
Nucleic Acids Research, 1995, Vol. 23, No. 3 491-499

An RNA tertiary structure of the hepatitis delta agent
contains UV-sensitive bases U-712 and U-865 and can
form in a bimolecular complex
Andrea D. Branchl,*, Bonnie J. Levine192 and Jana A. PoIaskova2q+

1 Center for Studies of the Addictive Diseases, The Rockefeller University, 1230 York Avenue, New York, NY
10021, USA and 2Department of Biochemistry, The Cornell University Medical College, 1300 York Avenue, New
York, NY 10021, USA

Received September 14, 1994; Revised and Accepted December 2, 1994

ABSTRACT

Genomic RNA of the hepatitis delta agent has a highly
conserved element of local tertiary structure. This
element contains two nucleotides which become
covalently crosslinked to each other upon irradiation
with UV light. Using direct RNA analysis, we now
identify the two nucleotides as U-712 and U-865 and
show that the UV-induced crosslink can be broken by
re-exposure to a 254 nm peak UV light source. In the
rod-like secondary structural model of delta RNA,
nucleotides U-712 and U-865 are off-set from each
other by 5-6 bases, a distance too great to permit
crosslinking. This model needs to be modified. Our
data indicate that bases U-712 and U-865 closely
approximate each other and suggest that the smooth
helical contour proposed for delta RNA is interrupted
by the UV-sensitive element. The nucleotide sequence
shows that the UV-sensitive site does not have a
particularly high density of conventional Watson-
Crick base pairs compared to the rest of the genome.
However, this element may have a number of non-Wat-
son-Crick bonds which confer stability. Following
UV-crosslinking and digestion with 1 mg/ml of RNase
Ti at 370C for 45 min in 10 mM Tris-HCI, 1 mM EDTA
(conditions expected to give complete digestion), this
element can be isolated as part of a 54 nucleotide long
partial digestion product containing at least 16 internal
G residues. UV-crosslinking analysis shows that this
unusual tertiary structural element can form in a
bimolecular complex.

INTRODUCTION

The human hepatitis delta agent is a novel subviral pathogen
( 1-4) with a circular genomic RNA (5-6) that has many features
in common with viroid RNA and RNA of the circular satellites
of certain plant viruses (7-10). Unlike its relatives which infect
plants, delta encodes a protein, the delta antigen (11), which is

required for replication (12-13). Circular genomic delta RNA,
the delta antigen, and the surface antigen of hepatitis B virus
combine to form infectious particles, which can be found at
concentrations of 1011/ml in blood (14). The delta agent is
transmitted sexually, by contaminated blood, and through person-
to-person contact (4). Delta hepatitis commonly persists in a
chronic form. There is no generally effective therapy for the
severe and rapidly progressive liver disease resulting from
chronic delta hepatitis, which afflicts -70 000 people in the USA
(15-16).
Since its discovery in 1980 (17), much has been learned about

the structure and molecular biology ofthe delta agent's viroid-like
circular RNA genome and its rolling circle replication cycle
(18-19). Genomic and antigenomic delta RNAs, like several
other infectious circular RNAs (20-22), can self-cleave (23-30).
The primary sequence of delta RNA, like that of viroid RNA, has
an unusual segregation of purine and pyrimidine nucleotides,
which may facilitate copying by cellular enzymes normally
involved in the transcription of DNA (31). In its native structure,
which is presumed to be the most thermodynamically favorable
form, deltaRNA exists as a collapsed circle, forming an extended
helix, or rod-like structure (5-6) similar to that of viroids (32).
This rod-like structure specifies an RNA editing event (33-35)
and promotes binding of the delta antigen (36-38). In addition,
several years ago we found that the native structure of delta RNA
contains a novel element of local tertiary structure which lies in
a highly conserved region of the genome (39). Its position in the
genome suggests that one function of this element might be to
protect the mature circular RNA from self-cleavage. We recently
demonstrated that it functions as a ribozyme control element in
vitro, inhibiting cleavage by a trans-active delta ribozyme (40).
The local tertiary structure may also provide a protein binding
site. This element was originally detected because it is susceptible
to UV-induced crosslinking (39). Its presence in full-length
genomic transcripts indicates that the UV-sensitive element is
part of the native structure of delta RNA (39).
The analysis of UV-sensitive elements has provided informa-

tion about a wide variety of RNAs. For example, UV-induced
crosslinks helped to identify the native conformation of tRNA
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(41-42), E.coli 16S rRNA (43), 7SL RNA of the signal
recognition particle (44), and the self-splicing group I intron from
Tetrahymena (45). In addition, UV-crosslinks identified points of
interaction between tRNA and 16S rRNA (46) and between MI
RNA of RNase P and its substrate (47). UV-crosslinks provided
the first indication of a common structural motif present in
conserved sequences of viroid RNA and 5S rRNA (48).
The UV-sensitive site in 5S rRNA (loop E) is associated with

the binding of at least two proteins, TFIHA (49-50) and
ribosomal protein L5 (51). Its nuclear magnetic resonance

spectroscopic structure was recently determined by Wimberly et
al. (52), who found that loop E contains four consecutive
non-Watson-Crick bonds and has a sharp bend in its sugar-phos-
phate backbone. Unusual conformations of the sugar-phosphate
backbone have been identified as a general feature of protein
binding sites in RNA (53-54). UV-crosslinking provides one

method for seeking such elements.
Although we have studied UV-sensitive elements in a number

