RNA (1999), 5:318-329. Cambridge University Press. Printed in the USA.
Copyright © 1999 RNA Society.

Photocrosslinking of 4-thio uracil-containing
RNAs supports a side-by-side arrangement
of domains 5 and 6 of a group Il intron

MIRCEA PODAR' and PHILIP S. PERLMAN

Department of Molecular Biology and Oncology. University of Texas Southwestern Medical Center,
Dallas, Texas 75235-9148, USA

ABSTRACT

Previous studies suggested that domains 5 and 6 (D5 and D6) of group Il introns act together in splicing and that the
two helical structures probably do not interact by helix stacking. Here, we characterized the major Mg?* ion- and
salt-dependent, long-wave UV light-induced, intramolecular crosslinks formed in 4-thiouridine-containing D56 RNA
from intron 5y (al5y) of the COXI gene of yeast mtDNA. Four major crosslinks were mapped and found to result from
covalent bonds between nucleotides separating D5 from D6 [called J(56)] and residues of D6 near and including the
branch nucleotide. These findings are extended by results of similar experiments using 4-thioU containing D56 RNAs
from a mutant allele of al5y and from the group IIA intron, al1. Trans-splicing experiments show that the crosslinked
wild-type al5y D56 RNAs are active for both splicing reactions, including some first-step branching. An RNA con-
taining the 3-nt J(56) sequence and D6 of al5y yields one main crosslink that is identical to the most minor of the
crosslinks obtained with D56 RNA, but in this case in a cation-independent fashion. We conclude that the interaction
between J(56) and D6 is influenced by charge repulsion between the D5 and D6 helix backbones and that high
concentrations of cations allow the helices to approach closely under self-splicing conditions. The interaction be-
tween J(56) and D6 appears to be a significant factor establishing a side-by-side (i.e., not stacked) orientation of the
helices of the two domains.
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INTRODUCTION

A great deal of research has been directed toward iden-
tifying and understanding the functional importance of
secondary and tertiary structure elements responsible
for the formation of the three dimensional structure of
self-splicing group Il intron RNAs (Michel & Ferat, 1995;
Jacquier, 1996; Pyle, 1996). The secondary structures
of group Il introns consist of six highly conserved sub-
structures called domains (D1 through D6). Most of the
known tertiary interactions were proposed based on
sequence covariation analysis. Subsequent studies have
confirmed or assessed their importance, mostly using
the self-splicing intron al5y from yeast mtDNA. The
secondary structure domains are separated by short
joining sequences, some of which are involved in ter-

tiary interactions (Michel & Ferat, 1995; Jacquier, 1996;
Pyle, 1996). Experiments using direct structure-probing
approaches have begun to reveal new elements of ter-
tiary structure of group Il intron RNA (e.g., Chanfreau &
Jacquier, 1994, 1996; Podar et al., 1995, 1998; Jestin
et al., 1997; Costa et al., 1998).

Domain 5 (D5) is an essential constituent of the cat-
alytic core of group Il introns that has been the subject
of intense research over the last several years. It
contains several nucleotides whose functional groups
appear to influence catalysis directly (Chanfreau & Jac-
quier, 1994; Boulanger et al., 1995; Peebles et al., 1995;
Abramovitz et al., 1996; Schmidt et al., 1996; Konforti
et al., 1998). It has been known for some time that D5
interacts with other regions of the intron, and that those
tertiary interactions are strong enough to allow D5 to
function in trans (Jarrell et al., 1988). Cis deletions and

Reprint requests to: Philip S. Perliman, Department of Molecular
Biology and Oncology, University of Texas Southwestern Medical
Center, Dallas, Texas 75235-9148, USA: e-mail: periman@ utsw.
swmed.edu.

"Present address: Biology Department, Woods Hole Oceano-
graphic Institution, Woods Hole, Massachusetts 02543, USA.

318

trans-splicing experiments showed that D1 contains
one or more components of the binding site for D5, and
that binding to D1 is sufficient for D5 to function in the
first step of splicing (Koch et al., 1992; Michels & Pyle,
1995). The ¢-¢' tertiary interaction was shown to occur
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between the GAAA loop of D5 and an internal loop in
D1 (Costa & Michel, 1995). Additionally, nucleotides of
the lower helix and the 2-nt bulge of D5 also appear
involved in as yet undefined tertiary contacts in the
ground-state active-site structure, possibly involving part
of D3 (Jestin et al., 1997). Recent studies of long-wave
UV light-induced crosslinks between 4-thioU contain-
ing D5 RNA and several unmodified substrate mol-
ecules showed that the lower helix of D5 is positioned
near the J2,3 region of the intron (Podar et al., 1998).

D6 contains the attacking nucleophile for wild-type
first-step reactions (van der Veen et al., 1986). Intron
RNA deleted for D6 retains substantial activity for the
first splicing reaction, but uses an alternative hydrolysis
pathway (Koch et al., 1992). That deletion strongly in-
hibits both the extent of second-step reactions and the
accuracy of 3'-splice-site selection. Introns with muta-
tions of the branch nucleotide of D6 are blocked for
first-step branching (Gaur et al., 1997) but remain highly
reactive for first-step hydrolysis and for second-step
splicing (Liu et al., 1997; Chu et al., 1998). In vivo, D6
point mutations permit enough of the first-step hydro-
lysis reaction to support growth (Podar et al., 1998). A
tertiary interaction between the tetraloop capping D6
and a substructure in D2 has been proposed (Costa
et al., 1997). However, that interaction appears to serve
more of a modulatory role in the transition between the
two splicing reactions than to provide energy for the
ground-state interaction preceding the first step of splic-
ing (Chanfreau & Jacquier, 1996).

