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Abstract
Laboratory procedures for the synthesis, workup and purification of
oligoribonucleotides using RNA phosphoramidites protected with a) Fpmpand b) TBDMS- groups on the 2'-hydroxyl functions have been developed
and employed in the following projects:
Modified minimised DNA/RNA ribozymes were synthesised and purified,
which contained a) a dT4-loop, b) a hexaethylene glycol- or, C) a
tetraethylene glycol-loop closing the catalytic site. Their catalytic activity was
confirmed. The cleavage acitvity of the hexaethylene glycol minizyme was
superior to that of the tetraethylene glycol minizyme, but cleaved less
efficiently than the dT4-minizyme.
Tetra-biotinylated antisense RNA was synthesised and purified using two
methods. The method using 2 successive additions of a multiple hydroxyl
phosphoramidite followed by 1 addition of a single-addition biotin
phosphoramidite, generated biotinylated antisense oligori bonucleotides of
superior specificity in biotin/streptavidin based pre-mRNA depletion
experiments.
The stability of tandem GA mismatches was analysed using thermal
denaturation techniques. On DNA tandem GA mismatches of the type 5' pyr
GA pu 3' adopted an amino-type basepairing and were very stable, tandem
AG mismatches were imino-paired and significantly less stable. The aminotype base pair has a distinctly shifted phosphorus resonance in the 31 pNMR spectrum. Tandem GA mismatches in RNA did pair in the amino-form
when flanked by 5' pyr. .pu 3' but were highly unstable, as were tandem AG
mismatches. Tandem GA mismatches in DNA/RNA hybrid sequences were
also unstable. Multiple GA mismatches of the type d(5' pyr GA Pu 3') did not
destabilise duplexes compared to T.A base pairs. d(GA) n sequences formed
homo-duplexes with exclusively G.A basepairing.
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INTRODUCTION
RNA is much more widespread in its occurrence and more diverse in
its biological functions than DNA. The roles of messenger RNA (mRNA),
transfer RA (tRNA) and ribosomal RNA (rRNA) in the biochemistry of the
cell are well understood, but the recent discovery of self-splicing RNA and
the isolation of RNA-protein complexes involved in eukaryotic mRNA
processing serve to illustrate that there is a great deal to learn about the
participation of RNA in biological processes. The availability of pure synthetic
oligoribonucleotides in reasonable quantities will almost certainly prove to be
of great importance in future research in molecular biology. Synthetic RNA
has already been successfully used to study the function of ribozymes
(Altman 1990, Cech 1990), which are short oligoribonucleotides that have
enzymatic properties and cleave RNA substrates with great specificity. RNA
probes have also found applications in the study of RNA binding proteins
(Pruijn eta! 1991, Schray and Knippers 1991) and in RNA conformational
analysis (Varani et al1 991,
Chou et all 989).
This interest in RNA structure and function has led to the development
of two general methods for preparing short RNA molecules of defined
sequence:
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Enzymatic RNA Synthesis
The enzymatic synthesis of RNA oligomers can be carried out using
phage 17 polymerase and a DNA template (Milligan eta/i 987). The method
generates RNA of defined sequence which may be one nucleotide more or
less than the desired length at the 3'- terminus. Also, the reaction yields a
large amount of small oligonbonucleotides between 2 and 6 bases in length,
which complicate purification of short transcripts. On addition it is not possible
to incorporate modified bases in specific loci in the desired sequence when
using this method.
Solid Phase Chemical Synthesis of RNA
The solid phase synthesis of oligonucleotides was developed from the
method originally proposed by Merrifield (1963/65) for the synthesis of
peptides. The principle was successfully applied to the synthesis of
oligonucleotides by Letsinger and Mahadevan (1965/66). Solid phase
synthesis of oligonucleotides involves the coupling reaction of an activated
nucleoside derivative (monomer) in solution with a growing oligonucleotide
chain bound to a solid support. A large excess of the activated nucleoside
derivative is used to force the reaction to completion. The excess activated
monomer and coupling reagent are removed from the solid bound residue
simply by filtration and washing with an appropriate solvent. Subsequent
reactions are carried out in an analogous way and cycles are continued until
the resin-bound oligonucleotide reaches the desired length. At this point the
oligonucleotide is cleaved from the support, the protecting groups are
removed and the deprotected oligonucleotide is purified.
The most widely used strategy for the formation of the internucleotide
bond is the phosphoramidite method. Phosphitylation of the 3'-OH group of
the fully protected nucleoside (using 2-cyanoethyl-N,N-diisopropylphosphoramidochloridite) generates the 3'- phosphoramidite
(figure 1).
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Figure 1. Fully Protected Phosphoramidite for Solid Phase Synthesis.
(R=protecting group of choice for the 2'-hydroxyl function)
The phosphoramidite monomer couples to the free 5'-hydroxyl group of a
resin bound nucleoside to form a dinucleoside phosphite triester which is
then oxidised with iodine and water to the phosphotriester.
The 5'-hydroxyl group of the ribose sugar is most commonly protected
with the 4,49-dimethoxy-trityl (DM1) group (Schaller at all 962). This acid
labile group is rapidly cleaved by trichioroacetic acid before each nucleoside
coupling step to release the DMT-cation, the absorbance of which can be
measured at 504nm to determine coupling efficiency.
Excellent reviews of the principles of automated synthesis of
oligodeoxynucleotides and recent advances in the synthesis of
oligonucleotides by the phosphoramidite approach have been given by
Beaucage and Oyer (1 992a and b).
2.1. Protecting Groups for the Exocyclic Amino Function

The standard protecting groups for the exocyclic amino-functions of adenine, guanine and cytosine are stable under the conditions of oligomer
assembly but can be removed at the end of synthesis. Benzoyl groups are
commonly used to protect adenine and cytosine, and the isobutyryl group to
protect the guanine amino group. Uracil residues do not require protection.
New approaches to the protection of the amino functions for the use in
oligoribonucleotide synthesis have concentrated on the development of more
base labile protecting groups which allow shorter deprotection times and
14

milder conditions. N 6-Dialkylformamidine derivatives of adenosine have
been used in oligonucleotide synthesis by Matteucci and Froehler (1983) to
reduce the depurination of adenosine nucleosides during oligonucleotide
synthesis. The strategy has been further developed for automated DNA
synthesis by McBride el a! (1986), who prepared amidine-protected
deoxyadenosine and deoxyguanosine for the synthesis of biochemically
reactive DNA. The isobutyryl protecting group was used for cytosine.
Vinayak et aI(1 992) applied this protecting group strategy successfully to the
synthesis of RNA and RNA phosphoramidites using fast oligonucleotide
deprotection chemistry and these are now commercially available.
Adenosine and guanosine are protected with dimethylformamidine, whereas
the cytidine amino group is protected with the isobutyryl group. (The 2'hydroxyl-protecting group in this case is the TBDMS group, which is
described below.) Schulhof at aI(1 987) have used phenoxyacetyl and
methoxyacetyl protecting groups for the protection of the amino functions in
DNA synthesis. These base labile groups, which only require short
deprotection times and mild conditions for their post synthetic cleavage, have
been used in oligoribonucleotide synthesis. Recently the more lipophilic tbutylphenoxyacetyl (tBPA) protecting group has been used in DNA and RNA
synthesis (Sinha et al, 1993). An overview of the protecting group strategies
used is given in figure 2.
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Figure 2. Protecting Groups for the Exocyclic Amino-Functions.
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2.2. Protecting Groups for the 2'-Hydroxyl Function

The development of chemical RNA synthesis has been more difficult
than DNA synthesis largely because of the need for a protecting group for
the 2'-OH function of the ribose sugar which has to be compatible with the
reagents used for chain assembly. It must be stable under the conditions of
chain elongation and base deprotection but must be easily removable
afterwards. The search for suitable 2'- hydroxyl protecting groups has
concentrated on finding groups which are compatible with the deprotection
conditions for the 5'-hydroxyl function, i.e. repeated treatment with
trich loroacetic acid in dichloromethane solution.
The 2'-O-(tetrahydropyranyl) (Thp) and the achiral 2'-0(methoxytetrahydropyranyl) (Mthp) (figure 3) groups have proved to be too
unstable (Reese and Skone 1985, Christodoulou at al 1986) to survive the
repetitive detritylation steps during standard solid phase synthesis.

—

0

tetrahydropyranyl (Thp)

C H3

4-methoxytetrahydropyran-4-yl (Mthp)

Figure 3. Thp and Mthp - Protecting Groups.
The Thp group gave good results during the solid phase synthesis of short
oligoribonucleotides when using a phosphoro-p-anisidate protection on the
phosphate group and proceeding in the 5' to 3'-direction (normally solid
phase synthesis of DNA and RNA proceeds from 3' to 5') (Iwai et all 987).
However, the cleavage of the Thp group during standard conditions of the
solid phase synthesis of RNA was found to occur to an unacceptable extent
(Christodoulou et all 986). Although the Mthp group was successfully used for the protection of the 2'-hydroxyl group during oligonbonucleotide
synthesis in solution (Jones et all 980), it was found not to be sufficiently
stable under the acidic conditions used for the deprotection of the acid labile
5'-hydroxyl protecting group during solid phase synthesis (Reese, 1987).
More recently, Palom et a! (1993) investigated the use of the Mthp group on
the 2'-hydroxyl function combined with fluoren-9-yl-methoxycarbonyl (Fmoc)
protection of the 5'-hydroxyl function. An acid-labile linker was used to
17

connect the solid support to the 3'-hydroxyl group of the 3'-terminal
nucleoside (figure 4).
Fmoc0U
a) Undine-Solid Support
00

0-CH2C0 R (linked to controlled pore glass beads)
0

Fmoc Q

9

NC(CH2)2 0

BASE

OMthp
N(iPr)

Figure 4. Use of the Mthp-protecting Group in Conjunction with 5'-O-Fmoc
Protection.
The linker was stable under the conditions necessary for deprotection of the
5'-Fmoc group (piperidine). This approach necessitates the use of methylprotected phosphates, since the more commonly used canoethyl-protected
phosphoramidites are not stable to the treatment with base (piperidine or
DBU) necessary for the deprotection of the Fmoc group.
The use of a photolabile 2-nitrobenzyl (NB) group (figure 5) (Tanaka
et a! 1986) for 2'-0 protection has given good results in phosphoramidite
RNA synthesis using 5-(4-nitrophenyl)-1 H-tetrazole as activator (Froehler
and Matteucci 1986), but it is difficult to ensure complete deblocking for
oligomers longer than 20 residues and special precautions need to be takento exclude light during the assembly of the oligonucleotide sequences and
cleavage from the solid support.
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d~C2
H2_
2-nitrobenzyl (2-NB)

Figure 5. The Nitrobenzyl Protecting Group.
An acid labile 2'-protecting group which is compatible with repetitive
detritylation cycles is the 1 -(2-chloro-4-tolyl)-4- methoxypiperidin-4-yl (Ctmp)
group (figure 6) (Reese et a11986, Reese and Thompson 1988, Reese
1987, Rao eta/1 987,
Garegg et a! 1986). The group was designed to be
unprotonated at the Ni-position at pH 2-2.5, but is largely protonated under
more strongly acidic conditions and therefore stable during the detritylation
step in anhydrous trichloroacetic acid/dichloromethane. This group is
removed after chain assembly, cleavage and base deprotection by treatment
with mild aqueous acid at pH 2.0-2.5 at room temperature for 20h. The
availability of Cimp protected phosphoramidites depends on the accessibility
of 1 -(2-chloro-4-tolyl)piperidin-4-one which is prepared by a rather lengthy
procedure which is not readily amenable to large scale synthesis. Reese and
coworkers therefore designed a protecting group which is derived from
another halogenated 1 -arylpiperidin-4-one, the 1 -(2-fluorophenyl)-4methoxypiperidin- 4-yi group (Fpmp) (figure 6) (Reese and Thompson 1988,
Beijer eta/1 990)
and which has virtually the same acidic hydrolysis
properties as the Ctmp group.
/

CH3!