of RNAs (55), we have not found any others with properties like
those of the UV-sensitive site in delta RNA. Following UV-in-
duced crosslinking, this site is highly resistant to digestion by
RNase T1 (39), suggesting that the non-crosslinked (native) form
is also nuclease resistant. A high degree of nuclease resistance
usually correlates with a high degree of thermal stability in RNA.
Since the sequence of the UV-sensitive site indicates that it does
not have a particularly high density of Watson-Crick base pairs
compared to the rest of the delta genome, its nuclease resistance
suggests that this element may contain non-Watson-Crick bonds
which contribute significantly to its stability. While secondary
structure is generally the major determinant of RNA stability
(56), the Hoogsteen-paired quartets of G residues recently
described by Cheong and Moore (57) provide an example of a

very stable RNA structure resulting from unconventional non-
Watson-Crick bonds.
Mapping the UV-induced crosslink is an important step in

defining a UV-sensitive site. We have identified the two
crosslinked bases in deltaRNA, U-7 12 and U-865, by direct RNA
analysis. We have also used UV-crosslinking and analysis of
RNase TI digestion products to show that the element of local
tertiary structure in delta RNA can be produced in a bimolecular
complex.

MATERIALS AND METHODS

The crosslink was mapped by direct RNA analysis. Several
alternative methods could not be used due to peculiarities of the
delta UV-sensitive site. For example, reverse transcriptase
copying did not go to completion, despite the use of conditions
which allowed full-length copies ofviroidRNA to be synthesized
(58); RNaseH failed to produce useful cleavage products; and the
initial transcript we studied was too long for the crosslink to be
directly mapped from aLkaline hydrolysis ladders. In addition,
except for the one RNase TI partial digestion product we describe
in detail, we were not able to generate any other useful partial
digestion products, either with RNase TI or pancreatic RNase A.
The conditions we used for UV-crosslinking (55), RNA

fingerprinting (59) and secondary analysis (60-62) have been
described in detail previously. The subgenomic cDNA clones
used in this work were kindly provided by Drs Bahige Baroudy
(Gamble Institute ofMedical Research, Cincinnati, OH) and John
Gerin (Georgetown University School of Medicine, Rockville,
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Figure 1. Landmarks of subgenomic delta transcripts. Two subgenomic cDNA
clones (bases 482-964 and bases 482-1109) were transcribed underconditions
described before (39). The RNA transcripts are depicted by the heavy line
above the rod-like structure of circular genomic delta RNA. They contain a
segment of vector sequences at their 5' co-terminal ends, marked by a squiggle.
The shaded segment of the rod-like structure identifies the position of the
UV-sensitive tertiary element. The numbering of delta nucleotides is according
to Wang et al. (5) and is presented in Arabic numerals. The protein encoding
region is boxed ( 11). The self-cleavage site (23-30) is marked by an arrow.

MD). The DNA oligomers used as templates for the synthesis of
short RNA hairpins by the Milligan approach (63) were
generously prepared by Drs Alicia Buckler-White and John Gerin
(Georgetown University School of Medicine, Rockville, MD).
Under the conditions used, RNase TI cleaves afterG residues;

pancreatic RNase A cleaves after pyrimidine residues; RNase U2
cleaves afterA residues; RNase T2 and nuclease P1 have no base
specificity. RNase T 1, RNase U2, pancreatic RNaseA and RNase
T2 yield 3' phosphate termini. Nuclease P1, which has a 3'
phosphatase activity, cleaves to yield 5' phosphate groups. Unless
otherwise specified, an oligonucleotide terminates with a 5'
hydroxyl group and a 3' phosphate group.

RESULTS

Mapping the UV-sensitive site in internally labeled
delta transcripts

A combination of techniques was used to identify the two
nucleotides in genomic delta RNA which become crosslinked to
each other upon irradiation with UV light. The general approach
we used was to find the approximate location of the UV-induced
crosslink and then to use the process of elimination to identify the
two crosslinked nucleotides. We previously reported (39) that the
UV-sensitive element lies in a highly conserved portion of the
genome, near the self-cleavage site (see Fig. 1). This UV-sensitive
element of local RNA tertiary structure is made up of sequences
which lie roughly opposite each other in the rod-like secondary
structure of delta RNA proposed by Wang et al. (5).

In the first part of the current study, direct RNA analysis was
carried out on subgenomic cDNA transcripts containing the
UV-sensitive site. A diagram of these transcripts is shown in
Figure 1. To permit nearest-neighbor analysis, delta transcripts
were synthesized separately from each ofthe four [a-32P]-labeled
nucleoside triphosphates, yielding 'single-label' transcripts. Fol-
lowing UV-irradiation, gel electrophoresis was used to separate
transcripts in which a crosslink had been induced from the
remaining transcripts (39).
To prepare a large RNase TI partial digestion product to be

used in subsequent mapping studies, UV-crosslinked transcripts
and control transcripts (which had been exposed to UV light but
were not crosslinked) were incubated for 45 min at 37°C in 2 gl
containing 1 mg/ml of RNase TI, 10 mM Tris-HCl (pH 7.4), 1
mM EDTA and 10 jg of tRNA. Under these conditions, RNase
TI does not cut in the vicinity ofthe two crosslinked bases in delta
RNA, creating a large RNase Ti partial digestion product (see
arrow in Fig. 2). As a result, the two crosslinked nucleotides and



Nucleic Acids Research, 1995, Vol. 23, No. 3 493

A U C o
1 2 3 L 5 6

Table 1. Secondary analysis of RNase TI fingerprint spots
Possible Pancreotk RNose RNose Nudese