D6 is not self-sufficient for its own positioning in the
active site of the intron, and it functions poorly in trans
splicing when separated from D5 (Dib-Hajj et al., 1993;
Jarrell et al., 1988). Our finding that D6 functions in
trans-splicing experiments most efficiently when pro-
vided in cis with D5 suggested that D5 and D6 inter-
act somehow or that their orientation relative to one
another is important for first-step splicing with trans-
esterification. The very low level of transesterification
obtained in trans-splicing experiments where the reac-
tion is initiated by addition of D5 RNA to a substrate
RNA containing both exons and all intron domains ex-
cept for D5 indicates that any D5-D6 interaction must
be very weak (Dib-Hajj et al., 1993).

D5 and D6 are separated by a short spacer se-
quence, termed J(56), which is 2 nt long in sub-
group llA introns and 3—4 nt long in most subgroup 1B
introns (Michel et al., 1989). Mutational analysis of J(56)
of al5y showed that the length of J(56) is critical both
in vitro and in vivo (Boulanger et al., 1996). Its com-
plete deletion (which may force the two domains to
stack coaxially) completely blocks branching in vitro
and relegates self-splicing to occur only by first-step
hydrolysis followed by inaccurate second-step reac-
tions. A 5-nt-long J(56) was compatible with some self-
splicing with branching, but splicing in vivo was blocked
by that mutation. Spontaneous revertants of the J(56)5
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mutant had a shorter joiner, of 4 nt, that permitted some
accurate splicing, but with a pronounced defect in the
second splicing reaction. That study demonstrated the
importance of the J(56) region for splicing of a group |l
intron, and suggested that D5 and D6 probably do not
stack coaxially in the active intron structure. Despite
those findings, the nature of the interaction between
D5 and D6 and the structural role of J(56) remained
uncharacterized.

Here we have used photocrosslinking of RNAs con-
taining 4-thio uracil (s*U) to probe the structure of the
D56 region of al5y. Crosslinks were detected between
J(56) and the bottom helix of D6 and the crosslinked
RNAs were found to be functional, suggesting that they
have trapped active configurations of the RNA. It ap-
pears that the J(56) sequence interacts directly with
the D6 helix, perhaps forming a triple helix structure.
This interaction may be a determining factor in the po-
sitioning of D5 and D6 with respect to each other. Cross-
linking of an RNA lacking D5 showed that D5 contributes
to this arrangement of the two domains. These findings
argue strongly against there being coaxial stacking of
D5 and D6, and favor a side-by-side orientation of the
helices of the two domains. Such a mode of interaction
is further supported by the finding of direct crosslinks
between nucleotides of D5 and D6 using a D56 RNA
from a group IlIA intron.

RESULTS

Intramolecular crosslinks within
D56 RNA from al5y

End-labeled D56 RNAs from al5y that contain approx-
imately one s*U residue per RNA were irradiated with
a long-wave UV light source, under several buffer con-
ditions. After irradiation, denaturing polyacrylamide gel
electrophoresis, which resolves various crosslinked spe-
cies based on the locations of the joined nucleotides,
was used to separate the RNAs. A heterogeneous ar-
ray of crosslinked RNAs with a few discrete species is
formed in the absence of salt or Mg?* ion. Several of
the discrete bands were analyzed (Fig. 1, lane 2) and
found to result from short-range crosslinks within D6
(data not shown, but see Fig. 7 for a specific example
of such intra-D6 crosslinks in another RNA). Because
those crosslinked species are detected under condi-
tions that do not support self-splicing (and are only
minor products under self-splicing conditions), they were
not analyzed further.

Additional crosslinks are formed in the presence of
MgCl,, with or without additional salts of monovalent
cations (Fig. 1, lanes 3-8), with at least four distinct
bands being readily identifiable (termed X1 through X4).
The set of the crosslinked species was evident after as
little as 30 s of irradiation, accumulated with approxi-
mately linear kinetics, and reached an apparent maxi-
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FIGURE 1. UV crosslinking of al5y D56 RNA randomly substituted
with 4-thio uracil. The 5" end-labeled D56 RNA was irradiated with
360 nm UV light for 20 min at room temperature in 10 mM HEPES.
1 mM EDTA (HE) or in HE buffer containing Mg?" plus or minus
another salt, as indicated above the lanes. Control RNA is nonirra-
diated. The main crosslinked species formed have a reduced mobil-
ity on this 10% polyacrylamide gel and are identified as X1-X4.

