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Abstract

In the past few years thionucleobases have been extensively used as intrinsic photolabels to probe the structure in solution of folded RNA
molecules and to identify contacts within nucleic acids and/or between nucleic acids and proteins, in complex nucleoprotein assemblies.
These thio residues such as 4-thiouracil found in E. coli tRNA and its non-natural congeners 4-thiothymine, 6-thioguanine and 6-mercaptopurine
absorb light at wavelengths longer than 320 nm and, thus, can be selectively photoactivated. Synthetic or enzymatic procedures have been
established, allowing the random or site-specific incorporation of thionucleotide(s) within a RNA (DNA) chain which, in most cases. retains
unaltered structural and biological properties. Owing to the high photoreactivity of their triplet state (intersystem yield close to unity),
4-thiouracil and 4-thiothymine derivatives exhibit a high photocrosslinking ability towards pyrimidines (particularly thymine) but also
purines. From the nature of the photoproducts obtained in base or nucleotide mixtures and in dinucleotides, the main photochemical pathway
was identified as a (2 +2) photoaddition of the excited C—S bond onto the 5, 6 double bond of pyrimidines yielding thietane intermediates
whose structure could be characterized. Depending on the mutual orientation of these bonds in the thietanes, their subsequent dark rearrange-
ment yielded, respectively, either the 5-4 or 6-4 bipyrimidine photoadduct. A similar mechanism appears to be involved in the formation of
the unique photoadduct formed between 4-thiothymidine and adenosine. The higher reactivity of thymine derived acceptors can be explained
by an additional pathway which involves hydrogen abstraction from the thymine methy! group. followed by radical recombination. leading
to methylene linked bipyrimidines. The high photocrosslinking potential of thionucleosides inserted in nucleic acid chains has been used to
probe RNA-RNA contacts within the ribosome permitting, in particular, the elucidation of the path of mRNA throughout the small ribosomal
subunit. Functional interactions between the mRNA spliced sites and U RNAs could be detected within the spliceosome. Analysis of the
photocrosslinks obtained within small endonucleolytic ribozymes in solution led to a tertiary folded pseudo-knot structure for the HDV
ribozyme and allowed the construction of a Y form of a hammerhead ribozyme, which revealed to be in close agreement with the structure
observed in crystals. Thionucleosides incorporated in nucleic acids crosslink efficiently amino-acid residues of proteins in contact with them,
Despite the fact that little is known about the nature of the photoadducts formed. this approach has been extensively used to identity protein
components interacting at a defined nucleic acid site and applied to various systems (replisome, spliceosome, transcription complexes and

ribosomes). © 1998 Elsevier Science S.A.

Kevwords: Thionucleobases; 4-Thiouridine: Photoaftinity labelling; Nucleic acid: Protein; Structure; Interaction

1. Introduction

Treatment of genetic information within the cell. requires
multiple interactions between nucleic acids as well as
between nucleic acids and proteins. Most of these fundamen-
tal processes are achieved in nucleoprotein assemblies ( repli-
some, spliceosome, transcription complexes, ribosomes, ... ).
Understanding the functioning of any of these complexes
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requires a detailed knowledge of both the structure of their
individual components and the way they mutually contact
each other at any step of their functional cycle. In the past
few years a number of crosslinking methodologies has been
designed to tackle this challenging problem, being able to
give physical evidences for several types of biologically
important interactions. In this respect. photocrosslinking
methods offer a number of decisive advantages due to a better
control in the formation of covalent bonds between contacting
moieties, provided monofunctional photolabels (preferen-
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tially nucleoside analogs) can be incorporated in represen-
tative biological systems [ 1-3]. Among these photolabels,
4-thiouridine, thiouridine and its non-natural congeners
including 4-thiothymine, 6-mercaptopurine and 6-thioguan-
ine deserve special attention (Fig. 1).

4-Thiouridine (s*Urd) was discovered in 1963 as a rare
nucleoside present only in position 8 (and exceptionally posi-
tion 9) of E. coli tRNA [4]. The presence of a sulfur atom
in place of a keto oxygen at position 4 of the uracil ring results
in exceptional spectroscopic properties. The absorption spec-
trum of s*Urd is shifted to the red (A, = 330 nm) while all
major RNA components only display end-absorption at
wavelengths longer than 300 nm. It can thus be selectively
photoactivated leading to the quantitative formation of a pho-
tocrosslink between residues 8 and 13 in all native tRNAs
containing a s*Urd in position 8 and a cytidine in position 13
(50% of molecules from bulk E. coli tRNA). This photo-
reaction has unraveled for the first time a feature of tRNA
tertiary structure common to a large number of tRNAs [5.6].
It also plays a key role in £. voli photobiology. Near-UV
irradiation of E. coli cells triggers a number of photobiolog-
ical effects such as growth delay, uncoupling of cell growth
and division and photoprotection for competent cells [1].
Interestingly, a mutant cell line (nuvA) containing Urd
instead of s°Urd at position 8 of its tRNA grows as well as
the wild type cell in the dark, but lacks the photobiological
effects mentioned above. Moreover, formation of the 8-13
link occurs in isolated tRNA and in the cells with similar rates
and yields. However. some crosslinked tRNA species
appeared to be poor substrates of their acylation enzymes,
resulting in a marked reduction of protein synthesis and a
slower growth rate. Indeed, in cells submitted to solar light.
arrest of protein synthesis prevents expression of the induci-
ble mutagenic SOS response due to the lesions triggered in
DNA by the UVC and UVB components of light, Thus s*Urd
acts as an antiphotomutagenic device [ 1].

In the field of photolabeling experiments the attributes of

s*Urd as a photoaffinity probe are numerous: (i) it is stable
in the dark: (ii) it can be selectively photoactivated by wave-
lengths between 330 and 370 nm thus keeping undesirable
side reactions at a minimum; (iii) it is highly photoreactive
towards both nucleic acid bases and amino acid residues ( see
below); (iv) its base-pairing properties are similar to those
of the parent nucleoside uridine allowing polynucleotide
chains, at low substitution levels, to retain their standard
physico-chemical properties [1.7]. In addition, s*Urd (on
the triphosphate form) is readily incorporated in RNA chains

both in cells and in a T7 RNA polymerase system so that the
term of intrinsic photolabel has been coined to illustrate this
essential feature. Since s*dThd and other thionucleosides are
expected to retain closely similar properties, s*Urd obviously
constitutes the prototype of an interesting class of nucleic
acid photolabels. The photochemistry of s*Urd, focused on
tRNA work, has been reviewed in 1990 [ 1 |.