Spot Identity RNose A U2 T2 P1

1. CAACAUUCCG 0726-735) AAC, AU, G, C, U + C, A. G, U pG. pA. pC, pU, [POJ

2. CCUCCUCG (03-710)

3. X- Clgo

4. CCCAG 1859-863)

5. ACCG (869-872)

6. AUG (856-858)

G,C, U

X!, G, ICl
AG, C

AC,G,C

AU, G

7. CUG (1l-713) 0721-723) G, C, U

8. CCG 717-719)

9. AG (875-876)

10. CG (715-716) (873-874)

11. G (714) 020) 024) h25)
(864) (868)

G, C

AG

G, C

G

- C,G,U pG.pC.pU,PO4

- C, G. [U1x2 X, pG, P04

+ C,A,G pG.PA.PC.P04

+ C,A,G pG.pC.P04

+ A.,G,U pG.pU.P04

- C, G,U pG.pU,PO4

- C, G pG,pC,PO4

+ A,G pG, P04

- C, G pG, P04
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Figure 2. Gel electrophoresis of the RNase Ti partial digestion product of
UV-crosslinked transcripts. In vitro transcripts were synthesized from the two
subgenomic cDNA clones described in the legend to Figure 1 with each of the
four [a-32P]nucleoside triphosphates. The UV-crosslinked form of each
transcript and its UV-irradiated but not crosslinked form were purified from gels
and digested in 2 jl containing IOmM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mg/ml
RNase TI and 10 ±g tRNA at 37'C for 45 min. Digestion products were

separated by preparative scale electrophoresis. Products of crosslinked
transcripts (lanes 2-6) included a partial digestion product (marked by an

arrow) which was not present in control transcripts (lane 1). Products of the
shorter transcript, which contains delta bases 482-964, appear in lanes 1 and 2;
while those of the longer transcript, which contains delta bases 482-1109,
appear in lanes 3-6. Letters above lanes 3-6 indicate the [a-32P]nucleoside
triphosphate used in the transcription reaction. 'O' indicates the origin of
electrophoresis of this 20% polyacrylamide gel containing a Tris-borate buffer
and 7 M urea; 'XC' the position of xylene cyanol blue. The idiosyncratic
markings on the left-hand side were made by radioactive ink and were used to
guide excision of the crosslink-specific partial digestion product.

their flanking sequences can be separated from the remainder of
the transcript (which is digested to completion) by fractionating
the digests in 20% polyacrylamide gels containing 7 M urea (39).
After elution from gels, single-label transcripts were either
analyzed directly or were mixed together to provide uniformly
labeled material for subsequent experiments.

Despite the unusual RNase Ti resistance of the crosslink-spe-
cific fragment, RNase TI cleavage can be obtained by carrying out
the digestion at 65°C for 1 h in a sealed capillary tube (39). These
conditions were used to prepare the two-dimensional RNA
fingerprint of the mixed-label sample shown in Figure 3.
Oligonucleotides were recovered from fingerprint spots and
analyzed further by treatment with a variety of nucleases in a

process called 'secondary analysis'. Products released by the
secondary enzymatic digestions are presented in Table 1. These
data provide several pieces of information about the location of the
UV-induced crosslink. For example, pancreatic RNase A digestion
of spot 1 released AAC, AU, G, C, and U. Only one RNase TI
oligonucleotide in the sequence of genomic delta RNA, CAAC-
AUUCCG (bases 726-735), would yield this set of products,

Oligonucleotide designations refer to the RNase TI fingerprint spots marked in
Figure 3. the numbers in parentheses indicate the delta bases (5) potentially
present in the spot. Oligonucleotides produced by RNase T1, pancreatic RNase
A, RNase U2, and RNase T2 contain 5' hydroxyl termini and 3' phosphate
termini; while those produced by nuclease P1 have 5' phosphate termini and 3'
hydroxyl termini. Conditions for secondary enzymatic digestions have been de-
scribed before (60-62). Products of pancreatic RNase A digestion were ana-

lyzed by high-voltage electrophoresis on DEAE paper, pH 3.5. Products of
RNase U2 were analyzed on DEAE paper, pH 1.9; a '+' indicates that RNase
U2 treatment caused a change in mobility, while a '-' indicates that it did not.
Products of RNase T2 were analyzed on 3 MM paper, pH 3.5. Products of nu-
clease P1 were analyzed on DEAE paper, pH 3.5 and on 3 MM paper, pH 3.5.
The products X1, X2, and X3 did not co-migrate with any known markers, and
thus could not be identified. Parentheses identify products which were either
very faint, or were not consistently detected.

indicating that one of the two segments joined by the covalent
crosslink must contain bases 726-735 and neighboring sequences.
The segment containing the other crosslinked base was

identified with the following data: spot 4 yielded PGOH, pAOH,
PCOH, and phosphate upon treatment with nuclease P1 and
yielded AG and C upon digestion by pancreatic RNase A (Table
1). Considered together with the position of spot 4 in the
fingerprint, these results indicate that spot 4 contains either
CCAG or CCCAG; however, since CCAG does not occur in the
partial cDNA clones used for the fingerprinting studies, spot 4
must contain CCCAG. This oligonucleotide occurs twice in the
cDNA clones, at positions 628-632 and 859-863. However, only
the CCCAG at position 859-863 is near other oligonucleotides
also present in the fingerprint, such as spots 5 and 6. Spot 5
yielded AC, G and C upon digestion with pancreatic RNase A and
pGOH, PCOH and free phosphate upon digestion with nuclease P1.
Thus, spot 5 was identified as ACCG, an oligonucleotide which
occurs at positions 538-541, 741-744 and 869-872. Spot 6 was
identified as AUG based on its pancreatic RNase A products.
AUG occurs many times in the sequence. However, the three
oligonucleotides, AUG, CCCAG and ACCG, only occur in
conjunction in the sequence GAUGCCCAGGUCGGACCG
(bases 855-872), indicating that this segment comprises part of
the UV-sensitive element in delta RNA.
A diagram of the crosslink-specific RNase Ti partial digestion