mum (~10% of RNA input, combined) at about 20 min
of irradiation. Similarly high yields of these species were
obtained in the presence of 100 mM MgCl, with or
without 0.5 M NH,CI or KCI (Fig. 1, lanes 4—-6, respec-
tively). Figure 1 shows that the most abundant cross-
linked product was X3 and the least abundant product
was X2. The samples containing salts of monovalent
cations but with no MgCl, added (Fig. 1, lanes 7 and 8)
supported the formation of lower levels of X1 and X3,
but formation of X2 and X4 was MgCl,-dependent.
The crosslinked products X1-X4 (from both 5" and 3’
end-labeled preparations) were purified and subjected
to limited alkaline hydrolysis followed by gel electro-
phoresis alongside of sequence markers obtained by
enzymatic sequencing of control D56 RNA (Fig. 2A,B).
The nucleotides connected by these crosslinks were
identified based on the position of the gap in the alka-
line hydrolysis ladder. All of the crosslinks present in
these RNAs were between nucleotides of the joiner
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sequence, J(56), and the region of D6 including the
branchpoint A (Fig. 2C). Nucleotide U850 of J(56) forms
three different crosslinks with nt 879-881 (5'-UAU) of
D6 (in X1, X3, and X4, respectively). Because X3 is the
most abundant crosslink under splicing conditions, U850
appears to be situated near the branch nucleotide
(A880) much of the time. Here the D56 RNA appears to
have a somewhat dynamic structure so that nt U850 of
J(56) crosslinks detectably to three adjacent nucleo-
tides of D6. The least frequent crosslink, X2, between
nt A851 and U879 of D6, appears to be mutually ex-
clusive with the other three, again consistent with there
being some fluidity to the structure of this RNA under
these conditions. Both X1 and X4 contain a crosslink
between two U residues and we do not know whether
s*U derivatives of both can initiate formation of these
crosslinks.

The crosslinked D56 RNAs are functional
in a trans-splicing assay

Next we determined whether the crosslinked species
are functional in self-splicing assays that depend on
the specific participation of both D5 and D6. Low con-
centrations of purified crosslinked D56 RNAs (3’ end
labeled with 5’-32P-pCp [*pCp]) were incubated with an
excess (1 uM) of unlabeled E1D1-3 RNA for 20 min in
self-splicing buffer containing 1 M NH,CI, and the prod-
ucts were analyzed on a polyacrylamide gel (Fig. 3).
The control reaction (C) employed end-labeled D56
RNA that had not been irradiated and it yielded two
abundant products. The slowly migrating product is the
Y-shaped branched reaction intermediate from which
E1 has been released (D1-3xD56*pCp); this product
was first characterized in group Il intron reactions like
these by Jarrell et al. (1988). The much faster migrating
product is spliced exon RNA (E1*pCp) resulting from
second-step reactions in which the *pCp served as the
second exon. Previous research has shown that a sec-
ond exon as short as one phosphate functions in as-
says like this (Mueller et al., 1991). The input-labeled
D56 RNA is much smaller than E1*pCp and has run off
the gel. These control reactions are diagramed in Fig-
ure 3 below the gel.

Reactions using crosslinked X1, X3, and X4 RNAs
also yielded two products: some of the spliced exon
product is evident in those reactions, as is a doublet of
material migrating a bit slower than the branched in-
termediate of the control reaction. We conclude that
the latter product is branched and crosslinked reac-
tion intermediate and refer to that material as D1-
3xD56 (X)*pCp. It probably migrates somewhat more
slowly than the product obtained in the control reaction
because it contains an internal loop due to the cross-
link. In our experience with gel-purified branched or
crosslinked RNAs, some of the “circles” break during
handling. On these gels, the broken material migrates
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FIGURE 2. Mapping of the crosslinks in D56 Xn RNAs. A: Digestion patterns of 5" end-labeled D56 and D56 Xn RNAs.
Purified end-labeled D56 RNAs were partially digested with RNase CL3 (C-specific, lane 1), RNase T1 (G-specific, lane 2),
or subjected to partial alkaline hydrolysis (lane 3) and fractionated on a 20% polyacrylamide sequencing gel. End-labeled
crosslinked RNAs (D56 X1, X2, X3, and X4) from a 30-min crosslinking reaction containing 100 mM MgCl, (on ice)
(resembling Fig. 1, lane 4) were subjected to partial alkaline hydrolysis (lanes 4-7) and the resulting fragments were
separated on the gel. A partial sequence of D56 RNA is shown on the left side of the gel to help map the positions of the
crosslinks. The gap in the nucleotide ladders of X1 through X4 identifies the nucleotide involved in the crosslink. B: Digestion
patterns of 3' end-labeled D56 and D56 Xn RNAs. 3" end-labeled RNAs were prepared and aliquots were crosslinked for
5 min on ice in HE buffer containing 100 mM MgCl, and analyzed as in A. The gap in the nucleotide ladders of X1 through
X4 identifies the nucleotide involved in the crosslink. C: Diagram of the secondary structure of D56 RNA of al5y. The
characterized crosslinks (X1-X4) are indicated as lines connecting the circled nucleotides involved in each crosslink. Each
crosslink involves at least one uridine, which, upon substitution with s*U, provides the photoreactive group. The crosslinks
in products X1 and X4 are between two uracils and the crosslinked RNAs were not analyzed to learn whether they contain
a mixture of the two possible donor/acceptor pairs (or whether only one of the two s*U residues initiated most crosslinks).
The asterisk indicates the branch site nucleotide, A880. D: Diagram of the secondary structure of D56 J(56)5 mutant RNA.
End-labeled samples of D56 J(56)5 RNA were prepared, crosslinked for 20 min on ice, and analyzed as in A and B (not
shown). The nucleotides involved in the characterized crosslinks (A through D) are circled and lines connect the crosslinked