The purpose of the present paper is to summarize and
update our knowledge of thionucleobase photochemistry and
to illustrate some of the remarkable achievements obtained
by the intrinsic photolabeling technique since 1990. First, the
procedures allowing the synthesis of oligonucleotides con-
taining a thionucleobase at a single preselected position will
be summarized. Then, the photophysics und photochemistry,
so far essentially limited to 4-thiopyrimidines will be
described, going from mixtures of bases or nucleotides to
dinucleotides and polynucleotides. Applications of this pho-
totechnology to elucidate RNA structure, to unravel nucleic
acid—nucleic acid contacts within complex assemblies and to
determine proteins contacting a defined nucleic acid portion
in nucleoproteins will be presented and discussed.

2. Synthesis of (oligo)polynucleotides site specifically
substituted with thionucleotides

Incorporation of s*UTP (as well as s*TTP, s°GTP or
s°ITP) into polynucleotides is easily achieved using appro-
priate polymerase systems. The exonuclease free fragment of
DNA polymerase I, but not T4 polymerase, incorporates
s*dTTP into DNA albeit with some unintended primer exten-
sion [8]. Synthesis of s’U containing polyribonucleotide is
in general performed with the T7 RNA polymerase system.
At low values of the s*'UTP/UTP ratio, the analog is incor-
porated at a rate 4 to 5 times slower than UTP and is found
distributed randomly among available positions [9] Enzy-
matic incorporation of s°GTP in polynucleotide chains
revealed to be much less efficient than with s*UTP ([ 10] and
unpublished data from our laboratory). This 1s in agreement
with the finding that s°G incarporation in cellular RNA is tar
more damaging to the cell metabolism than the corresponding
s*U incorporation [ 11].

Generally. in photolabeling experiments, analysis of the
crosslinks is facilitated if a single thionucleotide is incorpo-
rated at a strategic preselected position. This can be achieved
by the above procedure if a single position in the synthesized
polynucleotide is available for incorporation of the thio-
nucleotide assurning that the polynucleotide can function
despite an artificial sequence context [ 12]. However, a more
general procedure can be used to achieve this goal: itinvolves
chemical synthesis of thionucleotide containing oligonucleo-
tides combined with enzymatic ligation. The first step can be
realized using either the phosphoramidite or the H-phos-
phonate method. Indirect routes involving post synthetic
modifications have been considered { 13,14} but the use of
sulfur-protected nucleosides appears more convenient. The
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latter procedures differ by the choice of the protection rec-
ommended at the sulfur position to avoid undesirable side
reactions during the phosphitylation and oxidation steps of
oligonucleotide synthesis. We have proposed the S-( pivaloy-
loxy) methyl group which can be easily introduced and, in
contrast to other suggested groups, can be removed without
modification of the protocol used in machine synthesis [ 15~
18]. Recently it was shown that no sulfur protection is
required if one uses terr-butyl hydroperoxide instead of stan-
dard iodine/water for the oxidation step in solid phase syn-
thesis [7]. Such protocols allow synthesis of site-specific
substituted RNA up to about 30 nt [19] while for DNA it
can exceed 100 nt. If a longer polynucleotide chain is
required, then two DNA fragments can be linked together
using a bridging oligonucleotide and a DNA ligase. In the
case of RNA advantage was taken that a dinucleotide NpG,
in occurrence s*UpG, can serve in place of GTP (o initiate
transcription by T7 polymerase. Ligation of two RNA chains
by means of T4 DNA ligase and a bridging oligodeoxynu-
cleotide has allowed introduction of s*U residues at s*UpG
sites in a RNA chain [20,21]. Combining chemical synthesis
of thiobase containing oligoribonucleotides and enzymatic
ligation should allow the incorporation of the thioresidue at
any desired position. Recently a new protocol has been pro-
posed to insert s*U in long RNA chains. First, ps*Up is ligated
to the 3'-end of the 5'-half RNA [22]. Then, the elongated
5'-half and appropriate 3'-half are ligated using the T4 DNA
ligase procedure | 23].

3. Photophysics

The important photobiological role of s*°Urd has stimulated
extensive investigation of its ground state and excited state
properties. This was further extended to parent compounds
such as 4-thiouracil s*U, its tautomeric blocked forms 1-Me
s*U. 3-Me s*U, 1,3-diMe s*U as well as 4-thiothymine s*T.
All 5*U derivatives exhibit closely similar behavior, previ-
ously reviewed in details [ 1]. Only the main features of this
research will be summarized here.

In neutral aqueous medium, 4-thiouracil is essentially in
the 2-keto-4-thione form which strongly absorbs light in the
near-UV range (A =330 nm). Irradiation at this wavelength
directly populates the S, (7r7™) singlet state which rapidly
decays (estimated lifetime 5 ps) and efficiently converts,
@, =0.9+0.1 to the corresponding lowest (77™) triplet
state T,. This state, which has been characterized by a variety
of techniques. gives rise in solution (o a room-temperature
phosphorescence (A, =550 nm, @=3X10"*) which
decays with a lifetime of 200 ns in acrated solution at 298 K.
At 77 K, in a glass the phosphorescence yield increases up to
15% and two distinct emissions (A, =475 nm, 7= 1 ms
and A, = 550 nm. 7= 0.4 ms) can be detected. The behavior
of 4-thiouracil analogs, including 4-thiothymine is similar.
Obviously, for these compounds, the high S-T interconver-
sion yield and the short singlet lifetime point to the triplet

state T, as the photoreactive state. Indeed, the T, state is
efficiently quenched in solution (k, upto 6 X 10°M~'s™ ")
by a variety of compounds including halides ions such as
Br~, Cl7, aminoacids and nucleosides or nucleotides [1].
Of peculiar interest is ground state dioxygen quenching in
aerated solution which proceeds with a rate constant of
4% 10° M~' s7! and generates singlet oxygen 'O, with a
yield &, =0.2 [24].

4. Photochemistry

Much attention has been paid to the photocoupling ability
of thionucleosides when mixed in solution with the current
nucleosides or in dinucleotide models. However, it should be
called to mind that these compounds undergo photolysis even
when irradiated at low concentrations (C<5X107° M),
keeping trans-coupling reactions at their minimum.

4.1. Photolvsis of s'U derivatives in diluted agqueous
solution

Dilute solutions of s*Urd or analogous compounds are
photolyzed with a quantum yield of 10~ 7 in the presence of
oxygen and with a ten-fold reduced efficiency in its absence.
In aerobic conditions the main photoproduct is Urd. However
it is not yet clear whether the s*Urd to Urd conversion is due
to direct photoreaction of the s*Urd triplet state with oxygen
and/or whether it predominantly results from oxidation of
ground state s*Urd by singlet oxygen 'O, which is produced
in high yield. Formation of s"Urd hydrate, which has never
been unambiguously characterized, is at most a residual path-
way in contrast to the behavior of the parent compound Urd.