product is shown in Figure 4. The oligonucleotides which could be
positively and unambiguously identified by analysis of fingerprint
spots are boxed by solid lines, with numbers corresponding to those

it.0
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Figure 3. RNase TI fingerprint of the UV-crosslinked RNase TI partial
digestion product. After elution from gels, the RNase TI partial digestion
product shown in Figure 2 was digested in 2 1 containing 1 mg/ml RNase TI
and 10 jg of tRNA at 650C for 1 h in a sealed capillary tube and then the
products were separated into a two-dimensional fingerprint (39,59). Oligonu-
cleotides were eluted from the numbered positions and subjected to secondary
analysis (60-62). The horizontal and vertical arrows indicate the directions of
first and second dimension separation, respectively.

856 865 876

5' UCCUCCUUc G G jAU- ACCC CGI- GACC C A GG 3'
. . . 1..... 11...

3' GGAIG-CCUUACAAC|GGGUC GCGG5UC'CUCCUC|5'
735 7222 712 703

Figure 4. Diagram summarizing fingerprinting data about the UV-crosslinked
RNase TI partial digestion product. Each delta sequence which could be
unambiguously identified from fingerprinting and conventional secondary
analysis is boxed and bears the encircled number of its fingerprint spot (1, 2,
4-6, 8, 9). Spot 7 contained CUG, which occurs twice in the sequence and is
underlined, rather than boxed, to indicate that the two CUG segments could not
be distinguished. Spot 7 did not contain UCG, which is boxed with a broken
line. The nucleotides flanking the region containing the crosslink are shown in
small uppercase letters.

of the fingerprint spots of Figure 3. These oligonucleotides must
consist of bases from flanking sequences. The oligonucleotides
containing the two crosslinked bases would be missing from their
usual places in the fingerprint. Thus, all the bases in (solid line)
boxes can be eliminated from consideration as possible crosslinked
bases. Taken together, these data establish the approximate
boundaries of the RNase Ti partial digestion product and lead to
a remarkable conclusion: this resistant region must contain a

minimum of 16 internal G residues which escaped cleavage by 1
mg/ml RNase TI (see Fig. 4). Such a high degree of nuclease
resistance is usually associated with double-stranded RNA, and yet
it is evident from the sequence that the UV-sensitive site does not

Figure 5. Pancreatic RNase A fingerprints of the UV-crosslinked RNase TI
partial digestion product from U-labeled RNA. From transcripts synthesized in
the presence of [a-32P]uridine triphosphate, the UV-irradiated but not
crosslinked (control) form (A) and the RNase Ti partial digestion product of
the crosslinked form (B) were prepared and digested at 37°C for 10 min in 2
1iI containing 0.25 mg/ml pancreatic RNase A, 10 mM Tris-HCI, 1 mM EDTA
and then the products were fingerprinted (59). An arrow marks the empty spot
in the fingerprint of crosslinked RNA (B) whereAGGU would appear if it were
released from the crosslinked RNase TI partial digestion product. The positions
ofGGC (identified in both panels) and AGGU/GAGU/GGAU (identified in A
as AGGU) provide landmarks. The horizontal and vertical arrows in (B)
indicate the directions of first and second dimension separation, respectively.

contain an exceptionally large number of Watson-Crick base pairs
compared to deltaRNA as a whole. While the crosslink itselfmight
protect one or two G residues from cleavage, the extensive RNase
TI resistance of UV-crosslinked delta RNA has not been observed
in studies of other UV-crosslinked RNAs (55) and thus the
extensive resistance of crosslinked delta RNA probably reflects an
unusual structural feature inherent in this site.
Once the approximate locations of the two segments present in

the RNase TI partial digestion product were determined, further
experiments were carried out to map the crosslinked bases
themselves. The first of the two crosslinked bases was identified
in the following manner. In RNase TI fingerprints, the two
oligonucleotides CUG and UCG co-migrate, forming spot 7 in
Figure 3. Ifboth oligonucleotides were present in spot 7, nuclease
P1 digestion would release pGOH, PCOH and PUOH. However,
PCOH was not present in nuclease P1 digests (see Table 1),
indicating that UCG was missing. Furthermore, the CUG/UCG
spot did not appear in the fmgerprint prepared from RNA
synthesized in the presence of [a-32P]-labeled CTP (data not
shown). While CUG occurs twice in the RNase TI partial
digestion product, CUG would not be expected to appear in the
fingerprint of C-labeled RNA (since neither copy of CUG is
followed by a C nucleotide in the sequence; see Fig. 4). However,
UCG would be expected in the C-label fingerprint ofthis segment
of RNA. The total absence of the CUG/UCG spot from the
C-labeled fingerprint indicates that one of the nucleotides in the
trimer UCG (bases 865-867) is crosslinked to a second nucleo-



Nucleic Acids Research, 1995, Vol. 23, No. 3 495

A pu* B
P04

* Xc

pG. p

* XC 0

o-.X1_* S

_-i +__+

, 1 2 3 4 5 6

) rr Pc T, CAP rr Pc T, CAP rr Pc T CAP rf Pe T CAP
pPPG P--XI.G P.-Xt. U Pr-Xj!