~O

CH 3 O

CI

t

F

~ CH 3

0

1 -(2-chloro-4-tolyl)-4methoxypiperidin-4-yl (Ctmp)

2'-O-[l -(2-fluorophenyl)
-4-methoxypiperidin-4-yl (Fpmp)

Figure 6. The Acid Labile Ctmp- and Fpmp-Protecting Groups.
It has been claimed that during the acid treatment required to cleave the 5'O-DMT group, the loss of a 2'-O-Fpmp group is less than 0.2% (Beijer et a!
1990). Loss of a 2'-protecting group may cause cleavage of the
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phosphodiester bond and lead to the formation of a 2'-3' cyclic phosphate,
thus causing degradation of the RNA. Although the Fpmp group is
synthetically more accessible than the Ctmp group, the synthesis of the
precursor alone requires six synthetic steps. The Fpmp group is introduced
using 1 -(2-fluorophenyl)-4-methoxy-1 ,2 ,5,6-tetrahydropyridine. Selective 2'0-protection is achieved after using the reagent developed by Markiewicz
(1979) to simultaneously protect the 3'- and 5' positions (figure 7).

F

N

(2) 1 -(2-fluorophenyl)-4methoxy-1 ,2,5,6-tetrahydropyridine/2,4,6-trimethylbenzenesulphonic acid
in dioxan/acetonitrile

(1) 1 ,3-dichloro-1 , 1 ,3,3-tetraisopropyldisiloxane/pyridine
["Markiewicz" reagent]
(3) tetrabutylammonium fluoride in THF

Figure 7. Selective Fpmp-Protection of the 2'-Hydroxyl Function.

KII

This approach to the protection of the 2'-hydroxyl functions during
automated synthesis of RNA has been successfully employed (Reese et aL,
1986; Rao etal., 1987; Garegg eta!, 1986). To achieve coupling efficiencies
of 98-100%, Fpmp - protected RNA phosphoramidites are used in
conjunction with 5-(3-nitrophenyl)-1 H-tetrazole as activator (Froehier and
Matteuci 1986). All other ancillary reagents during automated synthesis
remain the same, except for the trichioroacetic acid solution in
dichioromethane, which is less concentrated. After oligonucleotide assembly
it is possible to purify the crude mixture by trityl-on - reversed phase HPLC
(figure 8).
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Figure 8. Post-Synthetic Workup - Fpmp-Protected RNA Phosphoramidites

Of the last 5'-dimethoxytrityl group is left on the oligonucleotide
(automated synthesis progresses from 3' to 5'), the desired full length
oligomer will be more lipophilic than the failure sequences, which carry no
protecting group on the 5'-hydroxyl function. The full length RNA should
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elute last during reversed phase HPLC. This irityl-on" purification is a
standard method which is commonly used to generate pure DNA after
automated synthesis. However, all sequences generated by the Fpmp
method of RNA synthesis are still protected with 2'-Fpmp - groups. Hence
the difference in lipophilicity between full length product and failure
sequences is small. The partly pure product may be stored, totally inert to
enzyme degradation, until needed, then deprotected using dilute
hydrochloric acid (pH2-2.5) at room temperature.
A 2'-0 protecting group which is compatible with standard
oligonucleotide synthesis conditions is the I -butyldimethylsilyl (TBDMS)
group (figure 9) (Ogilvie e1a11974, Usman eta11987).
OH 3
-=SiC(CH 3 )3
OH 3

t-butyldimethylsilyl (TBDMS)
Figure 9. Silyl-Protecting Group for the 2'-Hydroxyl Function.
The TBDMS group has been used successfully in phosphoramidite RNA
synthesis (Scaringe at a! 1990). TBDMS RNA phosphoramidite monomers
have been found to give reliable results, but their coupling efficiencies are
slightly lower than for DNA phosphoramidites using the same ancillary
reagents. The isomeric purity of the 2' - TBDMS protected nucleoside
building blocks depends entirely on the successful separation and
purification of the correct isomer from the mixture formed in the non-selective
protection step (figure 10).
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RNA TBDMS Phosphoramidite building block.
Figure 10. Synthesis of TBDMS-Protected RNA Phosphoramidites.
As the 2'-O-TBDMS group readily migrates to the 3'-position, especially
under mildly basic conditions (Jones and Reese, 1979), care must be taken
during the phosphitylation reaction.
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The steps involved in the automated synthesis of oligoribonucleotides
using the t-butyldimethylsilyl (TBDMS) protecting group on the 2'-hydroxyl
function have been described by Usman etal. (1987). The authors
introduced the routine use of the TBDMS-group in conjunction with
monomethoxytrityl (MMT) -protected 5'-hydroxyl functions and the
phosphoramidite coupling method. Using a self-built automated synthesizer,
they successfully synthesized a 43mer oligofibonucleotide which was
characterised by enzyme digestion and subsequent polyacrylamide gel
electrophoresis. The outline of their method for RNA synthesis is as follows:
Table 1.

Automated Solid Phase Synthesis
Cleavage from CPG Resin and
Deprotection of Phosphate Groups
and Aminofunctions on the
Nucleoside Bases
Desilylation
Desalting
Purification

Desalting

1 5M NH40H I EtOH (3:1)
55°C / 16h

1 Mtetrabutylammonium fluoride
(TBAF)inTHFI4h
Sephadex G25 size exclusion
chromatography
polyacrylamide gel electrophoresis,
extraction with NH40Ac buffer or
water
as above

More recently Scaringe at aL (1990) have described in detail the
chemical synthesis of oligonbonucleotides using 13-cyanoethyl protected
ribonucleoside phosphoramidites. Their approach relied on the use of
conventional DNA synthesis protecting groups in conjunction with 2'-0TBDMS protection: DMT for the 5'-hydroxyl groups, Bz for adenosine and
cytidine iBu for guanosine exocyclic amino groups, and 13-cyanoethyl for
phosphate protection. The synthesized RNA was fully functional in two
independent biochemical systems.
Ammonia treatment of 2'-O-silyl protected ribonucleotides results in a
small amount of desilylation followed by strand cleavage (Stawiski etal.,
1988; Wu etal., 1989). Wang etaL (1990) have confirmed the regiolsomenc
25

integrity of the internucleotide phosphate linkages in synthetic RNA which
has been deprotected using an ethanol/ammonia mixture, which also
increases the solubility of silyl-protected RNA. Labile protecting groups for
the heterocyclic bases have been used to prevent desilylation caused by
prolonged ammonia treatment. The TBDMS groups are specifically removed
after deprotection of the heterocyclic bases by treatment with
tetrabutylammonium fluoride in tetrahydrofuran for 5 - 8h at room
temperature (figure 11).
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Figure 11. 2'-Deprotection and Workup after Solid Phase Synthesis using the
TBDMS-method.
-
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AIMS
2-0- TBDMS - and 2'-0- Fpmp - protected phosphoramidites are now
commercially available. The aim of this project was to establish synthesis,
workup and purification procedures using commercially available TBDMSand Fpmp-RNA phosphoramidites for the synthesis of various
oligori bon ucleotides. These were used in ultraviolet melting and NMR
studies, in ribozyme cleavage reactions and for antisense RNA purposes.
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RESULTS AND DISCUSSION
We have used commercially available RNA - phosphoramidites carrying a 2'0-t-butyldimethylsilyl group (TBDMS method) and RNA - synthesis
monomers with the 2'-hydroxyl groups protected by the 1 -(2-fluorophenyl)-4methoxypiperidin-4-yl group (Fpmp method) to synthesize a number of
oligoribonucleotides for various applications. The following chapter gives a
short account of the conditions of synthesis, workup and purification
techniques that were developed. Figures 12 and 13 give an overview of both
strategies, the details of which are described below.
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1. TBDMS-Method
1.1 Automated Solid Phase Synthesis

RNA synthesis was performed on automated DNA/RNA synthesizers
(Applied Biosystems Inc., models 381A, 380B and 394). The standard DNA
cycles were changed to meet the requirements of RNA phosphoramidites.
The chemical reactions in the RNA synthesis cycle are as follows:
Table 2.
STEP

REAGENT

Delation
Coupl i ng
Capping

trichloroacetic acid

Oxidation

phosphoramidite/tetrazole
acetic anhydride/1 methyl i midazo le
iodine/water/pyridine/
I tetrahydrofuran

RNA-phosphoramidite coupling is sterically hindered because of the
bulky silyl group in the 2'-O-position of the ribose sugar. Therefore coupling
times were increased to 600 sec (only 30 sec are needed for DNA monomer
coupling). We also compared the 600 sec coupling to double coupling, using
double phosphoramidite delivery and coupling wait times of 300 sec each.
There was no advantage in double coupling and it certainly did not justify the
high monomer consumption. We found that coupling efficiencies tend to be
worse for short sequences, as the first 3 or 4 additions are particularly
inefficient. This may be due to the steric hindrance of the solid support (long
chain alkyl amino controlled pore glass, 500A). Five 1 .ORmole syntheses of
r(CGAC) were conducted using conventionally protected TBDMS-RNA
phosphoramidites (Peninsula Laboratories). Average coupling efficiencies
were between 92 and 94%. Both, 1 .Oj.tmole and 0.2.tmole scale synthesis
cycles were modifications of DNA cycles. Changes were incorporated to
increase the coupling wait step and allow for more vigorous wash
procedures between steps. We also introduced a second capping step
following the iodine oxidation, which ensured the complete removal of water
(a component of the iodine oxidation reagent) before the next coupling
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reaction. After oxidation of the 5' terminal phosphite triester the cycle was
completed with a final detritylation step (deprotecting the 5'-hydroxyl group to
give a "tntyl off" synthesis).
1.2 Cleavage and Deprotection

After assembly, the oligoribonucleotide was cleaved from the solid
support by a mixture of ethanol/ammonia (1:3). The use of this less strongly
basic mixture, instead of the concentrated aqueous ammonia used in DNA
synthesis, prevented extensive cleavage of silyl groups and improved the
solubility of the silylated oligonbonucleotides. Cleavage of the assembled
oligomer from the support was conducted either on an ABO 380B or 394
synthesizer, or manually using gas-tight syringes attached to the synthesis
column via luer tips to add the ethanol/ammonia mixture to the solid support.
The four 900 sec wait times of the standard DNA end procedure were
increased to 1800 sec to give a total reaction time of 2h. On order to
deprotect the exocyclic amino functions on the nucleoside bases (Bz on
adenine and cytidine, and iBu on guanine), the oligomers were heated in the
ethanol/ammonia mixture. Various heating times and temperatures have
been evaluated:
Table 3.
Sequence
(CGA), r(GAC)
r(CGAC)
(GAC)
(GUC)

J]
55
55
55
1 60

4
7
6
16

t-tPLC analysis on a reversed-phase column showed that a minimum heating
time of 6 h at 55°C is necessary to ensure complete deprotection (figures 14
and 15). The late eluting peaks on the chromatograms were probably due to
un-deprotected guanine bases, since the isobutyryl group is the least labile
of the protecting groups used.
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Figure 14.
Reversed phase chromatogram of r(CGAC). The sample was deprotected
at 55°C for 4h in conc. ammonia/ethanol (3:1).
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Figure 15.
Reversed phase chromatograms of a) r(CGAC), deprotected at 55°C for 7h and
b) r(GUC), deprotected at 60°C for 6h, both in conc. ammonia/ethanol (3:1).
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1.3 Deprotection of the 2'-Hydroxyl Function