4.2. Photoreactivity and photoadducts obtained with
mixtures of bases or nucleosides

Regarding the photochemistry of nucleic acids [25] the
first attempts to identify mixed photoproducts were limited
to pyrimidine adducts with U and C residues [ 1.26,27]. The
finding that in a folded RNA fragment s*Urd yields a sub-
stantial amount of intramolecular crosslinks with A and G
[9] led to a comprehensive recvaluation of the s*Urd pho-
tocrosslinking potential [ 28]. All current nucleosides (N) in
millimolar range concentrations revealed to be able to quench
the s*Urd triplet (s*U¥) and to stimulate its photolysis in
aqueous aerated solution according to the following colli-
sional scheme:

k, ks
stUE>s*U; s*U%L—P

kN k'S (N)
sTUE - 57U stUE S P

allowing determination of the rate constants k, = k', + k', and
of the ratios k',/k, and k’,/k,. The formation of stable pho-
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Table |
Rate constants for s*Urd quenching and photoadduct formation by frans-
coupling with current nucleosides

T u A C G
10%k, (M7 's ™) 1 03 0.8 0.06 ~0.1
10° k"5 7k, 80 12 4 7 ~3
kslks (M) (a) 16000 700 700 30 ~ 100

(b) 2000 S00 750 180 ~ 100

The acceptor nucleosides arc ordered following photoreactivity. Data
obtained with G can only be considered as crude estimates. The ratio &'/ &,
was evaluated using s*Urd photolysis stimulation (a) or the direct photo-
coupling assay (b).

toadducts (P’') between N and the deoxytrinucleotide
d(s*UCC) was monitored by a gel retardation assay provid-
ing another estimate of &',/k,. One major photoadduct can
be detected for A and G while, at least. two adducts are formed
in the presence of pyrimidine nucleosides. As shown in Table
1. Thd is a much better acceptor than any other nucleoside
[ 28] in agreement with previous data showing that T residues
are the major targets in s*Urd photocrosslinking experiments
with DNA [29]. In addition mixed photoadducts are formed
with ten times higher overall quantum yield with thymine
{®=0.017) than with cytosine in s*Urd-base mixtures | 30|,
The discrepancy observed in Table 1 for the £'./k, values
corresponding to Thd can be ascribed to the use of d(s*UCC)

Flllb
OYN H
]
T H
H,N s

Rib

in place of free s*Urd but also to the possibility that Thd could
promote photolytic decomposition of s*Urd.

In order to gain some insight into tRINA structure, intensive
efforts were made to identify the nature of the photoproducts
whose formation gave rise to the 8-13 photocrosslink. Thus,
334 nm irradiation of submillimolar mixtures of 4-thiouracil
and cytosine in deaerated aqueous solution allowed the
isolation of two adducts, namely pyrimidin-2-one (4-5)
cytosine, Pyo(4-5)Cyt (Fig. 2) and pyrimidin-2-one (4-5)
4-thiouracil, Pyo(4—5)s4Ura. The former was obtained in a
low yield with an overall quantum yield of 1.5% 10 "* while
the latter was formed in roughly ten times higher chemical
and quantum yields. Similarly irradiation of a 4-thiouracil-
uracil mixture yielded Pyo(4-5)Ura [31,32]. These adducts
could be interconverted between each other by mild chemical
treatments and furthermore the Pyo(4-5)Cyt structure was
confirmed by unequivocal multistep synthesis [33]. The
spectroscopic properties of these photoadducts (absorption
and fluorescence spectra) have been summarized in Wang's
review [ 34].

The chemical nature of the 8-13 link was established first
by comparison of the absorption and fluorescence character-
istics of authentic diriboside photoadducts isolated from irra-
diated tRNAY*', [35] or bulk E. coli tRNA [36] with those
of Pyo(4-5)Cyt obtained by irradiation of base mixtures and
to Pdo(4-5)Cyd produced by 254 nm irradiation of hemipro-

F'iib
o§f _N___H
o
H” H

H,N H /s

/ _—

N H

-

\

o Rib

b)

c)

d)

Fig. 2. Reaction scheme leading, in £. coli tRNA. to the formation of the 8-13 photoadduct, Pyo(4-5)Cyt (d) via a thietane intermediate (b).
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Fig. 3. Structure of O"hThy(5-4)Pdo photoadduct obtained by irradiation of a mixture of thymine and s*Urd.
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Fig. 4. Postulated reaction scheme yielding (N-6-Fapy-Ade) upon irradiation of N-1 substituted 4-thiothymine in the presence of N-9 substituted adenine.

tonated Cyd puddles [37.38}. It was further confirmed by
the finding that NaBH, reduction. which converts the 8-13
photoproduct in tRNA into a highly fluorescent compound
(Ao =390 nm, A., =450 nm) [39], equally converts the
(5-4) photoadducts into their reduced forms, Pyo(4-5)hPyr
[31.32.36]. The fluorescent properties of Pyo(4-5)hCyt,
when either free in solution orin tRNA, have been thoroughly
examined [ 40]. The formation of the 8-13 link was proposed
to occur by a (2 +2) cycloaddition involving a thietane inter-
mediate [41,42], thus implying an antiparallel orientation of
the s'Urd 8 and Cyd 13 glycosidic bonds [32.361. as indeed
found in tRNA crystals (Fig. 2).

Owing to the high photoreactivity of the thymine-s*Urd
mixture Blazek et al. [43] attempted to characterize the cor-
responding adducts. From the irradiated mixture they were
able to separate by HPLC at least 13 products, one of which
was characterized as 6-hydroxy-5,6-dihydro-thymine(5-4)-
pyrimidine-2-one nucleoside abbreviated O°hThy(5-4)Pdo
(Fig. 3). Itcould result from a (2 + 2 cycloaddition yielding
a thietane intermediate with the C5C6 bond of Thy paralle]
10 the C454 bond of s*Urd followed by ring opening and
exchange of the SH group at Thy C6 by an hydroxyl group.
The same type of (5-4) photoproducts is also obtained in
dinucleotide analogs in which the dThd and s*dThd moieties
are linked by a flexible polyamide backbone [ 44].

An unexpectedly clean photoreaction occurred upon irra-
diation of N-1 substituted 4-thiothymine in the presence of |
to 2 equivalents of N-9 substituted adenosine to provide a
single photoadduct having a N-4 (4-amino-N-6-formyl-pyr-
imidin-5-yl) 5-methylcytosine structure. irrespective of the
nature of the substituents (ribo-. deoxyribo- or carboxyme-
thyl-). Interestingly, in the nucleoside series this (N-6-Fapy-
Ade) derivative deformylates in alkaline conditions. while it
both deformylates and looses the substituent initially attached
at Ade N-9 upon thermal degradation (Fig. 4). Formation of
these photoadducts is expected to occur again by a (2-+2)
cycloaddition fo the N7C8 double bond of Ade [45].