1 2 3 4 5 6 7 8 9 1 1t 1i2 3 1'1$

Figure 6. Further analysis of UV-crosslinked oligonucleotides. (A) Detection ofPl-X1, a nuclease PI digestion product. To provide material forthis analysis, U-labeled
transcripts (lanes 1-4) and G-labeled transcripts (lanes 5-6) were either directly digested by RNase TI at 37°C or were first exposed to UV light and then digested.
Products were fractionated by electrophoresis in 7 M urea-20% polyacrylamide gels. From the position of the crosslink-specific RNase TI partial digestion product,
RNAs were eluted from both control transcripts and from UV-irradiated transcripts, digested for 1 h at 37°C in 10 ,ul containing 0.33 mg/ml nuclease P1 in 10 mM
sodium acetate, pH 6.0, applied to DEAEpaper and fractionated by high voltage electrophoresis atpH 3.5 (60-62). Lanes 1, 4 and 5 depict products ofcontrol transcripts
(-); lanes 2, 3 and 6 depict products of UV-irradiated transcripts (+). A UV-specific product is marked PI-XI. Several additional species are identified. 'O' indicates
the origin of electrophoresis; 'XC' the position of xylene cyanol blue. (B) Analysis of the PI-XI nuclease P1 digestion product. The control species, pppGOH (lanes
1-4, marked pppG), and the PI-XI spot from G-labeled transcripts (lanes 5-8), U-labeled transcripts (lanes 9-12), and C-labeled transcripts (lanes 13-16) were
individually eluted from DEAE paper and either resuspended in water (lanes 1, 5, 9 and 13) or digested by pancreatic RNase A (lanes 2, 6, 10 and 14) or digested
by RNase TI (lanes 3, 7, 11 and 15) or by calf alkaline phosphatase (lanes 4, 8, 12 and 16), under conditions described before (61) except that enzyme-treated samples
also contained 10 sg of tRNA. Samples were applied to DEAE paper and fractionated by electrophoresis at pH 3.5. An arrow identifies the position of a
phosphatase-resistant product present in samples of G-labeled and C-labeled transcripts, but not present in U-labeled transcripts. The position of free phosphate is also
identified. 'O' indicates the origin of electrophoresis; 'XC' the position of xylene cyanol blue.

tide. Thus UCG must be part of fingerprint spot 3, which is
identified as the crosslink-containing spot [because it releases
unconventional products upon digestion with several enzymes
(see Table 1)].
To identify which base in the UCG trimer was crosslinked,

pancreatic RNase A fingerprints were prepared and analyzed.
The UV-specific RNase TI partial digestion product shown in
Figures 2 and 4 was prepared. Crosslinked fragments were eluted
from gels and then were incubated at 37°C for 10 min in 2 ,ul
containing 0.25 mg/ml of pancreatic RNase A, 10mM Tris-HCl,
1 mM EDTA and 10 ,ug of tRNA. Digestion products were
fractionated into a two-dimensional fingerprint. The tetramer
AGGU was missing from the fingerprint ofU-labeled crosslinked
RNA (Fig. 5B), indicating that AGGU contains one of the two
crosslinked bases. The oligonucleotides AGGU and UCG
overlap by 1 base, U-865 (in the sequence AGGUCG; see Fig. 4).
Together, the results of RNase TI and pancreatic RNase A
fingerprinting studies identified U-865 as one of the two
crosslinked bases.

Identification of the second crosslinked base was more
difficult. Analysis of nuclease PI digestion products provided a
key piece of information, indicating that both crosslinked bases
are uridine residues. As shown in Figure 6, nuclease P1 digestion
released a slowly migrating product from crosslinkedRNA which

could be detected following high voltage electrophoresis on
DEAE paper carried out at pH 3.5. This product, PI-XI, was
missing from digests of control RNA (Fig. 6A, compare lane I to
lanes 2 and 3). P1-XI was released from crosslinked G-labeled,
C-labeled and U-labeled RNA, but not from A-labeled RNA. It
was much more prominent in products of U-labeled RNA than in
those of G-labeled RNA (Fig. 6A, compare the intensity ofP1-X1
in lanes 3 and 6) or C-labeled RNA (not shown), suggesting that
PI-XI contained two phosphate groups 5' to U residues and one
phosphate group 5' to a G residue and one 5' to a C residue.
Following elution of P1-XI from the DEAE paper, samples were
treated with calf alkaline phosphatase. In the case of U-labeled
PI-XI, the major product was free phosphate (Fig. 6B, lane 12).
This result indicates that pU occurs only at the 5' end of PI-XI.
In the case of G-labeled P1-X1 and C-labeled PI-XI (Fig. 6B,
lanes 8 and 16), phosphatase treatment created a novel product,
which migrated much more slowly than free phosphate. (A small
amount of free phosphate was also released from the G-labeled
PI-XI, probably due to contamination with pppGOH, which
migratesjust below PI-XI during electrophoresis onDEAE paper
at pH 3.5; see Fig. 6A, lane 5.) Therefore P1-XI contains at least
one pG and one pC, neither at a 5' end, supporting the conclusion
that both 5' ends are pU.
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Figure 7. A UV-sensitive hairpin containing the delta tertiary element. A 65
base long RNA was transcribed in vitro using the method introduced by
Milligan et al. (63), labeled at its 3' end by incubation with RNA ligase and
[32P]pCp (star), and exposed to UV light, which induced a crosslink
(double-headed arrow). The hairpin contains delta bases 855-881 (top strand)
and 702-735 (bottom strand).