The silyl groups were cleaved with tetrabutylammonium fluoride
(TBAF). A 50-fold excess of TBAF was used throughout. Aliquots of the
oligonucleotide r(AAGUUCAC) [Ri 1] were treated with TBAF (1 ml, 1 M in
THF) for 16, 8 and 4 h, respectively. The reactions were stopped by the
addition of an equal volume of 1 M ammonium acetate. After desalting by
size exclusion chromatography, the samples were analysed by anionexchange HPLC. For the 16h and 8h aliquots the deprotection was
complete, but the chromatogram of the sample which had been treated for
4h only showed a late eluting peak, which was considerably smaller than the
desired product (results not shown). Therefore all subsequent RNA samples
were deprotected for more than 8 h. Long deprotection times did not have an
adverse effect on sample workup or oligonucleotide quality.
1.4 Purification

The samples were purified by a combination of anion-exchange and
reversed-phase High Performance Liquid Chromatography (HPLC). By
combining preparative anion-exchange chromatography with a second
purification on a reversed-phase column, we were able to obtain
oligoribonucleotides of high purity, which were used for crystallization and
high resolution NMR studies. The self-complementary dodecamer
oligoribonucleotide r(CGCGAAUUAGCG) [R38] (the duplex contains a G.A
mismatch and was used for crystallization) was readily purified successively
by ion-exchange and reversed-phase HPLC (figures 16 and 17). The
reversed-phase chromatogram in this case is unusual, as the product peak
elutes before the failure sequences. Self-complementary oligonucleotides
can form duplexes or hairpin structures. These are retained less efficiently
than unfolded single-stranded RNA, due to their more globular structure.
However, separation of failure sequences and full-length product was readily
achieved.
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Figure 16. Anion-exchange chromatogram of r(CGCGAAU UAGCG) [R38],
preparative injection.
Peak 1: protecting groups; peak 2: product.

Figure 17. Reversed-phase chromatogram, preparative injection of
r(CGCGAAUUAGCG) [R38]. Peak 1: phosphate buffer; peak 2: product.
The successful separation of product and impurity peaks depends on
the quantitative removal of residual salts and THF after the 2'-deprotection
procedure (tetrabutylammonium fluoride, ammonium- or triethylammoniumacetate). Inefficient desalting and cation-exchange treatment resulted in
FPLC chromatograms of poor quality.
Long oligonbonucleotides can form very stable aggregates, especially
at high salt and high oligomer concentrations. In these cases the sample was
initially analysed by denaturing gel electrophoresis to verify successful
synthesis and deprotection. Some samples formed aggregates under anion37

exchange conditions, but this did not occur in the lower salt buffer used for
reversed-phase chromatography. In come cases, separation of the product
peak on reversed-phase columns could only be achieved by maintaining a
low concentration of oligonucleotide to limit aggregation. These samples
were purified, if necessary, by multiple injections (figures 18 and 19).

Figure 18. Analysis of d(CTrCAT)r(CUGAUGA)d(rrrT) r(GAAAC)d(CCGC)
[R43] by anion-exchange HPLC. The sloping baseline is due to the
increasing absorbance caused by increasing concentration of phosphate
buffer. No single product peak is observed.

Figure 19. Analysis of [R43] on reversed-phase HPLC.
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1.5 Very Base Labile Protecting Groups on the Exocyclic Amino Functions of
the Heterocyclic Bases
RNA monomers available from Applied Biosystems Inc. (FOD phosphoramidites, Vinayak et al., 1992) have alternative protecting groups
for the exocyclic amino functions of the nucleoside bases: The more base
labile dimethylformamidine group is used for guanine and adenine and the
amino function of cytosine is protected with the isobutyryl group (figure 20).
N(CH)
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Figure 20. Very Base-Labile Protecting Groups for the Exocyclic AminoFunctions of the Heterocyclic Bases.
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We have used these phosphoramidites for the synthesis of a
dodecamer oligoribonucleotide (r(CGCGAAUUAGCG), [R38.2]) which was
subsequently used in crystallization experiments, and for the synthesis of a
23mer biotinylated oligoribonucleotide [R60A]. Both syntheses were
successful, but the low coupling efficiency of the guanosine-phosphoramidite
required the introduction of an increased coupling wait step (700 sec). The
average coupling efficiencies were as follows:
1 2mer
rA 99%, rG 87%, rC 99% and rU 100%;
23mer
rA 98%, rG 95%, rC 98% and rU 99%.
Although the guanosine-phosphoramidite coupled at low efficiency, the
overall yields were similar (9-10%). The reduced base-deprotection times
are advantageous as they minimize the risk of desilylation and speed up the
post-synthetic workup.
2. Fpmp-Method
2.1 Solid Phase Synthesis

We have used commercially available 2'-O-Fpmp-protected RNA
phosphoramidites (Cruachem Ltd.) for the synthesis of several
oligoribonucleotides of varying lengths. Synthesis cycles contain extended
coupling, capping and oxidation procedures, which were introduced to
counteract the steric hindrance inferred by the bulky protecting group. The
wait time for the phosphoramidite coupling step was increased to 360 sec. A
stronger activator was used for monomer coupling (3-(4-p-nitrophenyl)
tetrazole is more acidic than tetrazole because of the electron withdrawing
nature of the p-nitrophenyl group). The detritylation reagent was
trichloroacetic acid, 0.1 Min anhydrous dichlorornethane. All other ancillary
reagents were the same as for DNA synthesis. The coupling efficiencies
were monitored by the spectrophotometric quantitation of released
dimethoxytrityl cations at 504nm. Apparent coupling efficiencies of over
100% were frequently observed. This may be due to side reactions resulting
from the use of the stronger activator. For long sequences in particular
coupling efficiencies for monomers varied by more than 20% (see table 4).
Our experience showed that the apparent coupling efficiencies measured by
DMT -cation release did not give a reliable picture of synthesis quality.
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Table 4.
RNA SEQUENCE

LENGTH

AVERAGE COUPLING [04]

VC
74101125
118

35mer

6887

(dT)[biotin]2/CGA/AUA/UUU/AUA/
GAAIAAC[biotin]2(dT) [R63]
dT[biotin]2/GAG/CUA/AGA/AAG/U
GU/A[biotin]21dT [1359]

24mer

83

94108

91

101

22mer

100

99

99

99

CCA/CGA/GUG/G [R64]

lOmer

101103

102

93105

CCNCAG/GUG/G [R66]

lOmer

95115

93,
98

99,
107

GAC/GAAJGCU/UGU/AAU/ACG/A
CU/CAC/UAU/AGG/GUA/CC

88119

I CR1 I

86

not measured
2.2 Cleavage from the Solid Support and Base- and PhosphateDeprotection

Cleavage of the oligonucleotide from the controlled pore glass beads
and deprotection of the nucleoside bases and internucleotide phosphate
groups was achieved following the standard procedure used for DNA
synthesis (conc. aqueous ammonia, 55 0C/>8h). The Fpm-group is inert to
base and thus milder deprotection conditions are not required.
2.3 Cleavage of the 00-Fpmp Groups

The acid labile Fpmp groups on the ribose 2'-hydroxyl functions were
removed with dilute aqueous acid (acetic or hydrochloric acid, pH2-2.5). As
deprotection proceeds insoluble 2'-O-Fpmp-oligonbonucleotides are
converted to the soluble oligomers with tree 2'-hydroxyl functions.
Quantitative deprotection was achieved in 20 h at room temperature. On
some cases the turbid solution was initially heated to 25-30°C to facilitate
solvation. The solutions were neutralised by the addition of Tris-acetate
buffer at pH7.
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2.4 Purification and Workup

Fpmp-protected crude oligoribonucleotide synthesis products may be
purified by HPLC. The additional lipophilicity of the desired full length
oligomer due to the 5'-O-dimethoxytrityl group facilitates separation by
reversed-phase chromatography (figures 21 a, b and c).

Figure 21a. Preparative chromatogram of 2'-O-Fpmp-5'-O-DMT - protected
r(GAUUGAGUGC) [R86] (reversed-phase). The main fraction was collected
(between 20.5 and 21.5 mm. elution time).

Figure 21b. Preparative reversed-phase chromatogram of deprotected
r(GAUUGAGUGC) [R86]. The main fraction was collected (between 13 and
14 mm.).
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Figure 21c. Analysis of purified r(GAUUGAGUGC) [R86] (reversed-phase).
However, we found that purification of the 7-0-protected oligonucleotide was
not very efficient as there were some impurities left, as analysed by
reversed-phase HPLC (figure 21 b). Successive purification of the fully
deprotected samples by anion-exchange and reversed-phase HPLC was
therefore necessary. In addition, the insolubility of the Fpmp-protected RNA
caused problems during workup. Oligonucleotides were kept in solution
throughout purification and desalting procedures, as previous experience
showed that re-dissolving of dried samples was incomplete in some cases
resulting in decreased yields. After purification by reversed-phase, anionexchange HPLC or by polyacrylamide gel electrophoresis the samples were
desalted and lyophilised.
3. The Synthesis of Sequences >20 Nucleotides
The Fpmp-protecting group is stable during solid phase synthesis.
Less than 0.1% removal of the Ctmp group during a 0.5 mm. treatment with
anhydrous acid has been reported by Reese and coworkers and the Fpmp
group is 1.3 times more stable than the Ctmp group (Beijer etal., 1990).
However, some loss of 2'-O-Fpmp groups is likely to occur during multiple
treatments with tnchloroacetic acid in dichloromethane when long oligomers
are synthesized. We have attempted to synthesize a 35mer
oligoribonucleotide using the Fpmp-method [CR1]. We used an ABI
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automated synthesizer, model 381A, and fresh chemicals throughout. The
coupling efficiencies varied over a wide range for each monomer (table 4).
We deprotected an aliquot of the crude sample (0.01 M HCI, pH 2-2.5, 20h at
room temperature), and analysed it by reversed-phase HPLC and
polyacrylamide gel electrophoresis (figure 22). The gel showed no distinct
band which corresponds to the full length 35mer RNA (visualised by UV
shadowing, reference samples of varying lengths ran as expected). The
chromatogram also did not show the expected synthesis product.
We then used TBDMS-protected RNA phosphoramidites to syntheses
the 35mer using the same automated synthesizer and fresh ancillary
reagents. The coupling efficiencies were similar to those obtained with
Fpmp-monomers: rG 85-108 %; rA 95-120 %; rC 88-114 %; rU 85-102 %.
We deprotected the crude synthesis product following the method described
above and analysed an aliquot of the deprotected and desalted synthesis
product by reversed-phase HPLC and polyacrylamide gel electrophoresis
(figure 23A). The HPLC chromatogram was similar to that obtained with the
Fpmp-method. However, the gel showed some product of the desired length
and the sample was purified by preparative PAGE (figure 23B).

ESE

Lane

12

3

60

0

Figure 22.
Analysis of 35mer oligoribonucleotide (FPMP-method)
by polyacrylamide gel electrophoresis.
(20% acrylamide/bisacrylamide, 7M urea, samples denatured
before loading, visualised by UV shadowing, 1A(260) unit/well)
Lane 1
35mer crude synthesis product after deprotection of the 2'-hydroxyl
functions

Reference samples:
Lane 2 RNA decamer
Lane 3 r(CUCUCUCUCUCUCUCIJCUCJ)
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Figure 23.
Analysis of 35mer oligoribonucleotide synthesized by the TBDMS method.
(20% acrylamide/bisacrylamide, denaturing conditions, visualised by UVshadowing.)