4.3. Photoreactions of s'U and its analogs in di- and
oligonucleotides

Dinucieotides werc used to examine the photochemical
behavior of sulfur-containing bases as they are relatively easy
to handle and furthermore represent the simplest models for
a polynucleotide chain. The photoreactivity of deoxydinu-
cleotides s*dUpN, Nps*dU (N being any current nucleoside)
and of the diribonucleotides s*UpG. s*UpU was determined
by spectrophotometry in diluted (¢ =0.5 X 10" * M) aqueous
neutral solution. Upon irradiation with 335 or 366 nm light.
all dinucleotides with N= A, G or C photoreact at rates com-
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parable to the one observed with s*Urd in aerated solution
(®,=1077). When N=U, the observed photoreactivity is
two times higher, irrespective of the dinucleotide sequence.
Whatever N, the photochemical behavior of dinucleotides is
practically independent upon the presence or absence of oxy-
gen (unpublished data). Interestingly. the dideoxynucleo-
tides s*dUpT and Tps*dU revealed to be far more reactive
(P,=2 107 2). The nature of the photoadducts formed was
thus fully elucidated under anoxic conditions, leading to an
unexpected sequence-dependent photochemistry. [rradiation
of s*dUpT led to two photoadducts not previously described
[ 13] These products most likely arise by hydrogen abstrac-
tion from the methyl group of thymine by excited s*U fol-
lowed by radical recombination (Fig. 5). A precedent for
this behavior can be found when s*U derivatives were irra-
diated in alcohols or in the presence of triethylamine | 46,47 ] .
A different pathway occurs in the case of Tps*dU which gave
the (6-4) bipyrimidine adduct § presumably by a (2+2)
cycloaddition. In view of the interest for this type of adduct
which corresponds to one of the major photolesions induced
by UV in DNA, the photochemistry of Tps*T was examined.
TpsT yielded four photoadducts (Fig. 6) including the thie-
tane 7 which was found in 3:1 equilibrium with the (6-4)
bipyrimidine 8 which was further photochemically converted
into its Dewar valence isomer 9. An additional new photo-
product 10 formed in a low yicld by hydrogen abstraction
followed by hydrogen sulfide elimination. In order to stop
the photoreaction at the thietanc stage the N-3 position of the
4-thiothymidine was blocked by a methyl group. Tpm's*T
gave compounds 12, 13 and 14 in 25, 2 and 24% yiclds.
respectively (Fig. 7). The minor thietane 13 resulted from a
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HO o N o o
HO
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o o N—<
NV o o 2
p—o o S
HO ud

HO HO

s*dupT 1

H
\N j§—~
HO O:<N %

Tps*du 2

N—
O=<N /

cycloaddition pathway in which the 5'-nucleoside is in the
syn conformation while the 3’ one is anti. The occurrence of
stable thietane derivatives allowed examination of their own
photochemistry. Interestingly, 254 nm irradiation of a neutral
aqueous solution containing an interconverting mixture of
thietane 7 and (6-4) photoadduct 8 quantitatively restored
Tps*T. However. at pH 10 which completely shifts the 7 < 8
equilibrium towards 8, no reversal reaction occurred, sug-
gesting that the photoreversion reaction involves 254 nm
photoactivation of thietane 7. This was confirmed since 254
nm photoreversion of the Tpm?s*T thietane 12 could be
achieved at both pH 6 and pH 10 [48,49].

Since the photochemistry of s*dUpT and Tps*dU was
found absolutely sequence dependent it was of interest to
examine whether it could be sensitive to the configuration of
the phosphate analog in the (Rp) and (Sp) forms of thymi-
nyl-3’-methylphosphonate  §'-N-3-methyl-4-thiothymidine
(Tpm?*s*T). While all major photoadducts obtained with
Tpm's*T were observed with both the Rp and Sp diastereo-
isomers, additional products resulting from the hydrolysis of
the 3'-end glycosidic bond of 14 were detected only with the
latter diastereoisomer. These data together with the obser-
vation that the photoreactivity decreases in the order
Tpm®s*T> (Rp) > (Sp) strengthen the conclusion that the
(Rp) diastereoisomer is a better mimic of the natural phos-
phodiester bond than its (Sp) diastereotsomer | 50]. In con-
tinuation of this line of research, Clivioetal. [ 51| synthesized
PNA analogs of dinucleotides. PNA are achiral and neutral
DNA analogs in which the deoxyribose phosphate backbone
has been replaced by a pseudo-peptide chain constituted of
N-(2-aminoethyl)-N-methylenecarbonyl) glycine units that

7 W oM 0
N‘< HOAS_Y " 2/_<NH
0 d “ﬁ

0 N
o
NN Y
/
HO
HO
4
H (@]
N
o= Vs
HO o N

Fig. 5. Structure of the photoproducts obtained upon irradiation of s*dUpT (top) or Tps*dU (bottom).
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Fig. 6. Structure of the photoproducts obtained upon irradiation of Tps™T.
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Fig. 7. Structure of the photoproducts obtained upon irradiation of Tpm's'T.

can bind complementary DNA or RNA strand with high
affinity. In comparing the photochemical behavior of two
PNA dimers incorporating s*T either at the N or C terminal
end Clivio et al. [51] observed that the orientation of the
aminoethyl glycine backbone modulated the nature of the
photoproducts. However. none of them is a true mimic of the
corresponding dinucleotide. Observations of such reactions

could also be extended to 6-mercaptopurine deoxyriboside
{ 6-thiodeoxyinosine, s°dl) in a dinucleotide context. Thus
irradiation of Tps®dl led in a high chemical yield to a (6-6)
adduct whose structure is reminiscent of the the (6-4) bipyr-
imidine 8 [52].

So far, detailed analysis of s*U, s*T photochemical behav-
jor in polynucleotides is quite limited. Liu and Taylor [49]
showed that the photochemistry observed for the Tps*T din-
ucleotide can be reproduced when this motif is inserted in an
octanucleotide. As formation of Pyo(4-5)Cyd photoadducts
implies a ‘head-to-tail” orientation of the reactive pyrimi-
dines, it was of interest to determine the minimal length of
s*U and C containing oligonucleotides for this photoreaction
to occur. Using the NaBH, reduction test we observed that
in the deoxyribooligonucleotide series s*dUCy (N, number
of Cyt units), formation of the 5-4 adduct requires at lcast
N =3 and is optimal when N> 4.

5. Elucidation of contacts within or between nucleic acid
chains

The intrinsic photoaffinity methodology has found
extremely remarkable applications for studying interactions
within the spliceosome apparatus and the ribosome. In addi-
tion, this approach was used for deciphering the folding of
small endonucleolytic ribozymes in solution.