These results suggest that both crosslinked bases are U residues
according to the following analysis. Fingerprinting data identified
one of the crosslinked bases as U-865. Under the conditions used,
nuclease P1 cleaves on the immediate 5' side ofcrosslinked bases,
as proven by the evidence that U-865 is both a crosslinked base
and is at the 5' terminus of PI-XI. If nuclease P1 consistently
cleaved on the immediate 5' side of the crosslinked bases, since
both 5' ends are U residues, both crosslinked bases must be U
residues. Given the constraints of the sequence, the second
crosslinked U residue must be either U-7 12 or U-722 (see Fig. 4).

Crosslinking of either U-712 or U-722 would have escaped
detection during the RNA fmgerprinting analysis. The sequence
in which they occur, GCUGG, occurs twice in the RNase TI
partial digestion product containing the crosslinking site (see Fig.
4, in which both copies of GCUGG are underlined). Thus the
CUG spot would still appear in the RNase TI fingerprint even if
one copy of CUG were missing because it was crosslinked to
another oligonucleotide. Because RNA fingerprinting is not a
quantitative procedure, this loss would not be detectable.
Furthermore, because the two copies of CUG occur in the same
sequence context, nearest-neighbor analysis could not be used to
distinguish them. Additional techniques were needed to complete
the mapping of the crosslink.

Mapping the UV-sensitive site in short, end-labeled
delta transcripts

In order to identify the second U residue in the crosslink, a
number of short, end-labeled transcripts containing the UV-sensi-
tive element were analyzed by partial aLkaline hydrolysis, a
technique we used previously to map a UV-sensitive site in the
central conserved region of viroid RNA (48). Figure 7 presents
a diagram of one of these transcripts, a 65 nucleotide long
molecule, which was synthesized in vitro using the conditions
described by Mulligan et al. (63). It was then ligated to 32P-labeled
pCp This end-labeled RNA was crosslinked by irradiation with
UV light. Gel electrophoresis was used to separate the UV-cross-
linked RNA from the remainder of the UV-exposed, but
apparently non-crosslinked molecules (data not shown).
The crosslinked RNA hairpin was then partially cleaved by

aLkaline hydrolysis and the products were fractionated by
electrophoresis in 20% polyacrylamide gels containing 7M urea
(Fig. 8, lanes c and d) to identify the position of the crosslink. For
comparison, alkaline hydrolysis was also carried out on control
transcripts, which had received no exposure to UV light (Fig. 8,
lanes a and b), and on UV-exposed, but non-crosslinked
transcripts (Fig. 8, lanes e and f). Partial digestion products of
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Figure 8. Gel electrophoretic analysis of partial digestion products of the
UV-sensitive hairpin. Three forms ofthe 65 base long hairpin depicted inFigure
7 were prepared: hairpins that received no UV treatment (lanes a and b);
hairpins that were UV-crosslinked (lanes c and d, marked x); hairpins that were
UV-treated, but apparently non-crosslinked (lanes e-h). To produce alkaline
hydrolysis ladders, samples were incubated at 90°C in 0.05 M sodium
bicarbonate/carbonate at pH 9.2 for either 15 min (lanes a, d and e) or 5 min
(lanes b, c and f). To produce a family of RNase TI partial digestion products,
non-crosslinked samples were incubated at 65°C in buffer containing RNase
TI and urea for 15 min (lane g) or4 min (lane h), as described before (62). Each
band in the alkaline ladder is marked by a dot, to assist in the counting of the
bands. An arrow identifies the beginning of a gap in the alkaline ladder, which
starts at U-712. An open arrowhead designates an under-represented RNase TI
partial digestion product associated with G-716. 'O' marks the origin of this 7
M urea-200%o polyacrylamide gel.

RNase TI were used to identify nucleotide positions in the gel
(Fig. 8, lanes g and h). The partial digestion product associated
with G-716 was fainter than expected, suggesting that this
nucleotide may be protected or distorted (see Fig. 8, lanes g and
h, open arrowhead).

Alkaline cleavage ofRNAs containing no crosslinks produced
uninterrupted ladders of digestion products (Fig. 8, lanes a and e).
In contrast, the pattern of cleavage products from crosslinked
RNA terminated at U-712 (see arrow in Fig. 8). From these, and
supporting data from other short, end-labeled transcripts (data not
shown), and from the fingerprinting data summarized in the
preceding section, we conclude that U-7 12 and U-865 are the two
nucleotides in delta genomic RNA joined by the UV-induced
covalent bond. This bond is indicated by the double-headed arrow
in Figure 7.



Nucleic Acids Research, 1995, Vol. 23, No. 3 497

840 RNA-2 865 906
5 OUOCOUCCUCCUUCOOAUOCCCOO,O O CCOCOAOOAOOUOOAOAUOCCAUOCCOACCCOAAGAOoN 3

1 1111 I111 111111 11 11111111 11 113' oC-CAoooGAOCCUUACAACOOOUCOOCC COO COCUCCUCCOACCCU. -OOUACOOCCOOUAOUC-COwI 5'
743I7743 RN4A-1 712 680

I O-*b

Figure 9. A UV-crosslinked bimolecular complex of RNA-l (bases 680-743)
and RNA-2 (bases 840-906) with a double-headed arrow identifying a
UV-induced crosslink.