4. Large Scale Synthesis
For crystallization and high field NMR purposes large amounts of pure
oligonucleotides are needed. Milligram quantities of DNA are routinely
synthesized on 1 Op.mole solid support columns using a special synthesis
cycle. We have modified a DNA 1 0.tmole synthesis cycle for use with Fpmpprotected phosphoramidites as follows:
the wait step for phosphoramidite coupling was increased to 360 sec;
the delivery and wait times for the capping and oxidation procedures were
increased;
more extensive wash procedures were incorporated.
We have synthesized two oligoribonucleotides (9mers) on the 1 0.tmole scale
(r(GCUUCGGC)dUF [Z496]; r(GCUUCGGC)dUBr [Z497]) and one (gmer)
(r(GCUUCGGC)dT [Z498]) by six 1 .Op.mole syntheses. Phosphoramidites
(Fpmp) and workup purification conditions were as described above for
1 .Op.mole or 0.2.tmole syntheses (chapter2: 2.2 and 2.3). The 1 0tmole
samples were purified successively by reversed-phase [a) 5'-0-(4,4'dimethoxytrityl-2'-O-Fpmp-protected and b) after deprotection] and anionexchange HPLC. The third sample was purified after full deprotection by
reversed-phase and anion-exchange HPLC.
Table 5.
Sample
Z496
Z497
Z498

synthesis
scale [p.mole
10
10
I 6x1

A260 (crude, 2'0

Yield [%J

[mg]

Fpmp protected)
485
510

7

2.3
2.9

640

9
34

8.9

The crude synthesis products of the 1 0.tmole syntheses contained more
impurities (failure sequences) and thus required more careful purification. In
the case of the 1 jimole syntheses two successive HPLC purification steps
were sufficient. The final yields of the multiple 1 .0mole syntheses (8.9mg
purified oligoribonucleotide from 6xlp.mole syntheses) were higher than the
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large scale syntheses, which yielded only 2-3mg RNA per 10.tmole
synthesis.
5. The Synthesis of Mixed DNA-RNA Oligonucleotides
Applied Biosystems DNA/RNA synthesizers (Models 3803 and 394)
have sufficient ports available to add RNA-phosphoramidites. Thus, the
synthesis of mixed DNA-RNA sequences simply requires an additional
deprotection step for the cleavage of the 2'-O-silyl groups.
For the synthesis of mixed DNA-RNA oligonucleotides (which were
designed to be nbozymes) we have modified the standard RNA synthesis
cycle (1 .Op.mole scale) so that coupling wait times for RNA phosphoramidites
were 600 sec and the wait time for DNA phosphoramidites was 30 sec.
Synthesis, cleavage , base deprotection and deprotection of the 2'-0protecting groups were performed as for the TBDMS-method for RNA
synthesis described above. The syntheses were successful in all cases and
are described in detail in chapter 2.
Oligodeoxyribonucleotides undergo depurination at acidic pH. The acidic
conditions required to cleave 2'-O-Fpmp protecting groups (pH2-2.5 in
aqueous acid for 20h) may induce depurination and subsequent strand
scission of the DNA part of mixed sequences. Thus, synthesis of DNA/RNA
hybrid sequences by this method is not advisable.
CONCLUSIONS
Both TBDMS- and Fpmp-strategies for the automated solid phase
synthesis of oligoribonucleotides have been used successfully to syntheses
RNA oligomers between 3 and 25 nucleotides long. The FPMP-method
generates RNA products suitable for storage, facilitating the repetitive use of
aliquots over a longer period of time without risk of enzymic degradation. Aliquots may be taken when desired, and used after 2'-deprotect ion. The
deprotection of the FPMP- oligonbonucleotides is straightforward if the pH of
the aqueous solution (2.0 to 2.5) is monitored. The sample may be purified
to a certain degree in the protected form by reversed-phase HPLC, however,
this purification is not very efficient, especially for longer sequences. The
TBDMS-strategy has been a reliable method for the synthesis of
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oligoribonucleotides although coupling efficiencies are slightly lower.
Synthesis and deprotection are straightforward. Oligonucleotides
synthesized by the TBDMS-method require 2'-deprotection prior to
purification and if the purified oligomer is to be stored for a longer period of
time, precautions are necessary to prevent any source of endonuclease
contamination. Since RNAases are extremely stable and resist even
autoclaving this can prove very difficult. Also, care has to be taken to ensure
complete removal of salts and tetrahydrofuran before HPLC or PAGE
purification.
The automated solid phase synthesis of longer oligonbonucleotides
(>30mars) is clearly fraught with problems arising from, 1) poor coupling of
phosphoramidites, 2) side reactions during the long coupling wait steps
required and 3) the instability of the protecting group in the case of Fpmpprotected monomers. These problems can only be overcome if reagents and
phosphoramidites are of reliably high quality and the ancillary reagents for
the Fpmp-method are stringently anhydrous to prevent protecting group
cleavage.
Due to problems arising from the tendency of long
oligoribonucleotides to form stable aggregates under HPLC conditions,
preparative polyacrylamide gel electrophoresis is the purification method of
choice to generate pure RNA.
1 Oimole scale synthesis of oligonbonucleotides has proven to be
inefficient. Even considering the increased consumption of phosphoramidites
and ancillary reagents during multiple 1 .Oimole scale syntheses, the yields
of thai O.tmole preps were unacceptably low in comparison. For the purpose
of NMR and X-ray studies, milligram quantities of RNA can easily be
prepared by 3 to 6 syntheses on the 1 .Opmole scale.
The synthesis of mixed DNA/RNA sequences is fully compatible with
the TBDMS-method and the conditions used for silyl-protected RNA
phosphoramidites. Due to the use of acid labile 2'-hydroxyl protecting
groups, the Fpmp-method is not the method of choice for the synthesis of
mixed DNA/RNA sequences.
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ChEPW 2:
1z% SPLOM0 MDSELF-SPL0MG
INTRODUCTION
Messenger RNA (mRA) was first discovered in 1953 by Hershey,
who was analysing E. coil infected with bacteriophage T2 (Adams at al.,
1992) . Due to the combination of transcription and translation processes in
prokaryotic calls the turnover of mRA is rapid, prokaryotic mRA only lasts
approximately 0.7 mm.
When molecular biology research shifted from prokaryotic systems to
eukaryotic systems, the increased lifetime of mRA (it ranges from 1 to 24h
in eukaryotes) facilitated research. Also, the presence of polyadenylated 3'ends allowed for selective purification of mRNA by affinity chromatography
on columns of oligo(dT)-cellulose or poly(U)-Sèpharose. The study of
eukaryotic mRA finally led to the discovery that the original transcript (premRA) is subsequently processed by 1.) polyadenylation of the 3'-end, 2.)
addition of a methylated guanosine cap on the 5'-end and 3.) excision of
non-coding sequences (introns) and ligation of the coding sequences
(exons) (mRA splicing).
On 1981 Cech eta/discovered the self-splicing activity of Tetrahymena
pre-mRNA, and Altman discovered that the catalytic activity of RAse P
rests with the RNA part of the oligoribonucleoprotein complex (Cech, 1990;
Altman, 1990). On 1991 the US Patent Office granted the first patent on
ribozyme technology to Thomas Cech (Davies, 1991). Further catalytic
oligoribonucleotide sequences have been discovered in plant viroids and
satellite RNAs, for which a consensus sequence has been established, the
so-called i-lam merhead Domain' (Forster and Symons, 1987; Uhlenbeck,
1987; Haselhoff and Gerlach, 1988).
The post transcriptional processing of mRNA and RNA catalysis are
highly complex processes which are as yet not fully understood.
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1. Messenger RNA Splicing
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Figure 1. Schematic Representation of Pre-mRNA Splicing (Adams et al.,
1992)
Pre-mRA splicing proceeds via formation of a multicomponent
complex, the spliceosome, which consists of pre-mRNA and a number of
oligoribonucleotides called small nuclear ribonucleic acids (snRAs). These
are associated with approximately 10 different protein particles called small
nuclear ribonucleoproteins (snRNPs) (Sharp, 1987; Parry 01 oiL, 1989). The
most abundant snRPs are Ui, U2, U4/U6 and U5. Other minor species and
additional splicing factors have been found and analysed, but most research
has been directed toward study of assembly and action of the major
components in the spliceosome complex. Ontron sequences and intron-exon
boundaries were analysed and conserved sequences were determined,
some of which are complementary to snRA sequences of the snRWs. This
implies sequence specific interaction and regulation of at least some of the
spliceosome particles. On the light of the discovery of catalytic RNA by Altman
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(1990) and Cech (1990), it seems likely that cleavage and ligation reactions
are catalysed by the RNA part of snRNPs.
Using antisense oligoribonucleotides which bind to target sequences
on snRNAs, the spliceosome complex can be depleted of a desired snRNP
(Grabowski and Sharp, 1986; Reed etal., 1988). Antisense RA is
synthesized and labelled with biotin using modern automated methods and
may be protected from ribonuclease activity by methylation of the 2'-hydroxyl
functions. EBiotinylated antisense RA bound to snR\3A/protein complex is
extracted from nuclear extract by streptavidin/biotin affinity chromatography.
The progress of spliceosome assembly can then be analysed. Ui snRNP
was found to bind to the 5'-splice site (Jacob and Gallinaro, 1989), U2
snRP then assembles on the branchpoint, US is believed to bind to the 39
splice site, U4 and U6 snRAs can base pair to each other and the U4 and
U6 snRPs form a bimolecular complex which assembles on the
spliceosome (Zieve and Sauterer, 1990). The formation of a pre-splicing
complex containing Ui and U2 snRNPs must precede the assembly of the
other splicing particles. Thus, a pathway of pre-mRNA maturation has
emerged in which splicing occurs in a two-step transesterification (cleavage
at the 59 splice site and formation of a 2'-5'-phosphodiester bond at the
branchpoint) followed by cleavage at the 39 splice site and ligation of the
axon boundaries (Moore and Sharp, 1992).
Although the main pathways of the reaction are well understood the
fine details and the mechanisms of regulation of the splicing process remain
unclear.
2. Catalytic RA
The self-cleavage activity of the intervening sequence of a ribosomal intron
in Tetrahymena was discovered in 1981 by Cech at at (see also Zaug and
Cech, 1980; Kruger etal., 1982). Two years later the first real catalytic ability
of RNA was discovered by Altman, who investigated the cleavage activity of
RNAse P (Guerrier-Takada etal., 1983). Another class of self-cleaving RAs
has been found in small pathogenic RNAs. The term ribozyme was
introduced to signify an RNA molecule that has the ability to break and form
covalent bonds.
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2.1 The Tetrahymena IVS Ribozyme
The Tetrahymena intervening sequence (OVS) undergoes an
intramolecular self-splicing reaction with a single turnover of the substrate
(Cech, 1990a, b). It requires a guanosine or guanosine 5'monophosphate
cofactor which is coupled to the 5'-end of the excised WS. The cleavage step
is a transesterification reaction.