5.1. Nucleic acid models

RNAs are known to adopt complex structures in solution.
The basic motif in their folding is the hairpin-loop, possibly
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containing mismatched base-pairs, unpaired bases and
bulges. Tertiary folding is insured by interactions involving
both loops and double stranded regions. It was thus important
to determine the potential of s*U to explore such structures.
In a seminal set of experiments, Dubreuil et al. [9] investi-
gated the folding in solution of a 218 nt rRNA fragment
randomly substituted with s*U using T7 transcription. Irra-
diation of the folded monothiolated chains substituted at any
of the 41 available positions generated long-range intramo-
lecular crosslinks that were separated and sequenced (17
crosslinks could be mapped) . Finally this study demonstrated
that crosslinks involving both pyrimidine or purine acceptor
residues formed efficiently when the partner residues were
located at the border of minihelices or within bulges and loops
[9].

Formation of interstrand bridges in DNA, RNA or hybrid
minihelices site-specifically substituted with s*U confirms the
above findings. These crosslinks formed efficiently only
when the s*U residue is located at or near the dangling ends
{ with yields up to 80% in DNA helices) [53,54].

5.2. Spliceosome

A gene can be defined as a DNA segment that is expressed
to yield a functional product (RNA or polypeptide). Eucar-
yotes genes generally have a split structure in which segments
of coding sequences (exons) are separated by non-interven-
ing sequences (introns). The entire gene is transcribed to
yield a primary transcript, pre-mRNA. The Iatter biomolecule
may be subjected to a number of processing events in the
nucleus, including splicing of introns, before being trans-
ported as a mature mRNA in the cytoplasm. In the splicing
process the pre-mRNA assembles with numerous proteins
and five small nuclear RNA (U,,U,, U,, Usand U, snRNAs).
The resulting structure forms a dynamic enzymatic complex
(the spliceosome) that catalyses the splicing reaction in the
presence of ATP. To probe the interactions of these snRNAs
with the active center of mammalian spliceosome, Sonthei-
mer and Steitz [20] synthesized substrate pre-mRNA con-
taining a single s*U residue adjacent to either splice sites.
Crosslinks were induced during the course of the splicing
reaction. This demonstrates that an invariant loop of RNA Uy
interacts functionally with the 5'-splice site and aligns the
two exons for ligation since the first residue of exon 2 also
became crosslinked to Us. Several conformational rearrange-
ments of sSnRNAs within the spliceosome active center could
be distinguished including interaction of U, conserved
sequence with intron (see detailed comments in [55]).
Recently, AT-AC introns were found whose removal is cat-
alyzed by a spliceosome that contains only one common ( U5)
and four different (U,,, U,., U,atac and Ugatac) snRNPs
compared with the major spliceosome. Site-specific cros-
slinking allowed to show that the splicing of this rare intron
is mechanistically similar to that of the major class of introns.
This also implicates that the U, and Ugatac snRNPs in the
AT-AC spliceosome fulfill analogous roles to U, and U,

respectively, in the major spliceosome [23]. When applied
to yeast spliceosome the same approach essentially confirmed
the data obtained with mammalian splicing extracts. In addi-
tion, this demonstrates that after the first catalytic step the
first nucleotide of the 3’ exon can also contact U, RNA [56].
Interestingly, addition of s*Urd site specific substituted U,
RNA to a cell-free yeast system splicing extract depleted of
endogeneous U, snRNA restores functional activity. This
also allows the formation of crosslinks between U, central
domain and the 5’ splice site | 57]. These photocrosslinking
experiments have already largely contributed to a more
detailed picture of the dynamic structure of the spliceosome.

5.3. RNA-RNA interactions during translation

An essential feature of protein synthesis is the correct posi-
tioning of peptidyl-tRNA and incoming aminoacyl-tRNA in
the ribosomal P and A sites respectively, as specified by
mRNA through mRNA codon—tRNA anticodon interactions.
The ribosomes consist of two well-defined subunits (308 and
508 in E. coli). In each subunit, a number of defined
r-proteins is organized around rRNA skeletons ( 165 RNA in
308 particle, 5S and 23S RNA in the 508 particle). While
the different steps of protein synthesis ( initiation, elongation,
termination ), the role of soluble factors in these steps and the
energy requirements had been well defined in both procary-
otic and eucaryotic systems. the overall structure of the ribo-
some is known only at low resolution. Several important
structural and conformational matters have long remained
challenging problems. These include the rRNAs tertiary fold-
ing inside the subunits, the nature of tRNA-ribosome contacts
in A and P sites (not to speak of the exit site), the mRNA
track along the small subunit as well as eventual conforma-
tional changes at the different steps of translation.

Sites of contacts of artificial randomly s*U substituted
mRNA (51 ntlong) with 16§ and 23S RNA in the ribosome
were mapped by reverse transcription. Twelve sites on 165
and two on 23S RNA were detected [ 58] that revealed, to a
large extent, independent ot the mRNA sequence | 59]. The
picture was then refined using mRNA analogs containing a
Shine-Dalgarno region and a codon for tRNAY [60] or
tRNA™ {61, the s*U residues being introduced at different
mRNA positions. Under equilibrium conditions between
mRNA and 70S ribosome some mRNA-16S RNA crosslinks
were shown to be tRNA dependent. This leads to the sugges-
tion that tRNA binding increases the accessibility of 168
RNA for crosslink formation with mRNA [61].

In a more selective approach Bogdanov and Brimacombe
groups used mRNAs which were substituted by s*U or s°G
residues at a single defined position. The positions of the
crosslinks on 16S RNA were mapped by a combination of
RNase H and reverse transcriptase analysis | 10,12.62-67].
Thus the spacer region between Shine-Dalgarno sequence
and the first AUG was shown to contact 16S RNA either
around position 1530 as well as 1360 for 7 to 8 nt long spacer
or 665 for 4 nt spacers. Downstream to the AUG codon the
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following crosslinks were identified: +4 (the position on the
3’ side of AUG) to 1402, +6to 1052, +7 to 1395, + 8 and
+91t01196, + 11 and +12to532 and + 13to 530. All these
crosslinks were found to be entirely tRNA dependent and
observed both in initiation and elongation complexes
110,12,62-67]. Interestingly, mRNAs carrying the substi-
tuted stop codon s'UGA crosslinked also to the 1395-1420
region of 16S RNA. As a future challenge it will be interesting
to determine whether a 70S ribosome with mRNA crosslin-

ked to 16S RNA retains biological activity. Application of

the same methodology to 80S human ribosomes showed that
the few 18S RNA sites (680 and 1111-1112) susceptible to
form crosslinks correspond to their equivalent in 16S RNA
| 68].

In order to analyze the structure of the subunits, s*U sub-
stitution of rRNA was performed. Thus s*U containing 58
RNA was used to reconstitute either 50S or 70S ribosomes.
Two crosslinks joining Uy, of 35S RNA to positions 960 and
2475 of 23S RNA were detected indicating that two distinct
domains of this RNA are in close proximity in the 505 subunit
1 64.69]. Another approach was developed to study the fold-
ing of 16S RNA within the 30S particle [22]. The RNA was
selectively cut and p**s*Up ligated at the 3"-end of one frag-
ment (position 1141). 308 particles were reconstituted and
UV irradiated showing that position 1141 is in close contact
with residues 1295 and 1272. This allows refinment of rRNA
3D structure in the ribosome.

