms interacts with U2
snRNA by base pairing (12, 14).

Although the complementarity between
the SL RNA and U6 snRNA extends into
stem III of SL RNA, we speculate that the
base pairing interaction (if functionally sig-
nificant) is probably limited to the region
depicted in Fig. 6B for the following reasons.
(i) No critical purines were detected in stem
III by modification interference. (ii) No
cross-links were detected 3’ of the Sm-
binding region (13). (iii) The more limited
interaction would permit simultaneous base
pairing of U6 snRNA with both the SL
RNA and U2 snRNA. These potential in-
teractions, together with the well-estab-
lished [in other systems (15)] base-pairing
interaction of ‘U2 snRNA with the pre-
mRNA branch site, suggest a plausible mod-
el for trans-spliceosome assembly in which
U6 and U2 snRNAs provide a connecting
bridge between the SL RNA and the accep-
tor pre-mRNA. If this model is experimen-
tally verified, it would answer, at least in
part, one of the major questions in trans-
splicing, that is, how the two substrates for
trans-splicing (the SL RNA and acceptor
pre-mRNA) efficiently associate in the ab-
sence of significant sequence complementat-
ity to each other.
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Nucleosome Core Displacement in Vitro via a
Metastable Transcription Factor—
Nucleosome Complex

Jerry L. Workman*t and Robert E. Kingston

In order to function, transcription factors must compete for DNA binding with structural
components of chromatin, including nucleosomes. Mechanisms that could be used in this
competition have been characterized with the use of the DNA binding domain of the yeast
GAL4 protein. The binding of GAL4 to a nucleosome core resuited in a ternary complex
containing GAL4, the core histone proteins, and DNA. This ternary complex was unstable;
upon the addition of nonspecific competitor DNA, it dissociated into either the original
nucleosome core particle or GAL4 bound to naked DNA. Nucleosome core destabilization
by GAL4 did not require a transcriptional activation domain. These data demonstrate the
displacement of nucleosome cores as a direct result of binding by a regulatory factor.
Similar mechanisms might affect the establishment of factor occupancy of promoters and

enhancers in vivo.

An initial hurdle in activating gene ex-
pression involves the ability of regulatory
factors to access their binding sites in chro-
matin. For numerous genes, activation re-
sults in the interruption of nucleosome
arrays at enhancer and promoter sequences
and the binding of specific regulatory fac-
tors to these sequences (I). For most genes,
it is not clear whether binding by transcrip-
tion factors causes the observed disruptions
in chromatin structure or if chromatin
structure must first be perturbed (by DNA
replication, for example) to subsequently
allow factor binding (2, 3). However, an
example of the former mechanism is pro-
vided by studies of the mouse mammary
tumor virus (MMTYV) promoter that have
demonstrated that the glucocorticoid recep-
tor can bind to a nucleosome associated with
this promoter (4, 5). It has been proposed
that this binding alters the nucleosome so
that the additional factors nuclear factor 1
(NF1) and TATA box binding factor

J. L. Workman, Department of Molecular Biology,
Massachusetts General Hospital, Boston, MA 02114.
R. E. Kingston, Department of Molecular Biology,
Massachusetts General Hospital, Boston, MA 02114
and Department of Genetics, Harvard Medical School,
Boston, MA 02115.

*Present address: Department of Molecular and Cell
Biology, The Pennsylvania State University, University
Park, PA 16802.

1To whom correspondence should be addressed at
The Pennsylvania State University.

1780

(TFIID) can bind to this promoter and
activate transcription (5). Similar mecha-
nisms that involve replication-independent
nucleosome displacement are illustrated in
the activation .of the PHO5 promoter in
Saccharomyces cerevisiae (6), and indeed ma-
nipulation of nucleosome density in vivo
alters the regulation of PHO5 and additional
promoters (7). These studies and others
have led to the proposal that transcription
factors and nucleosomes are involved in a
dynamic competition for occupancy of regu-
latory DNA sequences (3). We tested the
hypothesis that binding by a regulatory fac-
tor can directly destabilize nucleosome
cores.. This mechanism would allow the
initiation of occupancy of DNA sequences
by regulatory factors in chromatin.

We have previously shown that deriva-
tives of the yeast regulatory protein GAL4
can bind to nucleosomal DNA and tran-
scriptionally activate nucleosomal templates
in vitro (8, 9). The binding of GAL4 to
nucleosomes is facilitated by the presence of
multiple GAL4 sites, which perhaps is rele-
vant to the occurrence of multiple GAL4
sites in naturally found promoters (9). To
determine the effect of this binding on nu-
cleosome stability, we developed a protocol
using purified components so that the pro-
tein composition of the resulting complexes
could be determined directly. We used poly-
merase chain reaction (PCR) amplification
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to generate homogeneous DNA fragments of
nucleosome core length (150 bp). The cen-
tral portion of these fragments contained five
GAL4 binding sites that covered 95 bp.
These fragments were reconstituted into nu-
cleosome core particles by salt-gradient dial-
ysis with purified Hela core histones and
purified as 11S particles by sedimentation
(10). Gradient-purified nucleosome core
particles reconstituted by this protocol con-
tain equal stoichiometries of the four core
histones as illustrated by Coomassie blue—
stained gels of the purified reconstituted
particles (Fig. 1A) (11). Nucleosomes re-
constituted by this method also demonstrate
a kinetic barrier to micrococcal nuclease
digestion at approximately 146 bp and dem-
onstrate the 10-bp deoxyribonuclease
(DNase I) digestion ladder characteristic of
native nucleosome core particles (11).

We first verified that the GAL4 protein
could bind to these purified nucleosome
cores. We used GAL4-AH, a fusion protein
that contains the DNA binding and dimer-
ization domains of GAL4 and an artificial
activation domain (12). This protein binds
to the 150-bp PCR fragment that contains
the five GAL4 sites and also binds to the
same fragment reconstituted into nucleo-
some cores as measured by electrophoretic
mobility-shift assay (EMSA) (Fig. 1B). The
purified DNA fragment was shifted through
a series of complexes, which represents the
binding of an increasing number of GAL4-
AH dimers (from one to five dimers). Sim-
ilarly, a series of complexes was generated
upon GAL4-AH binding to the reconstitut-
ed nucleosome cores. The specificity of this
interaction was demonstrated by DNase I
footprinting of templates under similar con-
ditions (9) and by the lack of formation of
these complexes when the same amounts of
protein were incubated with PCR-raised
templates that did not contain GAL4 bind-
ing sites. GAL4 binding to the purified
nucleosome cores, relative to binding naked
DNA, was inhibited even less than the
tenfold reported previously (9) in this assay.
This lowered inhibition was a result of the
high concentration (above the dissociation
constant) of nucleosome cores used to facil-
itate the protein analysis. The intermediate
complexes with increasing numbers of
GAL4 dimers bound to the nucleosome
cores were decreased in mobility relative to
the analogous complexes formed with the
naked DNA probe. Although this “super-
shift” became more subtle with an increasing
number of bound GAL4 dimers, it was still
apparent when five dimers were bound (9).
These data suggest that components of the
original nucleosome core (core histones)
could still be present in the complexes with
bound GAL4 dimers.

To address this question, we took advan-
tage of the fact that there were only five