pairs.
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FIGURE 3. Reactivity of crosslinked D56 Xn RNAs in a trans-
splicing assay. Purified, 3" end-labeled D56 X1, X3, and X4 RNAs
were incubated with excess unlabeled E1D1-3 RNA for 20 min at
45°C in self-splicing buffer containing 1 M NH4CI. The RNAs were
then separated on a 6% polyacrylamide gel. Lane C represents a
control reaction with noncrosslinked D56 RNA. Both steps of splicing
can occur in this reaction; in the first step, a Y-shaped molecule
results from the trans-branching reaction, and in the second step, the
labeled *pCp group functions as the second exon. The scheme un-
der the gel shows the reaction products of the two steps, the asterisk
being the radioactive label that makes some of them detectable. The
D56 and D56 Xn RNAs are much smaller than the E1pCp product
and so were run off the end of this gel.

somewhat more rapidly (like linear RNA of the same
length; Podar et al., 1998) so that the lower band of
each doublet probably is branched intermediates with
nicks in the crosslinked D56 RNA. Clearly, all three
crosslinked RNAs are reactive in this assay, showing
that crosslinking has trapped functional forms of D56
RNA; thus, these crosslinks are compatible with cor-
rect positioning of both D5 and D6 in the active site.
The low amounts of these crosslinked RNAs limit these
experiments to qualitative estimates of activity.

A single time-course experiment was conducted using
5’ end-labeled samples of these crosslinked D56 RNAs,
reacted with a saturating amount of unlabeled EID1-3,
as above. The apparent first-order reaction rates for
the first-step transesterification reaction were approxi-
mately tenfold lower than the rate obtained in a parallel
experiment using native D56 RNA. This lower reactivity
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could be explained by a change in the flexibility of each
D56 RNA, caused in each case by the crosslink trap-
ping a single structure, each of which lowers its reac-
tivity in this frans assay. Those data are consistent with
the single time point shown in Figure 3 and, so, are not
shown.

A mutant D56 RNA crosslinks similarly
to the wild type

A previous study investigated the effects of increasing
the length of the J(56) segment connecting D5 to D6
from 3 to 5 nt (Boulanger et al., 1996). That mutation
blocked splicing in vivo and lowered the in vitro reac-
tivity by about tenfold with aberrant 3’ splice-site se-
lection. Because the positioning of D5 and D6 was
apparently altered by that 2-nt insertion, we next inves-
tigated whether crosslinking could provide some in-
sight into the nature of that structural change.

An end-labeled D56 RNA containing the J(56)5 mu-
tation was prepared with s*U residues, as above, and
irradiated with long-wave UV light in several different
salt solutions. That material yielded a pattern of Mg?*
ion-dependent crosslinked species of similar complex-
ity to that obtained with wild-type RNA with similar ef-
fects of different salts (data not shown; Podar, 1997).
The most abundant bands formed by irradiation of this
RNA in 100 mM MgCl, were purified from gel slices
and the main crosslink present in each sample was
mapped (summarized in Fig. 2D). Interestingly, all of
these crosslinks involved the nucleotides of the J(56)5
spacer and nucleotides near the branch nucleotide of
D6. Thus, the overall arrangement of J(56) and D6 in
this mutant RNA is not changed, but the crosslinks
extend further away from the base of D6 (compare
with Fig. 2C), indicating that the fine positioning of D5
with respect to the branch site and the 3’ splice site is
somewhat altered. There are two UA dinucleotides in
the mutant J(56) sequence (U850 A851 and U851.1
A851.2), and there appears to be some competition
between them for the interaction with D6. For example,
both A851 and A851.2 crosslink with U879; however,
U850 but not U851.1 crosslinked to D6. The crosslink
involving U850 (to C878) (XA of Fig. 2D) is the most
abundant crosslink in this set and is the only crosslink
detected in this study that involves C878.

We infer that there is some flexibility in the interaction
between J(56) and D6 in this (and the wild-type) intron
fragment under self-splicing conditions. Some (or all)
of the detected conformations of the wild-type RNA are
presumably compatible with self-splicing; some of the
conformations detected with the J(56)5 RNA are prob-
ably inactive and, so, may account for the reduced ac-
tivity of the mutant allele (Boulanger et al., 1996). If the
D56 regions of both mutant and wild-type RNAs are
less dynamic in vivo then it may follow that different
conformations predominate in vivo where the wild-type
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intron is fully active whereas the mutant intron is fully
inactive. It is likely that the structure of D56 in the intact
intron reflects the interactions between it and other re-
gions of the intron.

Crosslinking between J(56) and D6
in the absence of D5

The formation of crosslinks between the J(56) region
and D6 does not explain the role (if any) of D5 in gen-
erating the conformations trapped by this crosslinking,
nor does it help decide whether J(56) itself plays an
active role. To study those points, we synthesized a
s*U-containing RNA consisting of only J(56) and D6
(called J(56)-D6 RNA). End-labeled preparations of that
material were UV-irradiated under various salt condi-
tions and analyzed on polyacrylamide gels as above.
As shown in Figure 4, a single, efficient crosslinked
species (called J(56)-D6 X) was obtained under every
condition analyzed, including buffer lacking Mg2" ion,
salt of a monovalent cation, or both. The formation of
this crosslink was not influenced by the presence of a
tenfold molar excess of D5 RNA (Podar, 1997), indi-
cating that the influence of D5 on the interaction be-
tween J(56) and D6 depends on D5 being in cis with
the other sequences.