GpL
pGOH

17 uJ011+pGp

Lujp

,pJ

+

pGp

GOH

Figure 2. Diagrammatic Representation of Tetrahymena Intervening
Sequence Self-Splicing.
The catalytic activity of the VS is provided by the tertiary structure of the
RA molecule, the binding domain for the cofactor and the internal guide
sequence. Of the tertiary structure of the IVS self-splicing intron only little is
known, the secondary structure has been investigated by Couture at al.
(1990). An interesting discovery was, that some of the non Watson-Crick
base pairs were necessary for activity of the nbozyme. Also, the specificity of
the splicing reaction is not sequence directed, but lies essentially in the
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tertiary folding of the IVS. Several essential 2'-hydroxyl groups have been
determined by deoxynucleotide substitution (Pyle and Cech, 1991). After
excision the released linear intron can undergo further reactions to produce
a circular molecule (L-19 IVS) with 19 nucleotides (nt) deleted from the
original 413nt intron sequence. L-19 IVS can act as an enzyme and
promotes several reactions (Symons, 1991). Zaug et al. (1986) modified the
IVS RNA to act as an RNA restriction enzyme, thus providing true catalytic
trans reactivity (figure 3).

catalytic core of the ribozyme

3'

GGGAGGUUp 5'
internal guide sequence
GQH

G 03

,

CUCUCUAA
GGGAGGUUp 5'

3

released unmodified ribozyme
+

5'

CUCuCU +GpAA

3'

Figure 3. Trans-Cleavage of the Modified Tetrahymena IVS.
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Another shortened version of the L-1 9 WS, called L-21 VS was also active,
even toward DNA, albeit slowly (Zaug etal., 1988). Michel and Westhof
(1990) have modelled the three-dimensional structure of the Tetrahymena
DVS based on comparative sequence analysis.
Colander and Cech examined the metal ion specificity of the
7retrahymena ribozyme (1990). The three-dimensional folding of the catalytic
centre was successful with
g(fl), Ca(0) or Sr(0), but only dg(0)
produced a catalytically active enzyme. Recently, a trans acting
Tetrahymena ribozyme was developed to display altered metal ion specificity
by repeated cycles of mutagenesis, amplification and selection (Lehmann
and Joyce, 1993). Piccirilli at al. (1993) used a DA substrate in which the
3'-hydrogen function was replaced by 3'-thiol group. The thio-substrate was
cleaved 1000-fold slower, but the cleavage rates could be restored if
manganese or zinc salts were added, which coordinate sulphur more
strongly than magnesium cations. Thus, the authors concluded that the
metal ion contributes directly to catalysis by coordination to the 3'-oxygen in
the transition state.
2.2 Catalytic activity of RNAse P

The RNAse P holoenzyme is responsible for the processing of the 5'ends of precursor tRNAs to yield mature tRA molecules. E. co/i and B.
subtilis RNAse P enzymes are the best characterised. The RNA component
(Ca. 400 nt) makes up about 90% of the total molecular weight. The protein
subunit and the RA part are not covalently linked and are inactive in low
salt buffer (<10mM g 2 ) if separated. However, the RNA subunit alone is
active in 60mM Mg 2 or 10mM g2 in the presence of 1 mM spermidine.
Under optimal conditions its activity reaches levels similar to the holoenzyme
(Perreault and Altman, 1993; Symons, 1991; Altman, S., 1990). RAse P
cleavage involves the specific hydrolysis of a phosphodiester internucleotide
linkage.

2.3 Self-Cleavage Activity in Plant Pathogens
Several plant pathogens exhibit self-splicing activity in the presence of
Mg 2 + or other divalent cations. Viroids are independently replicating circular
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RNAs, 246 to 375nt long; virusoids are encapsidated circular RNAs that rely
on helper viruses for replication. These plant pathogens replicate by means
of rolling circle mechanisms (Symons, 1989) which involve a site specific
cleavage step to generate the correct replicates. Two versions of this
mechanism are known (figure 4).
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Figure 4. Schematic Representation of Rolling Circle Replication
Mechanisms.
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This splicing step is thought to involve R N A-mediated self-splicing activity,
which has been demonstrated for the plus and minus transcripts of 1.)
Avocado sunbiotch virus (ASBV), 2.) encapsidated linear satellite RA of
Tobacco rngspot virus (sTRSV) and 3.) Lucerne transient streak virus
(vLTSV) (Symons, 1991). The cleavage reaction involves the nucleophilic
attack of the 2'-hydroxyl group on the phosphorus, leading to a 2',3' cyclic
phosphate and a free 5'-hydroxyl function (figure 5).
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Figure 5. Scheme of Ribozyme Cleavage Reac ti on in Viruses and Viroids.

Pathogenic viroids apparently do not code for polypeptides, they may
interfere with enzymic and structural processes of the host cell, either by
sequestering host proteins or by direct interaction between virus and cellular
nucleic acid. They may be acting in a purely antisense fashion or by sitedirected ribozyme mediated cleavage. Comparative sequence analysis and
the analysis of the secondary structures lead to a consensus structure for
the self-cleaving domain which was called the hammerhead structure
(figure 6) (Hutchins etal., 1986; Symons etal., 1987; Forster and Symons,
1987a, b).
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Figure S. Consensus Structure of Hammerhead Fibozymes. (Conserved
bases in italics; N=any ribonucleotide)
The main features of the hammerhead structure are the three stems
and the catalytic core with its highly conserved nucleotides. n a manner
similar to that for the Tetrahymena VS RNA, trans acting hammerhead
ribozymes have been developed. Two or three oligoribonucleotides can
associate to form the three stem structures which hold the tertiary structure
together (Uhlenbeck, 1987; Koizumi etal., 1988, Jeffries and Symons,
1989). The classical trans-acting hammerhead ribozyme developed by
Haseihoff and Gerlach (1988) is based on the self-cleaving hammerhead
structure of plus sIRS V. Table 1 gives an overview of the different types of
plant pathogens in which self-cleavage activity has been determined.
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Table 1.
Hammerhead Ribozymes

ft

orientation

Avocado sunblotch viroid
ASBV
Encapsidated linear
satellite RA of tobacco
rin a s pot virus sTRSV

247

plus and
minus
plus

31]

359

Lucerne transient streak
virus vLTSV

324

Velvet tobacco mottle virus
vVTMoV
Solarium nodiflorum mottle
virus vSNMV

366
378

plus

Subterranean clover mottle
virus vSCMoV
Encapsidated satellite
RNA of barley yellow dwarf
virus sBYDV

322,

plus

plus and
minus
plus

388
322

plus

359

minus

Other Structure
Encapsidated linear
satellite RA of tobacco
ijqppt virus sTRSV

The secondary structure of the hammerhead does not yield
information about its tertiary structure. Analysis of the three-dimensional
structure of ribozymes has been difficult. NMR analysis is fraught with
problems, since 1.) the half-life of an active hammerhead ribozyme is very
low, 2.) the oligoribonucleotides can exist in two or even more conformations
and 3.) two or three oligoribonucleotides are present. NMR can only yield an
average conformation of all possible conformational states of all
oligonucleotides present. However, NMR analysis of a ribozyme fragment in
absence of substrate has been undertaken by Heus at aL (1990). The threecomponent hammerhead structure in absence of Mg2+ cations has been
analysed by Odai of al. (1990) and Pease and Wemmer (1990) have
analysed the hammerhead structure after cleavage also in absence of GVg 2+.
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Heus and Pardi (1991) analysed a 34mer riboyme and 1 3mer
substrate structures by 1 H NMR. They determined the 1:1 stoichometry of
the catalytic complex and used one-dimensional NOE to assign imino proton
resonances. Addition of magnesium () to the complex did result in large
spectral changes of one ribozyme/substrate complex, but the spectrum of
another catalytic unit remained largely undisturbed. The authors concluded
that the magnesium binding site is preformed in the magnesium-free
complex and that magnesium serves a catalytic rather than a structural role.
The first crystals of a hammerhead ribozyme have recently been
reported by POey etal. (1993).
A computational study of the three-dimensional folding of
hammerhead ribozymes has been undertaken by Me! etal. (1989). An
interesting result of their modeling studies is, that the cytosine base at the
cleavage site does not interact with any other base and is free to move. Also,
the phosphate backbone undergoes a sharp change in direction at this site.
These two features differentiate the cleavage site from any other nucleotide
in the structure.
Woisard and Favre (1992) undertook a photolabelling study of the
hammerhead tertiary folding. The authors synthesized a trans-cleaving
hammerhead consisting of a 35mer ribozyme part and a 1 4mer substrate.
They integrated 2'-deoxy-6-thioinosine (ds 6 8) at the nucleotide position
preceding the cleavage site. DA underwent covalent bonding with the Ui 1
residue when exposed to UV light at 366nm, hence the close proximity of
these two nucleotides was revealed (figure 7).
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uncleavable DNA substrate analogue
TGCCCG (0)CUGUUGU
ACAACA
ACGGGCA
A
CUG
A
A

S
HN

C AG'1
C-C
A-U
C-C
C-C
A C
CU

N

(ell)

2'-deoxy-6-thio inosirie

Figure 7. Design of the Ribozyme/Substrate Complex Used for UV CrossLinking Experiments.
Kinetic values have been determined for hammerhead ribozyme
activity in vitro (Symons, 1991). The values for kcat are much lower than for
protein catalysed reactions (10-1 0 5/min). As expected, the kcat values of the

iipfle in trant system (hammerhead structure formed by three
oligoribonucleotides) are lower than kc at of the trans system (hammerhead
formed by two oligoribonucleotides). Analysis of cleavage rates can be
conducted either under ribozyme excess = single tumove,r conditions, which
eliminates the kinetic contribution of the product release step, or under
substrate excess:
ri
RS ?-->rir1r2
>r+r1+r2.
I .

•.

.=.

Mutational analyses of the activity of the trans acting hammerhead
(figure 8) and of intramolecular hammerhead cleavage (figure 9) have been
conducted (Ruffner etaL, 1990; Sheldon etal., 1989). The results confirm
that conserved nucleosides are essential for ribozyme function.
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C
C G
A-U

c-

(1)

4

t@ (2)

c UGAGCG

g9

pppGCGCC6

c8AGCUCGGppp

CGCGG
14

U -iio
the ribozynie is oonipately inactive if C - G base-pair is reversed
and after substitution by A-U or G-U, only partial activity is retained
after substitution by U-G, U-A or U-U;
this A - U base pair is essential for ribozyme activity, no base-pair
substitution was acceptable;
any substitutions of bases A14, G13, All, Gb, U9, C8 in the
nbozyme strand or of bases G6, A7, AS in the substrate strand caused
ñbozyme inactivity.

Figure 8. Mutational Analysis of the Trans-Acting Hammerhead Ribozyme.
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0
0
0
A
3'G

U-A
0-C (6)
C-G

4

(1)

-

- u c 9(5)

UGAOCGUOA
U
CACUC 0 CCcA

U ACgOOCCG
G GCCGGU
(2)

A

V

1r

(4)

(3)
Mutants of VLTSV RNA:
the insertion of AA eliminates the cleavage reaction;
U is unique to +vLTSV RNA, mutation to C or G did not change
the cleavage activity;
deletion of A caused loss of activity;
insertion of AA has little effect;
insertion of C eliminates activity;
mutation of C to U is permissible, but mutation
to G causes considerable decrease in activity.