5.4. Ribazymes

Ribozymes are RNA metalloenzymes able to catalyze spe-
cific RNA endonucleolytic cleavage and also RNA ligation
reactions. Small endonucleolytic ribozymes are mostly found
in plant viroids, virusoids or satellitc RNA viruses. Three
distinct motifs have been identified, namely the hammerhead
170,71], hairpin [ 72] and pseudo-knot (or HDV) ribozymes
{73,74]. In the presence of divalent metal ions (typically
Mg"), these ribozymes generate 5'-hydroxy and 2'-3'
cyclic phosphodiester termini. The small size of these ribo-
zymes as well as the nature of their cleavage products distin-
guish them from large ribozymes such as group I, Il introns
and RNase P.

5.4. 1. Hammerhead ribozyme

The consensus secondary structure required for activity is
predicted to have three duplex stems and a highly conserved
core of nucleotides C3-A9 (but U7) and G12-A14 as well as
an unpaired nucleotide C17, 57 to the cleavage site (Fig. 8).
Within the three duplex stems, only base-pair Al15.1:U16.1
in stem 11, 5" to C17. is higly conserved. The cleavage occurs
specifically at the phosphodiester bond joining nucleotides
17 and 1.1. A large number of mutation and substitution
studies has underlined the importance of the conserved nucle-
otides and nucleotide functional groups present within the
central core for the cleavage activity [70,71]. The three-
dimenstonal folding of a transacting hammerhead ribozyme

Cleavage site
Helix I Helix I

Substrate (S) 5. N]GJN N NNN U,GJX”N“N N NN NI,(\ -3
! L L I | [ I

Ribozyme (R) 3 N;s;N NN NNA;5; N NN NN Ny -5

Ay u
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N N
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Fig. 8. Hammerhead ribozyme secondary structure with numbering accord-
ing to Ref. | 75]. Bold letters indicate conserved residues of the central core
and arrow the cleavage site. X can be any residue but G.

has been studied with non-cleavable substrate analogs sub-
stituted at single position by s*dt) or s®dl {52,76). These
positions were chosen in order to bring information related
to either the structure of the catalytic site (positions 16.1, 17,
1.1) or the overall structure of the ribozyme ( positions 15.7,
1.6). These studies were performed under experimental con-
ditions allowing the cleavage of more than 100 substrates by
a single ribozyme (k. =25 min "' at 37 °C). The use of a
full deoxyribose substrate analog likely has little influence
on the ribozyme structure since (1) a full deoxysubstrate
analog which had a cytidine at the cleavage position was
efficiently cleaved and (11) very similar crosslink patterns
were obtained with either a full deoxyribose substrate or its
ribo analog, both containing s*dU at position 17. A large
number of crosslinks was observed with the various substrate
analogs. Whereas crosslinks involving either residue 16.7 or
1.6 with, respectively, residues 15.7 and 2.6 are representative
of the consensus secondary structure, the crosslink between
distant residues 1.6 and L2.4 in stem Il loop indicates that, in
solution, stems I and II are in a close proximity. Residues
16.1, 17 and 1.1 all yielded multiple crosslinks with the
conserved residues of the catalytic core. In particular, the
crosslink between residues 16.1 and U7 was formed very
ethiciently. Most of the tertiary interactions thus determined
are likely related to those occurring in a potentially active
ribozyme since the crosslinking pattern obtained within the
core with a fully inactive mutant is strongly altered. However,
it should be noted that the ribozyme still binds property the
substrate as shown by the formation of the 16.7/15.7 cross-
link. The multiple crosslinks are indicative of either a large
conformational flexibility of the catalvtic core or of the exis-
tence, in solution, of several closely related folded confor-
mations or both [52,76].

Taking into account these photocrosslinking data, a three-
dimensional model could be constructed [77] starting from
an A-type stem Il extended by a double A9:G12, G8:AI3
mismatches supported by thermodynamics and NMR data of
small DNA and RNA helices incorporating such double mis-
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Fig. 9. Planar projection of the 3-dimensional folding of the hammerhead
ribozyme. The ribozyme and substrate strands are shown by small black and
white circles, respectively. Bold letters mark the conserved residues of the
core, and X states for positions that have been substituted by s*U. Arrows
indicate the major photocrosslinks used to build the model [ 76].

matches and by photocrosslinking experiments at 254 nm.
On its 3"-end it was then elongated with A14 and helix IIl so
as to retain an overall A-like type helix. Docking of stem 1
on this structure was guided by the tertiary contact between
residues 1.6 (stem I) and L.2.4 (stem Il loop) and the neces-
sity to bridge stem I and IIl with C17. Residues of the catalytic
loop (C3-U7) were then added, taking into account the
crosslinks in which they were involved (Fig. 9). Overall the
structure of the ribozyme looks like a flat Y with the three
stems almost coplanar. The central core is stabilized by a
network of hydrogen bonds implying a number of conserved
residues. In the substrate strand, C17 is located in a pocket
made of a C3-A6 turn where it can adopt two alternative
positions. One is close to G12 whereas the other is close to
G5. In the latter variant the substrate strand is stretched at the
cleavable C17-Ul.1 phosphodiester bond and minor adjust-
ments of the backbone torsion angles allow an in-line attack
of the phosphate by the adjacent ribose 2° hydroxyl. The
structure thus obtained is very similar to that provided by X-
ray studies [ 78-81]: overall shape, C3-A6 turn, mismatched
G:A base-pairs, C2' endo pucker for G8 sugar. However there
are significant differences between the two structures. For
instance. in the crystal structure, the angle between stems |
and II 15 wider and cannot account for the long-range 1.6-
L2.4 crosslink. However, in the crosslink derived structure
the C3-A6 turn is much less precisely detined as a conse-
quence of the multiple crosslinks. Another difference lies in
the formation. in the crosslink derived structure, of a tertiary
interaction involving the conserved residue G5 and the sole
conserved base-pair between the ribozyme and the substrate

(U16.1:A15.1). This particular observation, only revealed
by the modeled structure could afford an explanation for the
conservation of these three residues.

In summary, thio-analog nucleotide-based photolabeling
has provided structural information of sufficient quality to
allow the construction of a molecular model for the hammer-
head ribozyme, very similar to that obtained by cristallogra-
phy with a few interesting differences. Taken as a whole, 8
of the 11 crosslinks are satisfied by the average model. This
shows that the central core is flexible and that, in solution,
alternative conformations might exist.