The crosslink in J(56)-D6 X RNA was mapped using
5" and 3’ end-labeled crosslinked RNAs (Fig. 5A,B),
and was found to be between the sole A of J(56) (A851,
see Fig. 1C) and the U nucleotide 5’ to the branch site
in D6, U879 (summarized in Fig. 5C). This crosslink is
between the same 2 nt that were joined in the X2 spe-
cies, the most minor of the four crosslinked species
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FIGURE 4. UV crosslinking of J(56)-D6 RNA randomly substituted
with 4-thio uracil. The 5" end-labeled RNA was irradiated with 360 nm
UV light at 45 °C for 5 min in 10 mM HEPES, 1 mM EDTA (HE) or in
HE buffer containing different concentrations of MgCl, and/or salts,
as indicated. Control RNA was not irradiated. The crosslinked spe-
cies, J(56)-D6 X, has a reduced mobility on this 10% polyacrylamide
gel, as compared to J(56)-D6.
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analyzed in irradiated wild-type D56 RNA. These re-
sults suggest that the 3-nt-long J(56) plays an active
role in the tertiary structure of this part of the intron,
possibly interacting in a triple helix-like fashion with the
D6 helix. This interaction could be a major determinant
in positioning D5 and D6 relative to each other. How-
ever, it should be stressed that D5 and salt appear to
be necessary to form the structures in the wild-type
D56 RNA that were captured by crosslinks between
U850 and U879, A880 and U881 of D6.

The unique and salt-independent crosslink that forms
efficiently in the absence of D5 indicates that the
interaction of J(56) with D6 can be quite stable. We
attempted to detect this interaction in trans, but no cross-
link was observed under any conditions of salt or tem-
perature when a high concentration (200 «M) of the
trinucleotide 5'-UUA, was added in trans to a s*U-
containing D6 RNA lacking an attached J(56) (data not
shown). This suggests that the interaction between J(56)
and D6 is weak and depends on their covalent asso-
ciation.

Intramolecular crosslinks formed in D56 RNA
of another intron

Domains 5 and 6 are highly conserved secondary struc-
tures of group Il introns. They are important parts of the
catalytic core, the overall architecture of which is likely
to be substantially conserved in all group Il introns. It is
known that both transesterification reactions catalyzed
by group Il introns, first-step branching and second-
step exon ligation, depend on a specific, yet little
understood, tertiary structure involving D5 and D6. Al-
though there may be features specific to each individ-
ual intron and subclass, the positioning of D5 and D6
relative to each other is probably conserved among all
group Il introns. As an initial test of this inference, we
carried out analogous crosslinking experiments with D56
RNA from al1, another self-splicing group Il intron from
yeast mtDNA. This intron belongs to the subclass IIA,
all members of which have a 2-nt-long J(56) segment,
usually with the sequence GG (Michel et al., 1989).
An al1 D56 RNA was prepared containing randomly
incorporated s*U, end labeled, and irradiated under
various salt conditions (Fig. 6). As was the case with
D56 RNA from al5y, a number of fast-migrating cross-
linked species formed in the absence of salt or Mg?*
ion (Fig. 6, lane 2, Xi). When analyzed, they did not
generate a readable gap in the hydrolysis ladder, sug-
gesting that they contain very short-range crosslinks.
Numerous more slowly migrating crosslinked products
were obtained in the presence of salts and at least two
products (X1 and X3) strictly required Mg?" ion for their
formation. The major crosslinked products were puri-
fied from a sample like that shown in Figure 6, lane 5
and mapped (Fig. 7A,B), and the findings are summa-
rized in Figure 7C. The bold lines denote the three
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FIGURE 5. Mapping of the crosslink in J(56)-D6 X RNA. A: Mapping of the 5’ nucleotide involved in the crosslink. 5’
end-labeled J(56)-D6 RNA was partially digested with RNase CL3 (C-specific, lane 1), RNase PhyM (A-specific, lane 2),
RNase T1 (G-specific, lane 3), and subjected to partial alkaline hydrolysis (lane 4). 5' end-labeled J(56)-D6 X RNA
(crosslinked for 10 min at room temperature in HE buffer containing 100 mM MgCl,) was subjected to partial alkaline
hydrolysis (lane 5). The RNA fragments were separated on a 20% polyacrylamide sequencing gel. The gap in the nucleotide
ladder of J(56)-D6 X RNA shows that the 5' nucleotide of the crosslink is A851, the 3’ nucleotide of the J(56) sequence.
B: Mapping of the 3’ nucleotide involved in the crosslink. 3" end-labeled J(56)-D6 RNA was partially digested with RNase
CL3 (C-specific, lane 1), RNase T1 (G-specific, lane 2), or subjected to partial alkaline hydrolysis (lane 3). 3" end-labeled
J(56)-D6 X RNA (crosslinked for 10 min at room temperature in HE buffer containing 100 mM MgCl,) was subjected to
partial alkaline hydrolysis (lane 4). The band that marks the beginning of the gap in the nucleotide ladder, which is U879,
indicates the crosslinked nucleotide. C: Diagram of the secondary structure of J(56)-D6 RNA. The line connecting nucle-
otides A851 and U879 indicates the crosslink characterized here. Note that this crosslink is identical to crosslink X2 in D56
RNA (Fig. 2C). The asterisk indicates the branch site nucleotide.