E....

Generation of a UV-sensitive bimolecular complex
containing the tertiary element

To learn the details of the tertiary structure in delta RNA,
techniques such as NMR spectroscopy or X-ray crystallography
will be needed. However, the delta hairpins we synthesized for
mapping studies may not be optimal material for future structural
studies because they have terminal loops, rather than free ends.
Wimberly etal. (52) successfully prepared a model of the internal
loop E of eukaryotic 5S rRNA by synthesizing two separate
transcripts, which combined to form the desired internal loop. It
has proven to be difficult to crystallize hairpin loop structures. In
two separate studies, RNA oligomers containing tetraloop
sequences formed double helices, rather than hairpin loops, when
crystallized (64-65). Thus, we wished to determine whether the
element of local tertiary structure in delta genomic RNA could be
formed in a bimolecular complex in which two halves of the
tertiary structure were present on separate RNA molecules.
For these experiments, two RNA molecules were synthesized

in vitro under conditions introduced by Milligan et al. (63).
RNA-1 was 65 nucleotides in length and represents sequences
from the bottom strand of the rod-like secondary structure ofdelta
genomic RNA (delta bases 680-743; see Fig. 9). RNA-2 was 67
nucleotides in length and represents sequences from the top strand
of the delta rod-like structure (delta bases 840-906). RNA-1 and
RNA-2 were combined and incubated in the presence of a
magnesium-containing buffer to allow complexes to form.
Products were fractionated by electrophoresis in pre-chilled 8%
polyacrylamide gels containing a Tris-borate buffer, but no
EDTA or urea. Only one new band, an RNA- 1-RNA-2 complex,
was generated. This new band (marked by the open arrowhead in
Fig. 10) migrated much more slowly than free RNA-1 and free
RNA-2 (marked by the solid arrowhead). A Molecular Dynamics
PhosphorImager was used to determine the percentage of RNA
in a given sample which was present in the RNA-1-RNA-2
complex. In samples incubated for 15 min at 60°C, the
RNA-1-RNA-2 complex accounted for 64% of the RNA (Fig.
10, lane n), while it accounted for 80% in samples incubated for
60 min (Fig. 10, lane p). The slow rate of formation of the
RNA-1-RNA-2 complex suggests that either RNA-1 or RNA-2
or both may have self-structure which inhibits complex forma-
tion. Palukaitis and Symons reported slow kinetics for hybridiza-
tion to viroid RNA and attributed the slow rate to residual RNA
secondary structure (66). The new band, representing the
RNA- 1-RNA-2 complex, was not generated when either RNA- 1
alone (Fig. 10, lanes c and d) orRNA-2 alone (Fig. 10, lanes g and
h) was incubated in the magnesium-containing buffer. Production
of the RNA-1-RNA-2 complex required the addition of cations
and did not take place when a mixture ofRNA-1 and RNA-2 was
incubated in water (Fig. 10, lanej); nor was it produced in samples
kept on ice in the magnesium-containing buffer (Fig. 10, lane k).
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Figure 10. Detection of an RNA-1-RNA-2 complex by gel electrophoresis.
RNA-l (lanes a-d) and RNA-2 (lanes e-h) and an equimolar mixture of the two
(lanes i-p) were heated to 90°C for I min in water and then were either
maintained on ice in water (lanes a, e and i); incubated at 60°C for 60 min in
water (lane j); or were maintained on ice in 2.5 mM MgC92, 5 mM HEPES, pH
6.5 (lanes b, f, k); or were incubated in sealed capillary tubes at 60°C for 60 min
in 2.5 MgC92, 5 mM HEPES, pH 6.5 (lanes l-p). Samples were quenched on
ice, mixed with a buffer containing HEPES, MgC92, sucrose and dye, and
analyzed by electrophoresis in pre-chilled non-denaturing 8% polyacrylamide
gels. '0' indicates the origin of the gel; 'BB' marks the bromophenol blue dye;
an open arrowhead identifies the RNA-1-RNA-2 complex, a solid arrowhead
denotes free RNA-1 and RNA-2.
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Figure 11. UV-Sensitivity of the RNA-1-RNA-2 complex. The
RNA-1-RNA-2 complex, eluted from preparative scale non-denaturing gels,
was resuspended in 0.5 mM MgC92, 5 mM HEPES and exposed to UV
irradiation at room temperature for various times: 0 s (lane c); 7 s (lane d); 20
s (lane e); 60s (lane f). To release RNA-1 and RNA-2 from complexes which
had not been crosslinked, samples were mixed with formamide dye containing
50 mM EDTA and heated at 90°C for 3 min. Samples were fractionated by
electrophoresis to detenmine the extent of UV-crosslinking. An aliquot of
RNA-1 is shown in lane a, RNA-2 in lane b; '0' marks the origin of the 7 M
urea-10% polyacrylamide gel.

Analysis of complexes eluted from gels revealed that RNA-1
and RNA-2 are present in a one-to-one ratio (data not shown) and
showed that complexes are sensitive to UV-induced crosslinking.
The crosslinked derivative constituted - 15% of the RNA in
samples irradiated for 60 s (Fig. 11, lane f). We were not able to
identify the factors that caused the crosslinking to plateau at 15%.
Susceptibility of the crosslink to photolysis, non-specific UV
damage and structural features of the complex may all contribute.
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Figure 12. Photolysis of the UV-crosslink. The UV-crosslinked form of the
subgenomic transcript, eluted from gels and purified as described before (39),
was either analyzed directly (lane a) or was exposed to UV light (peak 245 nm)
for 20 s (lane b) or for 2 min (lane c). Samples were fractionated by
electrophoresis in a 7 M urea-4% polyacrylamide gel. An aliquot of the
subgenomic transcript which received no UV treatment appears in lane d. 'O'
indicates the origin of the gel; 'XC', the position of xylene cyanol blue.