Figure 9. The Effect of Site-Specific Deletions, OnserLions and Mutations on
Hammerhead Cleavage Activity.
Partial phosphorothioate substitution studies undertaken by Ruffner and
Uhlenbeck (1988) allowed identification of four essential phosphate groups,
which most likely participate in the binding of the divalent cation to stabilise
the tertiary complex. The incorporation of a phosphorothioate in the Rp
configuration at the cleavage site was found to significantly reduce cleavage
activity if Mg 2 was used. The effect could be reversed by the exchange of
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against Mn 2 (Buzayan at aL, 1988). This is caused by the stronger
complexation of the sulphur to manganese than to magnesium. Slim and
Gait (1991) synthesized ribozyme substrates which contained a single
phosphorothioate of defined Rp and Sp configuration by 17 RNA
polymerasemediated transcription of synthetic DA templates. The
oligomers were subsequently used as substrates for ribozyme cleavage
studies. The results of t3uzayan of al. were confirmed. The cleavage rates of
the Sp-phosphorothioate substrate were only slightly lower than for the
original phosphodiester substrate. Thus it seems likely that the divalent
cation is bound to the oxygen at the Rpposition of the phosphodiester
linkage at the cleavage site. VanTol at al. (1990) used 35P labelled
phosphorothioate diesters in the IRp configuration to analyse the
transesterification product. A postulated stereochemical course of the
phosphorothioate diester cleavage leading to a 2',3'-cyclic phosphate in the
endo configuration is shown in figure 10.
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Figure 10. Postulated Stereochemical Course of Phosphorothioate Diester
Cleavage.
Dange etal. (1990) constructed two simple oligonucleotides with
hairpin structures which undergo site-specific self-cleavage in the presence
of n2+. Manganese cations can replace magnesium cations in most
ribozyme ceavage reactions, unlike Mg2+ manganese can also form
complexes with the nucleoside bases, thus contributing even more to the
stabilisation of the tertiary folding (Jack etal., 1977). Substitution of V1g 2 by
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Mn2 is known to increase the catalytic rate constant by an order of
magnitude (Pieken etaL, 1991).
Site-specific substitution of ribonucleotides by deoxyribose, 2'-fluoro2'-deoxy- or 2'-amino-2'-deoxynucleotides has yielded information about the
effect of specific 2'-hydroxyl groups. Two residues in the catalytic core with
catalytically influential 2'-hydroxyl functions have been identified (figure 11,
Perreault etal., 1990).
5'

3'
GGGAGU C AGGAU
3'CCUCA UCCUGGG 5,
A
27
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cc

IU

13

241c
-C
-

A

19
U

Boxed nucleotides depict the guanosines studied in the
2'-substitution experiments:
- substitution of guanosines by deoxy-nucleotides at positions
10 and 13 lead to dramatic reduction in cleavage rates; similar effect
was observed when guanosine 2'-hydroxyl functions were replaced
by 2'-fluoro groups;
- substitution of all guanosine hydroxyl- by amino-groups reduced
catalytic rates by only a factor of 10;
- all three substitutions at pos. 19 and 24 had little effect on ribozyme
cleavage;
- site-specific substitutionof the 2'-hydroxyl function at position 27
produced catalytic rates in the order F<<NH2<2'-deoxy<unmodified ribozyme.

Figure 11. Site-specific Substitution of Ribonucleotides by 2'-Deoxy-, 2'Fluoro-2'-deoxy- or 2'-Amino-2'-deoxynucleotides.
Replacement of non-conserved bases resulted in little or no alteration of
ribozyme activity, whereas substitution of conserved bases significantly

reduced cleavage rates. The substitution of the guanosine 2'-hydroxyl
functions by 2'-amino-groups showed smaller reduction (factor of 15) than
substitution by 2'-fluoro group (factor of 150) (Williams etal., 1992).
Substitution of all adenosine residues in the hammerhead ribozyme by 2'fluoro-2'-deoxyadenosine nearly abolishes reactivity (Olsen at al., 1991). 2'fluoro-2'-deoxyadenosine residues in the catalytic core (conserved bases)
inhibited cleavage activity (note: the cofactor used in this study was Rdn 2+).
No single 2'-hydroxyl group of the nucleotides in the riboyme part was
found to be responsible for the decrease in activity.
Slim and Gait (1992) have shown, that non-Watson-Crick hydrogen
bonding is present between the guanosine and adenosine nucleotides in the
conserved part of the ribozyme, their analysis suggests the formation of a
5'.. GA. .3'-S'..GA. .3' tandem mismatch structure.
Other forms of self-cleaving RA have been found in 1.) sTRSV: the
plus strand undergoes cleavage via a hammerhead structure, the minus
strand forms the so-called hairpin-ribozyme (Hampel at at, 1990; Chowrira
at at, 1992); in 2.) hepatitis delta virus RNA: both plus and minus HDV RAs
can self-cleave in vitro, while forming a structure different to that of the
hammerhead domain (Wu at at, 1989; Perotta and Been, 1990, 1991,
1992); in 3.) small RNA5 isolated from mitochondial RNA from Neurospora (
Seville & Collins, 1990) and in 4.) Yeast phe-tRA, which undergoes leadcatalysed cleavage in the D-loop (Brown etal., 1985).

2.4 Reversibility of Ribozyme Cleavage
The discovery of the catalytic ability of RNA molecules has lead
researches to speculate about the possibility of an "RA world early in
evolution (North, 1987; Cech, 1989; Day, 1991). Before the discovery of
RA self-cleavage, catalytic ability had been thought to be exclusively a
property of proteins. But now it is probable that RA is capable of storing
information as well as catalysing its own replication. In 1987 Kay and Onoue
studied the reversibility of ribozyme cleavage in the reaction
CU OH + GpN ------> CUp + GOH.
IDoudna and Szostak (1989) used the Tetrahymena ribozyme to perform
template directed ligation of two RNA molecules. Using an external template,
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their average error rate (U.G, C.A, A.G) was over 20% per position, but
essentially, they proved that ribozyme self-replication is possible. Green and
Szostak (1992) minimised the sequence requirements for self-copying of the
sunY ribozyme derived from a self-splicing RNA group intron by in vitro
genetic selection.
2.5

Ribozymes as Therepeutic Agents

Antisense oligonucleotides can be used for therapeutic purposes. By
hybridising an antsense oligonucleotide with its complementary RNA in the
cell, the expression of a targeted gene can be specifically inhibited (Uhlmann
and Peyrnan, 1990).
The use of ribozymes as specific inhibitors of gene expression can be
envisaged in a similar fashion: in addition to the antisense effect caused by
hybridisation, the target sequence is cleaved in a catalytic fashion at a
specific position.
This approach is fraught with four main problems:
the uptake of oligonucleotides into the cell,
the instability of DNA and especially RNA in a cellular environment,
the high cost of oligonucleotide synthesis, and
the necessity to uphold or increase the catalytic turnover of the RNAenzyme.
The uptake of DNA-based antisense compound into cells has been
studied extensively. Delivery of nbozymes into cells can be performed using
the techniques developed for antisense inhibition (microinjection, cationic
liposome transfection, electroporation) (Cotten, 1990). Another possibility is
the insertion of genes for ribozyme expression in the target cells themselves,
the production of transgenic plants and animals. The development of
pathogen-resistant plants is feasible (Rossi and Sarver, 1990).
The intrinsic instability of oligoribonucleotides against cellular
nucleases stands in the way of their practical application. The small size of
the necessary ribozyme (only about 35nt or less) lends itself to automated
solid phase synthesis, facilitating also the incorporation of desired
modifications to enhance reactivity or resistance to nucleases.
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Several research groups have incorporated nuclease-resistant
modifications into the ribozyme under maintenance of their catalytic
efficiency. Pieken et at (1991) incorporated 2'-fluoro-and 2'aminonucleotides into a hammerhead ribozyme by solid phase synthesis.
The fluoro-group replacing a 2'-hydroxyl function is believed not to disrupt
the predominantly 3'-endo conformation of the ribose moiety in
oligoribonucleotides. The authors used as their model a version of the
catalytic hammerhead ribozyme developed by Fedor and Uhlenbeck (1990).
Sites at which substitution did not lower catalytic cleavage rates were found
to lie predominantly outside the conserved core. However, only the modified
positions were stable to RNAse digestion. 2'-O-allyl and -methyl-substitution
also infer nuclease resistance to oligoribonucleotides. Iribarren et at (1990)
have described the application of 2'-O-allyl-nucleosides as antisense
compounds. The synthesis of 2'-O-allyl-nucleoside building blocks for solid
phase synthesis has been developed by Sproat etal. (1991). Paolella et at
(1992) synthesized ribozymes with site-directed replacement of the 2'hydroxyl group by 2'-O-allyl and 2'-O-methyl residues. They identified the
ribonucleotides where replacement of the hydroxyl group strongly reduced
catalytic activity (figure 12).

5'------UACACAGUC ACAGGGCU ------ 3'
3' UGUGUQ4 UGU000G 5'
- C
A UG
A
A
GG
AU
GO
GO
AG
GU
Figure 12. Substitution at the 2'-Hydroxyl Position: 2'-O-Allyl- or 2'-O-Methyl
Substituted ribozymes cleave the substrate less efficiently if the ribozyme is
substituted at the positions denoted by bold letters; if the 2'-hydroxyl function
is substituted at the positions denoted by arrows, ribozyme function is
abolished.
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Another strategy for nucleaseresistance enhancement is the
replacement of phosphodiester by phosphorothioatelinkages. Such
substitutions in the substrate are known to destabilise substrate/ribozyme
binding. The effect of phosphorothioate substitution on cleavage efficiency
has been studied by Buzayan at aL (1988), Ruffner and Uhlenbeck (1990),
Koizumi and Ohtsuka (1991), Slim and Gait (1991) and Chowrira [Burke
(1992, hairpin-ibozyme). On general, phosphorothioate substitution inside the
catalytic centre did result in significant loss of cleavage activity, whereas
substitution in the non-conserved part of the ribozyme structure was
tolerated.
Other attempts to generate ribozymes with prolonged half-life in
serum were reported by Gotten and Birnstiel (1989), they embedded the
catalytic oligoribonucleotides into a larger, folded structure. Sioud of al.
(1992) achieved enhanced nuclease protection by addition of the
bacteriophage 17 transcription terminator at the 3'-end of the ribozyme.
Oligoribonucleotide synthesis is expensive. The therapeutic use of
ribozymes demands a lowering of the large sums that have to be paid for the
preparation of large amounts of RNA. Thus, attempts have been made to
replace RNA- by DNA- residues and to reduce the size of the active
oligoribonucleotide.
McCall at aL (1992) have constructed a minimized ribozyme, the
minizyme, by deleting the stem-loop of the ribozyme derived from
Hiaselhoff and Gerlach (1988) (figure 13).
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5'ACCUGCGGGUCAUGAAGUGUC 3Substrate
3'tGGACGCCCA UACUUCACAG5Ribozyme
A CU
A
G AGU
C-G
A-U
kcat=O.l5min
G-C
G-C
UU
UU

3' tggacgcc A

cttca 5'dT4-Minizyme

C

A

G

G
ttt t

A

kcat=O.l6 min 1

U

Figure 13. The Minimised Ribozyme Developed by McCall etal. (1992).
(Deoxynucleotides in lower key.)
Tuschl and Eckstein (1993) also investigated the effects of reducing
the size of the stem closing the acitve site. They compared kcat- and KM
values for ribozymes with a four-, two-, one-basepair stern structure and
analysed the cleavage ability of the ribozyrne without the stem close to the
catalytic site (figure 14). Kinetic values cannot be compared directly,
however, since stem-length and loop-composition have been changed
simultaneously. The ribozyme with only two base pairs in the stem (3.)
cleaved the substrate at comparable rates to the original ribozyme. One
interesting result is that the catalytic rate is reduced 100-fold if the G-C
basepair at the base of the stem is mutated to a C-G basepair.
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Figure 14. Sequence and kcat KM Values for the IRibozymes with Reduced
Stem Size.
DNA to RNA replacement was studied in the original hammerhead
ribozymé sequence by Hendry at al. (1992) in an attempt to prolong the
lifetime of the ribozyme in nuclease-containing media. The chimeric
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ribozyme was more active than the all-RNA ribozyme, mostly due to increase
in catalytic turnover. Even when the cleavage step was rate limiting, the DNA
armed ribozyme cleaved 3-fold faster than the all-RNA ribozyme. However,
DNA substrates with a ribonucleotide in the cleavage position are cleaved
less efficiently than an all-RNA substrate. The half-time of both ribozymes in
serum was essentially the same (1-2 mm.). Oncreased cleavage rates by
chimeric DNA/RNA ribozymes has also been reported by Taylor at aL (1992)
and the mixed DNA/RNA ribozyme was twice as resistant to nucleases than
the all-RNA enzyme. Shimayama at al. (1993) replaced ribonucleotides in
the hybridizing arms by 2'-deoxynucleotides, which resulted in enhanced
cleavage rates, 1 04od higher stability in human serum, but equal stability in
bovine serum (containing mainly endoribonucleases) than the all-RNA
ribozyme. DNA for RNA substitution in the other stem-loop did not affect the
enzymatic activity. The authors also synthesized highly active chimeric thioDNNRNA ribozymes with 7-fold higher enzymatic activity (kcat=27 mm -1) .
Modifications of uridine residues within the conserved region increased
nuclease resistance by 100-fold and had a catalytic activity similar to that of
the original hammerhead ribozyme (figure 15).
Gps Gps Gps Gps C 5'
Cps
UPS
A

3'Cps Gps GpCp Ap
Ap
Ap
Gp
Cps - Gps
Aps - Ups
Gps - Cps
Gps - Cps
Ups Ups
Ups Ups

Figure 15. The Highly Active Chimeric Phosphorothioate Ribozyme.
(p=phosphate i nternucleotide linkage; ps=phosphorothioate internucleotide
linkage; italics denote 2'-deoxyribonucleoside residues; bold letter denotes A
to C mutation.)