crosslinks that are most prominent in samples contain-
ing Mg?" ion (X1, X2, and X3); X4 is present under all
of these conditions, and X5 and X6 are the main cross-
links of this mobility class only in the sample lacking
Mg?" ion and salt (Fig. 6, lane 2).

Crosslinks X1-X4 are between residues of D5 and
D6, and, so, detect a direct side-by-side arrangement
of the two domains. Although in the case of al5y no
direct crosslinks were identified between the D5 and
D6 domains, the contact between J(56) and D6 is com-
patible with various sorts of side-by-side orientations of
the two helices in which the lower part of the D5 helix
is the branch region of D6. In both al5y and ali, the
crosslinks found suggest an axial displacement of the
two helices, such that the first several base pairs of D5

are positioned around the middle of the D6 lower helix.
In the case of al1, however, it is still unknown what role
(if any) the J(56) segment plays in the D56 structure.
Attempts to investigate whether the crosslinked spe-
cies of al1 D56 are functional in trans-splicing were
unsuccessful. Trans assays for al1 are relatively inef-
ficient for branching, and it was not possible to obtain
large enough amounts of the crosslinked RNAs to at-
tempt to drive the reaction with D56 RNA.

DISCUSSION

Our experiments show that in D56 RNA of al5y in-
cubated under self-splicing conditions, several nu-
cleotides of the J(56) spacer crosslink efficiently to
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FIGURE 6. UV crosslinking of al1 D56 RNA randomly substituted
with 4-thio uracil. The 5’ end-labeled D56 RNA was irradiated with
360 nm UV light for 10 min on ice in 10 MM HEPES, 1 mM EDTA (HE,
lane 2) or in HE buffer containing Mg?* ion or salts of monovalent
cations as indicated (lanes 3—11). Lane 1 was control, nonirradiated
RNA. The crosslinked species were identified after electrophoresis
on a 10% polyacrylamide gel, based on their reduced mobility. Nu-
merous crosslinked products are formed, but only the ones indicated
on the left (X1—-X6) were analyzed further.

nucleotides of the branchpoint region of D6. Because
1 nt of the spacer can crosslink to several D6 nucleo-
tides, it appears that the tertiary structure in that region
is somewhat flexible under these conditions. The nature
of these crosslinks and the evidence that the cross-
linked D56 RNAs retain branching activity in vitro ef-
fectively rule out coaxial stacking of the D5 and D6
helices. Our whole data set suggests a side-by-side
orientation in which the end of the D5 helix is displaced
upward from the base of the D6 helix. Our data cannot
distinguish among various specific side-by-side orien-
tations that can be envisioned (e.g., parallel, crossed,
or partially parallel helices). The mapped crosslinks in
D56 RNA depended on the presence of salts of a mono-
valent cation or Mg?" ion, a finding that may indicate
that positive charges are required to neutralize charge
repulsion between the phosphodiester backbones of
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the D5 and D6 helices. The crosslinks formed in the
J(56)5 D56 RNA also support these views; it appears
that the longer spacer reaches higher on the D6 helix,
but the overall arrangement of the two domains relative
to one another appears to be the same.

The crosslinked D56 RNAs of al5y analyzed here
were found to be capable of participating in trans self-
splicing reactions. Even D56 X3, which is the most
abundant crosslinked species and contains a covalent
bond to the branch nucleotide, participates in first-step
transesterification reactions. However, the first-step
branching reaction observed with these RNAs was rel-
atively inefficient, probably because of several factors.
First, each crosslink captures a particular structure that
may be only a minor configuration in the native mol-
ecule. Second, the crosslinks should constrain the pos-
sible structures of the RNA, and it is possible that a
somewhat flexible structure of the D56 unit may be
needed to achieve its proper orientation in the active
site. Nevertheless, it is clear that these crosslinks per-
mit D5 and D6 to be positioned adequately relative to
each other and to other components of the active site.

It has been reported that mutations of the branch
nucleotide of D6 strongly inhibit, and some abolish,
first-step branching, and that little or no cryptic branch-
ing reactions occur (Gaur et al., 1997; Liu et al., 1997;
Chu et al., 1998; Podar et al.,, 1998). It is somewhat
surprising that the crosslinked RNAs retained any
branching activity at all, especially the relatively abun-
dant one involving the branch nucleotide. Direct map-
ping of the branch sites formed in these reactions using
crosslinked D56 RNAs was not possible using stan-
dard methods, because nucleotides at or near the nat-
ural branch nucleotide are crosslinked. While we think
it is unlikely, it remains possible that some branching by
these crosslinked D56 RNAs may involve a nucleo-
phile other than A880.