To map the UV-sensitive site in the RNA-1-RNA-2 complex,
the crosslinked derivative was incubated in 1 mg/ml RNase TI at
37°C for 45 min. The resulting products were fractionated by
electrophoresis in 20% polyacrylamide gels containing 7 M urea.

A large, RNase TI-resistant fragment was generated which
co-migrated with the RNase TI-resistant product of a crosslinked
subgenomic transcript, indicating that the UV-crosslink induced
in the RNA-1-RNA-2 complex occurred at the same site as the
crosslink induced in the subgenomic transcript (data not shown).

Photolysis of the UV-induced crosslink

To determine whether the crosslink in delta RNA could be broken
by re-exposure to the same UV light source which created it,
aliquots of crosslinked subgenomic transcripts were exposed to
UV light (254 nm peak output) and then were analyzed by
electrophoresis. Following UV irradiation for 2 min, about 30%
of the RNA co-migrated with non-crosslinked control transcripts,
demonstrating that the delta crosslink is susceptible to photolysis
(Fig. 12, lane c). Similar results were obtained in studies of
crosslinked RNA-i-RNA-2 complexes (data not shown). These
results are compatible with the delta crosslink being a pyrimi-
dine-pyrimidine cyclobutane dimer, and thus are in accord with
our other studies indicating that the crosslink connects two U
residues. Additional photosensitivity tests are available (67-69)
and have been used to define the chemistry of a UV-induced
crosslink between tRNA and 16S rRNA (68) and a UV-induced
crosslink in transcripts of tRNA (69).

DISCUSSION

Our results show that U-712 and U-865 are the two bases in delta
RNA which become covalently crosslinked to each other upon
irradiation with UV light, indicating that these two bases are very
close to each other in the native conformation of delta RNA. In
the rod-like secondary structure model of delta RNA (5) these two
nucleotides are several bases away from each other. Thus, at least
in this small region of the genome, the rod-like model needs to be
modified. More work is needed to determine whether and in what
way the smooth helical contour of the overall delta RNA
molecule is interrupted by the tertiary structure. The NMR
structure of loop E from Xenopus laevis SS ribosomal RNA (52)
might suggest one way in which the sugar-phosphate backbone
could be locally folded in order to bring U-712 and U-865 into
close proximity. Although the delta RNA does not have the same
structural motif as that of 5S rRNA/viroid RNA, all three sites are
flanked by Watson-Crick base paired helices and have cross-
linked bases which are off-set from each other. In the case of loop
E, 'loop' turns out to be a misnomer: the internal loop closes to
form a G*A base pair and a reverse-Hoogsteen A*U base pair and
perhaps two additional non-Watson-Crick base pairs, A*A and
U*U. Extensive interstrand stacking leads to a structure suscep-
tible to UV-induced crosslinking. While one strand of loop E has
almost A-form geometry, the sugar-phosphate backbone of the
other strand has a very irregular conformation and locally points
in the direction opposite to the rest of the helix.

In our current studies, we used susceptibility to UV-induced
crosslinking to show that the tertiary structure from delta RNA,
like that of loop E of 5S rRNA, can be formed when its two halves
are on separate RNA molecules. Susceptibility to UV-crosslink-
ing was used previously by Wimberly et al. to verify that their 27
nucleotide complex had the proper conformation and thus could
be used as a model of loop E in NMR studies (52). Downs and
Cech have presented evidence that a UV-crosslinking reaction
which induces an adenosine-adenosine bond in a shortened
enzymatic version of the Tetrahymena self-splicing intervening
sequence can be used as an assay for correctly folded structure
and to test for the production of the native conformation under
various conditions (45). As a cautionary note, data from Behlen
et al. indicate that susceptibility to UV-crosslinking should be
combined with additional tests of RNA structure and function
whenever possible. Production of an intramolecular crosslink
between C-48 (in the variable loop) and U-59 (in the T loop) of
yeast tRNAPhe wild-type and mutant transcripts appeared 'in
general to be somewhat less sensitive than lead cleavage in its
ability to detect distant defects in the overall folding of tRNAPhe'
(69). However, Behlen et al. conclude that the C48-U-59
crosslinking assay provides a useful means for determining
whether a mutant sequence is folded into a structure similar to that
of wild-type tRNAlhe. Taken together, the studies of Wimberly
et al. (52), Downs and Cech (45) and Behlen et al. (69), indicate
that UV-crosslinking can be used to assess the fidelity of RNA
folding, as we have done here.
Non-Watson-Crick bonds, such as those present in photosensi-

tive elements, are important features of RNA structure and need
to be identified and characterized using high resolution tech-
niques. The two RNAs making up the RNA-1-RNA-2 complex
are 65 and 67 bases in length, for a total of 132 nucleotides. This
complex is about 30 nucleotides smaller than the P4-P6 domain
from the Tetrahymena group I intron which was recently
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crystallized using the sparse matrix approach (70). Thus, it
appears that crystallographic studies of the delta tertiary structure
may be possible in the near future.
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