75

Cotten 81 at (1989) compared ribozyme activity to that of antisense
DA and RA towards the inhibition of 3' and processing of histone premRA in nuclear extracts in vitro by targeting antisense oligoribonucleotides
and the ribozyme against U7 snRNA of mouse hybridoma cells in nuclear
extract. Whereas the ribozyme required 1000fold excess for 90% inhibition,
a 1 8msr antisense DA required only an excess of 600-fold. An 80mer
antisense DA required a 60-fold excess and the full length antisense RA
inhibited histone pre-mRA processing at 6-fold molar excess. This result
reflects the difficulty to determine whether the activity of ribozymes in nuclear
extracts is due to catalytic cleavage or rather to antisense inhibition (see also
Sarver eta!, 1990; Cotten and Birnstiol, 1989; Saxena and Ackermann,
1990; Cameron and Jennings, 1989; Xing and Whitton, 1992; Heidenreich
and Eckstein, 1992, Sioud etal., 1992).
On conclusion, catalytic RNA sequences can be devised and
synthesized to effect cleavage of target RNA sequences in vivo. Site-specific
modifications may be incorporated to increase the half-life in cellular
environments. As such, ribozymes constitute a promising class of possible
anti-viral therapeutic agents.
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3. Synthesis of Biotinylated Oligoribonucleotides
Biotinylated antisense RNA methods make use of the high affinity of
biotin to avidin and streptavidin (Green, 1963). Biotinylation of
oligonucleotides has been performed using various enzymic or chemical
synthesis methods:
3.1 Enzymic Method

A P 1 -(N-biotinyl-6-aminohex-1 -yl)-P 2 -(5'-adenosine) pyrophosphate (figure
16) was synthesized by Richardson and Gumport (1983), addition of the
non-adenyl portion to the 3-end of oligoribonucleotides was achieved with
T4 RNA ligase which releases AMP under formation of a phosphodiester
bond.

0

HN

A

NH
0

0

II

II

0-

) 4 —CJNH—(CH 2 ) 6 __0 P —O— P —O

-I

biotin

adenine

II

aminohexyl linker
pyrophosphate
of adenosine

HO

OH

Figure 16. P1 -N(bioti nyl-6-aminohex-1 -yl)-P2-(5'-adenosine)
3.2 Reaction of Uridyl-Oligonucleoride with Periodate Followed by Blot/nHydrazide and Reduction with Sodium Borohydride

Agrawal et al. (1986) synthesized a 5'-phosphitylated ribonucleoside,
which was subsequently coupled to the 5'-end of the oligonucleotide chain.
Accessible 2'- and 3'-hydroxyl groups were reacted with periodate and
coupled to biotin hydrazide following the reaction scheme used for the
attachment of ribonucleosides to free amino-groups of proteins (figure 17).
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Figure 17. Coupling of Biotin-Hydrazide to Oligonucleotides Following the
Reaction Scheme Used for the Attachment of Ribonucleosides to Proteins. -

3.3 Coupling of an Activated Biotin-Ester to Free Amino-Group on 5'-End of
an Oligonucleotide

An -monomethoxytrityl-O-methoxy diisopropylaminophosphinyl-3amino propan(1 )ol building block (figure 18, [11) was coupled to the 5'-end of
an oligonucleotide during solid phase synthesis and subsequently reacted
with the p-nitrophenol ester of d-biotin by Connolly (1987). Coull at al.
coupled -thfluoroacetyl-2-aminoethyl-(2-cyanoethyl)-,diisopropylaminophosphoramidite (figure 18, [2]) to the oligonucleotide. Both
ansal at al. and Coull at aL used the -hydroxysuccinimide ester of d-biotin.
Sproat at al. (1989). made use of a 44-(5-trifluoroacetyIaminopentyl)
derivative of deoxycytidine (figure 18, [3]) which was added to the
oligonucleotide during solid phase synthesis followed by manual introduction
of the biotin tag using the activated ester. Nelson at al. (1989) prepared an
-Fmoc- and O-DMTr-protected derivative of 3-amino- 1 ,2-propanedi 01
(figure 18, [4]) which was coupled the oligonucleotide chain during five
successive synthesis cycles in solid phase synthesis. After deprotection of
the amino-function 65% were accessible for functionalisation with biotin
active ester.
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N-monomethoxytrityl-O-methoxy diisopropylaminophosphinyl-3-amino propan(1 )ol
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544rifluoroacetyl-2-aminosthyl-(2-cyanoethyl)-N,N-diisopropylamino phosphoramidite

0
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HWC
3
H

[3] 4--(5-trifluoroaceaminopenl) derivative of deoxycytidine

DMT0

0
NC(CH 2 ) 2 ON(iPr) 2

(iPr) 2 N

0(CH 2 ) 2 CN

[4] N-Fmoc- and O-DMT- protected
derivative of 3-amino-1 ,2-propanediol
Fm oc

1
ODMT

Figure 18. Building Blocks for the Introduction of a 5'-Amino-Function to
Oligonucleotides.
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3.4 Synthesis of Biotinylated Phosphoramidite Building Blocks Using
Modified Alucleosides

Roget et aL prepared a 4?s-aminohexyI deoxycytidine derivative
(figure 19) and introduced the biotin moiety to the amino-function using the
-hydroxysuccinimide ester of d-biotin. The biotinylated cytidine derivative
was tritylated on the 5'-hydroxyl - and phosphitylated on the 3'-hydroxyl
function. It was subsequently used in solid phase synthesis to generate
oligonucleotides bearing biotin tags on the 5-end. The multiple labelling (1020 biotin groups) gave increased signal and lower background when used in
situ hybridization protocols.

HN

NH

H
HN

N
0

DMTO=\N 0

0
NC(CH 2 ) 2 0

N(iPr) 2

Figure 19. 4-N-Aminohexyl Cytidine - Based Biotin Phosphoramidite.
A similar approach was used by Pieles et al. (1990) who prepared an
-t-butylbenzoyl protected biotin derivative of cytidine using a spacer arm based on 1 ,2-bis(2-methylaminoethoxy)ethane (figure 20) in eight synthesis
steps starting with 3,5-t-butyldi met hylsiIyl- 4O-2-nitrophenyl uridine. The
protecting group on the biotin was necessary to prevent modification during
polymer assembly if the biotin building block is introduced near the 3-end of
the oligorner. The authors reported increased biotin/streptavidin binding
compared to oligonucleotides bearing only 1 or 2 reporter groups.
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0
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Figure 20. N-t-Butylbenzoyl-Protected Biotin Phosphoramidite.

3.5 Synthesis of Non-Nucleoside Based Biotin Phosphoramidites
A one-step biotinylation procedure was developed by Alves of al. (1989).
They synthesized [1 -N-(4,4'-di methoxytrityl)-D(+)biotinolyl]methoxymorpholino-phosphine (figure 21) as building block in solid
phase synthesis for the addition of one biotin label to the 5-end of DNA or
RNA.
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0
DMT
N

NH

(

N)

Figure 21. [1
Phosphine as Building Block for Solid Phase Synthesis of Biotinylated
Oligonucleotides.
Another biotin phosphoramidite was synthesized by Cocuzza (1989) using a
p-aminophenethyl spacer group between the biotin and the phosphite
moieties (figure 22).
N(iPr) 2
0.P
0(CH2)2CN
HN)LNH

NH
C

II

0

Figure 22. P-Aminophenethyl Spaced Biotin Phosphoramidite.
visiura at aL (1990) synthesized a biotin-phosphoramidite based on 1,2,3- glycerol (figure 23) which is capable of allowing the incorporation of multiple
biotin moieties into an oligonucleotide.
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Figure 23. ESiotin Phosphoramidite for Multiple Successive Additions During
Solid Phase Synthesis.

Introduction of Biotin Labels in Conjunction with Multiple Hydroxyl
Phosphoramidites
3.6

IBazin at al. (1991) described the use of a symmetric phosphoramidite based
on 1 ,4,7-heptanetriol (figure 24) which was designed to introduce two
primary hydroxyl groups onto the oligonucleotide during solid phase
synthesis and was used for the preparation of poly-biotinylated probes using
a biotin phosphoramidite based on a modified nucleoside.
10(CH 2 ) 2 CN

(iPr) 2 N.

DMTO

I

ODMT

Figure 24. Symmetrical Phosphoramidite Building Block Based on 1,4,71eptanetriol.
Will (1992) prepared a more easily accessible phosphoramidite based on
commercially available 1 ,2,6-trihydroxyhexane (figure 25). Repeated addition
of n EiVuOH building blocks introduced 2n hydroxyl functions to the 5'-end of
oligonucleotide chains which were available for the simultaneous automated
coupling of any biotin phosphoramidite. However, less than 3-fold
enhancement in sensitivity on labelling with up to four biotins compared to
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single biotin oligomers was reported when avidin detection protocols were
used.

DMT=O"

NC(CH 2 ) 2 0

''

N(iPr) 2

Figure 25. Phosphoramidite Building Block Based on 1,2,6Tr hydroxyhexane.
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RESULTS AND DISCUSSION
1. The Synthesis and Analysis of Modified Ribozymes
Contrary to the in vivo expression of catalytic RNA sequences within
the cell, the use of ribozymes synthesized by chemical means, allows for
considerable flexibility in the method of their synthesis. The chemical
synthesis of ribozymes using the solid phase phosphoramidite approach,
permits site-specific introduction of modifications that increase the stability of
the nbozyme and may also improve the ribozyme's catalytic activity.
Chimeric DNA/RNA ribozymes have been found to exhibit higher cleavage
activity, and the introduction of deoxyribose nucleotides in the non-catalytic
parts constitutes a good strategy to improve the ribozyme's resistance
towards ribonucleases. For structural studies by NMR or X-ray
crystallography and for testing synthetic ribozymes in vivo, milligrams of
material are required. By reducing its size and by replacing many RNA
nucleotides with DNA the ribozyme can be synthesized more cheaply and in
greater yield. Also, especially for use in NMR studies, replacement of riboseby 2'-deoxyribose-nucleotides facilitates the assignment of the sugarprotons. Hendry and coworkers have developed a minimized ribozyme which
contains deoxyribonucleotides in the hybridizing arms and is as active as the
all-RNA full length ribozyme (Hendry etaL, 1992; McCall etaL, 1992).
Our aims in this work were
to generate milligram quantities of the "minizyme" in the attempt to
crystalise the oligonucleotide and
to further reduce the size of the ribozyme by means of replacement of
nucleotides using synthetic linker molecules under retention of cleavage
activity.