The finding that J(56) crosslinks efficiently to D6 in
the absence of D5 was a surprise. Unlike the situation
using D56 RNA, J(56)-D6 RNA forms only a single
product in which A851 is crosslinked to U879. The A851—
U879 crosslink is also formed when D5 is present, but
in that case it is the most minor species (X2) analyzed.
Also, using D56 RNA, formation of the X2 crosslink
requires Mg?" ions, while the same crosslink forms
more efficiently with J(56)-D6 RNA in several buffers
lacking Mg?" ions (see Fig. 4). As suggested above, it
appears that charge repulsion between the backbones
of the D5 and D6 helices interferes with the folding of
D56 RNA, and that the Mg?" ions and monovalent
cations neutralize the charges, allowing the helices to
approach closely. It is possible that charge neutraliza-
tion may also be needed for the folding of D56 RNA in
vivo; alternatively or in addition, one or more nuclear-
encoded proteins may also contribute to the folding
of D5 relative to D6 (Lambowitz et al., 1999; Schmidt
et al., 1998).
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FIGURE 7. Mapping of the major crosslinks in al1 D56 Xn RNAs. Purified end-labeled al1 D56 and D56 Xn RNAs were
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for 10 min in HE buffer containing 100 mM MgCl,. The gap in the nucleotide ladders of X1-X5 identifies the nucleotide
involved in the crosslinks. The crosslinked nucleotides are noted in the sequence shown on the right side. B: Analysis of 3’
end-labeled al1 D56 and al1 D56 Xn RNAs. These RNAs were obtained by crosslinking on ice for 10 min in HE buffer
containing 100 mM MgCl,. The crosslinked nucleotides are indicated in the sequence shown on the right side. C: Diagram
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The inference that charge neutralization is important
for arranging D5 relative to D6 strengthens the view
that D5 and D6 are positioned in a side-by-side fash-
ion, although their precise orientation cannot be de-
duced from these data. Weak interactions between J(56)
and D6 leading to the A851-U879 crosslink do not re-
quire salts or Mg?" ions, but are somewhat enhanced
by their presence. It is possible that the 3-nt-long J(56)
may form a triple helix-like structure with D6; that in-
teraction would bring the D5 bottom helix, which con-
tains catalytically important residues, into close proximity
with the bottom helix of D6, which contains the branch
site, and to the 3’ splice junction. The inability of J(56)
to crosslink when it is presented in trans to D6 either as
an isolated trinucleotide or attached to a D5 RNA (not
shown), indicates that this interaction is weak and de-
pends on their covalent association in cis.

Because Mg?" ions are required for D56 RNA to
form the X4 crosslink (between U850 and U881), that
species may depend on the presence of one or more
specific metal ion bridges. This is one of the few in-
stances where salt and Mg?" ions are observed to
have direct effects on a specific structural element of a
group Il intron RNA (see Qin & Pyle, 1997). This finding
may explain, in part, why efficient self-splicing of this
intron requires high ionic strength (Jarrell et al., 1988;
Franzen et al., 1994; Podar et al., 1995). It should
also be noted that increased salt concentrations are
known to suppress inhibitory effects of some mutations
which block self-splicing under low-salt conditions (Koch
et al., 1992; Chanfreau & Jacquier, 1994; Boulanger
et al., 1995; Schmidt et al., 1996).

A side-by-side orientation of D5 and D6 is supported
by intramolecular crosslinking of D56 RNA from an-
other group Il intron, al1. That intron belongs to the
subclass A, in which J(56) is the dinucleotide, GG.
Crosslinking of al1 D56 RNA produced numerous spe-
cies, which, as was the case with al5y, could be di-
vided into salt-independent, salt or Mg?" ion-dependent,
and absolutely Mg?" ion-dependent types. Several
crosslinks that can form in the absence of salt were
mapped and were found to be intradomain 6 (summa-
rized in Fig. 7C). The other crosslinks however are
between nucleotides of the bottom helix of D5 and the
internal loop of D6. Their existence suggests that, as in
al5y, the bottom helix of D5 is displaced (vertically as
drawn in Fig. 7C) with respect to D6. Also, the structure
appears fluid, as two nucleotides from D5 crosslink to
the same nucleotide in D6 and some mutually exclu-
sive crosslinks were present. Unlike al5y, none of the
crosslinks in al1 D56 RNA involved the J(56) sequence,
so we cannot infer a specific role for the J(56) RNA of
that intron in organizing the D56 region. Nevertheless,
the relative orientation of the two domains appears sim-
ilar in both al5y and al1.

Our data suggest that J(56) provides some of the
specificity and energy responsible for the basic arrange-
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ment of D5 relative to D6 in the RNAs analyzed here.
D5 also contributes to the organization of these D56
RNAs. It should be noted that some of the detected
fluidity of these D56 RNAs could result from our having
separated the two domains from the rest of the intron.
In the context of the whole intron, where both D5 and
D6 also make tertiary contacts with other substruc-
tures (Costa & Michel, 1995; Costa et al., 1997; Jestin
et al., 1997), the structure of the D56 region could be
restricted from adopting some of the configurations that
were sampled here by crosslinking. Also, a flexible D56
region may be an important factor during the initial
folding of the intron RNA as well as during the confor-
mational change that occurs between the two steps of
splicing. Further structural studies are needed to refine
this initial picture of the interaction between these two
important domains of group Il introns.