5.4.2, Hairpin ribozyme

The same photolabeling approach was applied to hairpin
ribozymes derived from the autolytic (-)sTRSV RNA
[82.83]. These ribozymes, which can be reduced to a core
of 50 nucleotides, elicit trans-cleavage activity against a sub-
strate having an ApG site within a four nucleotide loop. A
number of deoxyribose substrate analogs containing either
s*'dU or s°dl in place of, respectively, U or A (G) was pre-
pared. Most of the crosslinks confirm the consensus second-
ary structure and revealed a high flexibility of the bulge
involved in the cleavage reaction. This is also indicative of a
preferential folding of this bulge bringing the residue + 2 of
the substrate in close proximity to the purine at position 6 of
the ribozyme. Nevertheless these data were insufficient to
build a plausible three-dimensional model for the hairpin
ribozyme.

5.4.3. HDV antigenomic ribozvme

A rrans-acting system has been designed in order to
explore the three-dimensional structure of the antigenomic
HDYV ribozyme. In this system, the substrate is associated by
base-pairing to the catalytic RNA, forming helix HI. The
ribozyme is able to cleave specifically the RNA substrate as
well as a deoxyribose substrate analog containing a single
cytidine at the cleavage site (position -1). Using a set of full
deoxy or mixed deoxyribose~ribose substrate analogs site-
specifically substituted with s*dU, a number of long range
contacts was determined between the substrate and the ribo-
zyme core [84]. In particular crosslinks between substrate
positions -1 and -2 with residues C15, G19 and C67, thought
to be involved in the ribozyme catalytic site, were detected
(Fig. 10). When residue -1 is a deoxyribonucleotide. the
probe at position -2 crosslinks with C15, G19 and G3t
whereas the sole residue C67 is crosslinked when residue -1
is a ribonucleotide (cleavable substrate). Interestingly the
ribozyme/ substrate complex becomes inactive upon forma-
tion of the -2/C67 crosslink. This is in line with the statement
that C67 is a key residue of the antigenomic ribozyme. As
such, the photocrosslinking data are too sparse to allow the
building of a three-dimensional model. Besides, such a model
has been proposed for the genomic ribozyme on the basis of
a large set of mutational data | 85]. Since both the genomic
and antigenomic ribozymes are able to adopt the same sec-
ondary pseudo-knot structure. a model for the the antigen-
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Fig. 10. Secondary structure of the HDV uantigenomic ribozyme. Photo-
crosslinks obtained when U at position -2 from the cleavage site (arrow)
is substituted by s*dT are marked by circles. Adduct with C67 is obtained
with a ribonucleotide at position -1, whereas the others are obtained with a
deoxyribonucleotide at position -1.

omic ribozyme [84] was derived from the genomic one.
Apart from residue deletion or insertion, only minor accom-
modations were needed to account for all observed photo-
crosslinks except one which was attributed to an alternative
hybridization of the substrate with the ribozyme. In this case
the use of photoactivable thiobase analogs as spatial reporters
brought strong experimental support to both the secondary
pseudo-knot structure (other secondary structures have been
proposed) and the structure first proposed for the genomic
HDYV ribozyme.

6. Nucleic acid—protein interactions

RNA-containing s*U residues have long been known 1o
form efficiently crosslinks with proteins in ribonucleoprotein
assemblies (thiolated tRNA with their cognate tRNA ligases
or with ribosomes, poly s*U used as a mRNA with ribo-
somes ). Even more demonstrative was the fact that in func-
tional “thiolated” 70S ribosomes obtained by s'Urd
incorporation within cells, more than 10% of the r-proteins
can be covalently attached to rRNA. While chain breaks in
large TRNAs can be detected only when irradiation is per-
formed in the presence of O,, the final yield of RNA-protein
crosslink remains unaffected (reviewed in Ref. | 1}). The
only mixed photoadduct characterized so far is an addition
product of L-Lys to s*Urd with saturation of the pyrimidine
5, 6 double bond and attachment of the a-amino group to C6
[ 86]. Nevertheless a few aminoacids including Tyr, Trp,
Met. Lys and Cys were shown to quench efficiently (k, = 10"

M~ 's™") the s*Urd triplet state in aqueous solution while
His (7X10" M~ 's™ "), Ala (4x10° M~ 's™") and Ser
(2X10° M~'s™'y were poor quenchers. However, no
quenching could be detected in the presence of Gln and Leu
at concentrations up to 0.1 M or in the presence of 1 M Gly
[1] [87]. Thus, the ability for an aminoacid to quench the
s*Urd triplet state by random collisions varies widely with
the nature of the aminoacid residue. In spite of this limited
amount of photochemical data the number of nucleoprotein
systems studied by rneans of s*U, s*T, or s°G phototechnol-
ogy has been growing rapidly.

6.1. DNA synthesizing and modifving enzymes

In standard double helical DNA, the sulfur atom at position
4 of §*T (6 of s°G) residue is hydrogen bonded to the cor-
responding A (C) residue and points into the DNA major
groove. Introduction of either s*T or s°G into synthetic dode-
camers containing the recognition site of Eco RV endonucle-
ase and of the corresponding methyltransferase allowed
specific photocrosshinking of these enzymes. The highest
photocrosslinking yields were obtained with s*T containing
oligomers reaching 35% and 5% for the methyltransferase
and endonuclease, respectively. These yields could be
increased by converting s*T into its 4-thiocyano derivative
[ 88]. The same approach was applied to the study of the Rep
D: ori D complex formation of staphyloccocal plasmids,
showing that a C-terminal fragment of Rep D interacts with
the replication origin | 89].

6.2. HIV-1 replication and expression

Replication of human immunodeficiency virus (HIV)
genome initiates, from a host cell tRNA,"" hybridized at a
specific site of viral RNA by virally encoded reverse tran-
scriptase (RT), a p66-p51 heterodimer. Specific introduction
of a s*dU residue at the 3'-end of the primer within a nascent
polymerisation complex allowed specific photolabeling of
p66 between residues 314 and 423 [90]. In the initiation
complex formed with site-specific s*U substituted tRNA ¥,
positions -1 (nearby the 5'-end) and 16 ( within the D loop)
were shown to contact C-terminal peptides of p66. Con-
versely, position 36 (in the anticodon loop) crosslinked (o
both p66 and p51 |91}.

The viral cycle is under the control of a number of viral
proteins such as Rev (116 aa) and Tat (86 aa). Interaction
of Rev with its target viral RNA site leads to the cytoplasmic
expression of incompletely spliced mRNA. The minimal tar-
get, a 29 nt hairpin like fragment. was substituted with s*U
allowing identification of a Rev contact nearby a RNA bulge
[92,93]. Protein Tat, on the other hand, is essential for tran-
sactivation of gene expression. It interacts with TAR RNA,
a 59 nt stem-loop structure located at the 5'-end of all
mRNAs. thus enhancing their transcription levels. Site-spe-
cific substitutions with s*U at positions 23, 38 and 40 allowed
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refinement of the TAR structure in solution and demonstrated
that all three positions contact Tat in the complex [94].