MATERIALS AND METHODS

Transcription templates

The DNA templates used in transcription were synthesized
by PCR and contained an introduced T7 RNA polymerase
promoter (Milligan & Uhlenbeck, 1989; Perlman & Podar,
1996). For the wild-type al5y D56 or the J(56)5 mutant, plas-
mids pJD20 or pJD20-J(56)5 (Boulanger et al., 1996) were
used as templates in the PCR reactions, using the oligonu-
cleotides T7GGD5 (5'TAATACGACTCACTATAGGGAGCCG
UAUGCGAUGAAAGZ') and anti-3'ss (5’ATCCCGATAGGT
AGACCTTTACAAG3'). pJD20 was also used to synthesize
the template for a J(56)D6 RNA, in a PCR reaction with
oligonucleotides T7GD6 (5' TAATACGACTCACTATAGUUAC
CGGGGGAAAACUUZ') and anti-3'ss. Plasmid pSH2 (Heb-
bar et al., 1992) was used to synthesize the template for al1
D56 RNA, using oligonucleotides al1-T7GGD5 (5'TAATACG
ACTCACTATAGGGAAGCCGTATGATGGGS') and ali-anti-
3'ss (5'ATGAAATAGCAAATTAACCTATGTTGCS3'). Plasmid
pJDI3’'-673 (Jarrell et al., 1988), linearized with Hindlll, was
used to transcribe an al5y E1:D123 RNA.

In vitro transcription and RNA labeling

4-thio UTP (s*UTP) was synthesized by phosphorylation of
4-thio UDP (Sigma), according to a published method (Bar-
tholomew et al., 1986). D56 RNAs were transcribed using T7
RNA polymerase, according to standard procedures (e.g.,
Perlman & Podar, 1996). To incorporate approximately one
s*U per RNA transcript, a low amount of s*UTP (5 or 10% of
the total UTP content) was included in the transcription re-
action in a ratio of 10:1 to 20:1, depending on the transcript
to be synthesized. The transcription reaction also contained
a small amount (2-5 uCi) of [a-*?P]-UTP, which served for
detection and quantitation of the RNA. After transcription, the
RNAs were purified by gel electrophoresis, eluted, and pre-
cipitated. The purified RNAs were 5’ or 3’ end labeled with T4
polynucleotide kinase and [y-32P]-ATP or T4 RNA ligase and
32p-pCp, purified again, and dissolved in 10 mM Tricine-
KOH, 1 mM EDTA, pH 7. Unlabeled E1:D123 RNA, tran-
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scribed using T7 RNA polymerase and the pJDI3’-673-Hindlll
template (Jarrell et al.,, 1988), was gel purified and quanti-
tated by spectrophotometry.

Crosslinking of RNAs containing s*U

For crosslinking experiments, several picomoles of RNAs con-
taining s*U were heated at 85 °C for 2 min, cooled to room
temperature, and added to HE buffer solutions containing
different concentrations of salts or/and MgCl,, depending on
the experiment. The RNAs were incubated at 42 °C for 5 min,
and then were placed as 10—20 wL drops on Parafilm. Cross-
linking was done using a 330—360 nm UV lamp (Black Ray,
UVP), placed at ~5 cm from the samples (Podar et al., 1998).
To eliminate residual short wavelengths, a plastic Petri dish
was placed between the samples and the light source. Irradi-
ation times of 10-30 min at room temperature provided a
good yield of crosslinked products; irradiations at 0 °C or 42°C
yielded similar levels and arrays of products and were used
in some experiments. Varying the concentration of the RNAs
from 10-50 nM had no detectable effect on the pattern of
crosslinked products. The crosslinked products were sepa-
rated by electrophoresis on 40-cm-long, 0.5-mm thick, 20%
polyacrylamide gels containing TBE and 8 M urea for 24 h at
1,000 V and detected by autoradiography. For crosslink map-
ping and in vitro reactions using purified samples of specific
crosslinked RNAs, larger samples of end-labeled RNAs were
crosslinked in a solution containing 100 mM Mg Cl, and
HEPES buffer (see Fig. 1, lane 4; Fig. 4, lane 3; and Fig. 6,
lane 5). Individual crosslinked species were eluted from pre-
parative gel slices and used in further analysis.

Enzymatic RNA sequencing

End-labeled (5" or 3") RNAs were sequenced by partial en-
zymatic digestions and limited alkaline hydrolysis using an
enzymatic RNA sequencing kit (Amersham-USB), according
to manufacturer’s instructions. The nucleases that were used
were RNase T1 (G-specific), RNase CL3 (C-specific), and
PhyM (A- and U-specific).

In vitro self-splicing reactions

Trace amounts of end-labeled al5y D56 and purified cross-
linked product RNAs were reacted with excess (2 uM) un-
labeled E1:D123 RNA, in buffer containing 40 mM HEPES,
pH 7.5, 100 mM MgCl,, and 1 M NH,CI at 42°C. The prod-
ucts were separated by electrophoresis on denaturing 6%
polyacrylamide gel and visualized by autoradiography or ex-
posure to a Phosphorlmager screen. The overall strategy for
the self-splicing assays was recently reviewed (Perlman &
Podar, 1996).
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