6.3. Transcription

Eucaryotic cells have evolved three forms of DNA-
dependent RNA polymerases specialized in the transcription
of rRNA (pol I), mRNA (pol 1), 5s RNA and tRNA (pol
111}, not including mitochondrial and/or chloroplastic RNA
polymerases. All eucaryotic RNA polymerases are complex
protein assemblies made of two large and a number (up to
14) of smaller subunits. A variety of affinity labeling tech-
niques has been used to identify the catalytic domain and/or
subunits containing the DNA strands or the nascent RNA. As
s*UTP is a good analog of UTP in transcription reactions it
can be easily incorporated in the nascent transcript and it was
shown to interact with subunits Ia Iband a 52 kDa polypeptide
of human polymerase I [95]. This approach has been exten-
sively applied to RNA polymerase I {rom various sources
[96-98] in order to map the path of nascent RNA. In the
case of RNA pol 111, it was shown that the transcripts contact
the two largest subunits until the transcription complex
reaches the initiation factor TFIIIC binding site {96]. In pea
chloroplast transcriptional complex. two peptides of 51 and
54 kDa were labeled [99].

Formation of specific transcription complexes permits
selective introduction of the s*U residue at the 3’-end of the
growing RNA chain. This allowed derivatization of the pol-
ymerase catalytic domain, in close proximity to the elonga-
tion site. The two largest subunits, Ay, A, s of veast pol I
were thus radiolabeled | 100] while only the largest one of
wheat germ and yeast pol 1T could be detected [ 101]. Inter-
estingly. it was shown that a RNA polymerase [l binding
factor S;, which allows bypass of template arrest sites contacts
directly the 3'-end of nascent RNA [ 102]. Site-specific sub-
stitution of T by 5T residue in DNA genes (5s or tRNA™Y"
tragments) and reconstitution of RNA pol Il transcription
complexes demonstrated that 8 out of 15 subunits of this
enzyme make direct contacts with DNA. In addition, this
suggested that multiple states are involved in a ‘precisely
positioned’ complex [8].

6.4. Translation

Initiation of translation in eucaryotic cells first involves
binding of 40S ribosomal subunits at or near the mRNA 5'-
end followed by binding of Met-tRNA; and initiation factors.
In a subsequent step. scanning of the mRNA is achieved ina
53" to 3’ direction until an appropriate AUG codon is encoun-
tered. In a model system, an AUG triplet is recognized as a
start signal when embedded in the oligomer ACC AUG G.
In order to decipher the mechanism of start site selection, the
mRNA analog ACCAs*UGG was incubated in a cell-free
system. [t was shown to crosslink efficiently two rrans-acting
factors of 50 and 100 kDa, one of which revealed to be the
La autoantigen | 103]. Other studies were devoted to the E.

coli system. Thus in initiation complexes formed with the
30S subunits, s*U residues inserted upstream to the AUG
codon crosslinked specifically to S7 and less specifically to
S1,S18and 821 [ 12] while in elongation complexes proteins
S1. S3. S5 contact mRNA nearby the decoding site [67].
The nature of the ribosomal P site was mvestigated using
randomly substituted tRNAM'. The 50S subunit proteins L1
and L.27 attached the tRNA D loop whereas S19 crosslinked
to the variable loop [ 104]. Protein synthesis is achieved. i.c.
the free polypeptide chain is released, when a translationnal
stop signal occupies the ribosomal A site, triggering specific
binding of appropriate release factors (RF). Highly efficient
crosslinking of RF2 to either s'UAA or s*'UGA containing
mRNA waus observed under these conditions. This isin agree-
ment with models in which the RF has an anticodon-like
domain [ 105,106 .

7. Conclusions

The use of thionucleotides as intrinsic photolabels of
nucleic acids has yielded a number of remarkable findings
(folding of small endonucleolytic ribozymes, the path of
mRNA onto the ribosome, nature of RNA-protein inter-
actions within the spliceosome or RNA polymerase com-
plexes...). Not only new contacts between macromolecules
could be revealed (and mapped) but in some cases the func-
tionality of the crosslinked complexes was checked (ribo-
zymes and spliceosome), thus sheding some light on their
internal dynamics.

By far the photolabels preferentially used were s*U (RNA)
and s*T or s*dU (DNA) which can be incorporated within
nucleic acids with minimal structural perturbation. Their
photophysics is reasonably well understood and the nature of
the photoadducts they form with current bases well estab-
lished. with the notable exception of G derived adducts. Both
$*U and $*T react with U and C pyrimidines to yield either
(5-4) or (6-4) photoadducts, depending upon the orientation
of the C4-S4 bond with respect to the acceptor 5-6 double
bond. As a future development in the field of RNA structure
elucidation, identification of the nature, (6-4) versus (5-4).
of the photoadducts present within defined crosslinked RNA
chains (which requires development of highly sensitive
methods) will be most interesting. Indeed, it would allow
determination of the mutual orientation of the bases prior to
the reaction, which will led to refinement of the proposed
RNA structures.

To date, little is known on the photophysical and photo-
chemical behavior of thiopurine derivatives. Nevertheless, in
the dinucleotide Tps®dl, s°dl yielded a (6-6) photoadduct
whose structure is reminiscent of the (6-4) bipyrimidines.
These derivatives represent attractive photolabels to substi-
tute A, G and U {T) positions (s°l) or G positions (s°G)
within nucleic acid chains. However, s°G and s*U display a
number of distinctive properties. Indeed, s°G exhibits an
absorption maximum close to 310 nm instead of 330 nm for
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s*U. Its ex-vivo incorporation is far more damaging to the
cell metabolism than s*U incorporation. Finally, s°GTP is a
much poorer substrate than s*UTP in transcription reactions
catalysed by T7 RNA polymerase. All these data suggest that
ground state s°G could exist in a thiol-thione equilibrium
leading to misincorporation during RNA synthesis. There-
fore, s°G or s° substitution may lead to significant structural
perturbations and the functionality of the substituted nucleic
acids should be checked prior to structural analysis.

Although thionucleobases photocrosslink efficiently pro-
teins within nucleoproteins, it should be kept in mind that
little is known to date, even in model systems, of their pho-
tocoupling ability with amino-acid residues and of the nature
of the photoadducts formed. At present, the major problem
1s the unambiguous identification of the amino-acid residues
which had undergone crosslinking within an oligopeptide—
oligonucleotide complex. However, this can now be tackled
by a modern technique, namely matrix-assisted laser desorp-
tion/ionization mass spectrometry [ 107]. The data obtained
can be considered as reliable when the photolabeled RNA
(DNA) associates with high affinity to the protein compo-
nents of the complex. If low affinity complexes are investi-
gated, care should be taken that the crosslinks formed do not
result from collisional photoreactions. No doubt that answers
will be provided to the pending questions raised above within
the next few years, together with the development of new
applications of biological interest.
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