DR

1.1 The Large Scale Synthesis of the Minimised Sequence Ribozyme

The minimised ribozyme, R51, is a mixed DNA/RNA oligonucleotide
43mer with the sequence shown in figure 25.
R 51: d(GCGGGU)d(C)r(AUGAAGUUCG)d(CTTCAT)r(CUGAUGA)d( I I I )r(GAAAC)d(CCGC)
(self-cleavage prevented by 2'-deoxynucleotide in cleavage position)
Loop 1
5 GCGGGUAUGAAGUU
QGQQ C A
IAI1[c. GC
3'
C i

J

©©

core

III
Loop 2

Figure 25. The Minizyme: The minimised ribozyme lacks the stem adjacent
to the catalytic core. Underlined residues mark 2'-deoxy-nucleotides.
The two arms of the catalytic half were replaced by DNA-residues, thus the
folded ribozyme is forming a DNA/RNA hybrid duplex at these sites. In order
to prevent self-cleavage, we incorporated 2'-deoxycytidine at the cleavage
site. All residues within the catalytic core are RNA nucleotides. The loops
necessary to link substrate to catalytic part and both halfs of the catalytic
core consist of four nucleotides each: loop 1 has the sequence r(UUCG),
which is known to be part of hairpin loop structures with high stability
(Cheong etal., 1990; Varani etal., 1991); loop 2 has the sequence d(TTTT).
The synthesis of this ribozyme was carried out on an Applied Biosystems
394 DNA/RNA synthesizer employing 2-O-TBDMS RNA- and standard DNAphosphoramidites. The crude synthesis yield was 27% as determined by
overall average coupling efficiencies. The sample was analysed by
ionexchange chromatography, but the oligonucleotide formed stable
aggregates in the buffer used (0.03 - 0.67M NaH2PO4). Similar problems
were encountered on reversed phase HPLC. The tendency to form stable
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aggregates did increase with increasing concentration. The sample was
analysed by polyacrylamide gel electrophoresis to verify successful
synthesis. The gel showed an oligonucleotide mixture with a main band at
the expected height (figure 26). Thus, the oligonucleotide was purified by
small scale injections on reversed phase HPLC. A compromise had to be
reached to balance peak quality to purification time. We used approximately
25 A260 units per injection. The purified ribozyme was analysed on PAGE to
check on the efficiency of reversed phase chromatography under these
conditions (figure 26).
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a
r

1

2

Figure 26.
Polyacrylamide Gel Electrophoresis of Full Length Minizyme [R51J.
crude sample after deprotection of the 2-hydroxyl functions
Lane 1 crude sample
Lane 2 sample after purification by reversed phase HPLC
(20% polyacrylamide gel, denaturing conditions, visualised by UV
shadowing)
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Although the gel showed considerable residual contamination we decided
that the chromatography step was worthwhile and purified the whole sample
in 50 runs (figure 27).

Figure 27. Purification of [R51] by reversed phase chromatography,
approximately 25 A 260 units/injection.
The main peak (at 16-17 mm. elution time) was collected to yield a total of
492 A 260 units, which corresponds to a yield of 13%. The lyophilised
oligonucleotide was handed to our collaborators at the CSORO, Australia (Dr.
Philip Hendry and Dr. Maxine Mc Call), who further purified the ribozyme by
polyacrylamide gel electrophoresis and attempted to grow crystals. So far,
this has not been successful.

0161

1.2 Synthesis of the Trans-Acting Minizyme

The self-cleaving minizyme was modified to form a trans-acting
ribozyme by abolishing loop 1 (figure 28).

cleavage site
5GCGGGUCAUGAAG3
3 'Q 0 Q 0 CA IAC 110 5

Substrate [R44)
Ribozyme [R43]
catalytic core

G

Loop 2

I I

1cJJ

II

Underlined residues mark 2'-deoxynucleotides.

Figure 28. The Trans-Acting Minizyme [R43/R44].

The minizyme was synthesized in two parts, the substrate- and the catalyticoligonucleotide. Cleavage was performed after substrate and ribozyme were
annealed to form the active complex.
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1.2.1 The minizyme substrate
The substrate r(GCGGGUCAUGAA)d(G) [R44] was synthesized on a
dC-solid support column using 2'-O-TBDMS-type RNA phosphoramidites.
Substrate R44 was purified by reversed phase HPLC. The crude sample was
purified using reversed phase chromatography (four injections) to yield a
total of 28 A260 units. Part of this sample (12 A2) was further purified by
preparative gel electrophoresis (yield=4.4 A260 units).This sample contained
74 % full length substrate as analysed by capillary gel electrophoresis
(appendix 8). The substrate was lyophilised and stored at -10°C. Before it
was used in cleavage reactions, the functional substrate was labelled with
32 p on the 5'-end of the oligomer using y- 32 P ATP, and its purity checked by
polyacrylamide gel electrophoresis.
1.2.2 The dT4-minizyme
The chimeric DNA/RNA catalytic part of the minimised ribozyme
(figure 29) d(CTTCAT)r(CUGAUGA)d(TTTT)r(GAAAC)d(CCGC) [R43] was
synthesized and purified analogous to R51 (figure 29).

Figure 29. Reversed phase chromatogram of unpurified dT4-nbozyme [R43].
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1.2.3 The tetraethylene (TEG) and hexaethylene (HEG) glycol - minizymes
Simple linker molecules have been used to replace nucleosides for
different purposes: 1 ,3-Propanediol has been inserted into the Dickerson
dodecamer d(CGCGAATTCGCG) in place of deoxyadenosines or
deoxyguanosines to mimic the carbon backbone of the ribose sugar while
increasing the flexibility of the oligonucleotide and its tendency to form
hairpin loops (Seela and Kaiser, 1987); a hexaethyleneglycol linker molecule
has been used by Durand at al. (1990) and Ma at al. (1993) to replace 4nucleotide loops in stem-loop or circular DNA structures (figure 30).

O

HO

base

1 ,3-propanediol
HO

OH

OH hexaethylene glycol
\ (36A fully extended)

1
tetraethylene glycol
(24A fully extended)

I

'1.
OH

OH

Figure 30. Propanediol, Tetraethylene- and Hexaethylene-glycole Linkers.
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Nucleotides in loops are more susceptible to nuclease attack than
nucleotides in helix structures. A non-nucleoside linker, though, is unlikely to
be recognised by nucleases.
We have synthesized phosphoramidites based on tetra- and
hexaethylene glycol. 3,6,9-tnoxaundecan-1 ,1 1 -diol and 3,6,9,12,15pentoxaheptdecan-1 ,1 7-diol were reacted in 3molar excess with 4,4'dimethoxytrityl chloride in the presence of triethylamine to yield the monotritylated compounds. After purification on silicagel flash chromatography, the
phosphoramidites (lEG [1] and HEG [3]) were generated by the reaction
with 2-cyanoethyl N, N'-d i-isopro pyl-phosp h o ram idoch lo ridite in the presence
of diisopropylethylamine (figure 31).
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2-cyanoethyl[1 1 -(4,4'-dimethoxytriloxy)-3 ,6,9-trioxaundecan-1 -yl]- and
2-cyanoethyi[1 7-(4,4'-dimethoxytrityloxy)-3,6,9,1 2,1 5-pentoxaheptdecanl -yl]N,N-diisopropylphosphoramidites ([1] and [3])

Figure 31. Synthesis of Linker

-

Phosphoramides.

The lEG- and HEG-phosphoramidites were used in automated solid phase
synthesis as 0.24W solutions in anhydrous dichloromethane. The wait step for
the coupling was increased to 600 sec. (analogous to the wait step used for
RNA phosphoramidites). The efficiency of coupling in the test sequence dT95

linker-d(TTTIT) was as follows: TEG - 83%; HEG - 81%. The
tetraethyleneglycol ribozyme has essentially the same nucleotide sequence
as R43, except that the dT4-loop has been replaced by one
tetraethyleneglycol linker molecule d(CTTCAT)r(CUGAUGA)-TEGr(GAAAC)d(CCGC) [R47]. The measured coupling efficiency of the TEG
phosphoramidite during synthesis of R47 was 100%. After cleavage and
removal of all protecting groups, the crude sample [R47] was purified by
P0 lyacrylamide get electrophoresis.
The hexaethyleneglycol nbozyme d(CTTCAT)r(CUGAUGA)-H EGr(GAAAC)d(CCGC) [R54] was synthesized and purified in an analogous
manner, but using 2'-O-Fpmp-protected RNA phosphoramidites. No
problems did arise during the acid deprotection step, although the 2'deoxynucleotide purines are inherently unstable in aqueous acid. The HEG
phosphoramidite coupled at 88%. Purification of the ribozyme was achieved
by preparative polyacrylamide gel electrophoresis. The final product was
82% pure as analysed by capillary gel electrophoresis (appendix 9).

Figure 32. Reversed phase chromatogram of purified HEG-ribozyme [R54]
(0.5A2).

1.2.4 Catalytic substrate cleavage
Prior to performance of cleavage reactions all oligonucleotides were
labelled with 32 P and checked for purity on a 20% denaturing
polyacrylamide gel followed by autoradiography (figure 33).

MA

1

2
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3

4
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40

fe

Figure 33.
Autoradiograph of Substrate and Minizymes used in Cleavage Reactions. All
samples were 5'-end-labelled with 32 P-ATP (*):
Lane 1: Substrate (*R44, 13mer)
dT4-Minizyme (*R43, 26mer)
TEG-Minizyme (*R47, 23mer)
HEG-Minizyme (*R54, 23mer)
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To determine if the linker-ribozymes are active, time-course cleavage
reactions were performed under ribozyme excess (1 eq substrate/1 Oeq
ribozyme). They were initiated by addition of the substrate
r(*pGCGGGUCAUGAA)d(G) [*R44]. Ribozyme cleavage was performed in
0.51 MTris.HCI, 0.02mM EDTA, 1mM dithiothreitol, 10mM MgCl2 buffer at
pH8 (20p1 total volume per sample). Aliquots of 3tl were removed at given
times and quenched with 6p1 of 90% formamide containing 20mM EDTA and
0.1% bromophenol blue. Samples were analysed on 20% denaturing
polyacrylamide gels, followed by autoradiography. The control experiments
contained only substrate and buffer in the appropriate concentrations. Figure
34 depicts the reaction scheme and figure 35 shows the autoradiograph of
time-course cleavage at 20°C.
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reaction with catalytic ribozyme
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only the radioactively labelled cleavage
product can be detected by exposure of
the gel to photographic film
Figure 34. Synthesised Minzymes and Cleavage Reaction Scheme.
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Figure 35.
Autoradiograph of the dT4-, TEG- and HEG-Minizyme Cleavage Reactions:
R44 = Substrate, R43 = dT4-minizyme, R47 = TEG-minizyme, R54 = HEG minizyme; T=20°C, 20% denaturing polyacrylamide gel (7M urea); A = full
length substrate (13mer), B = cleavage product (6mer).
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AU ribozymes tested were catalytically active. Judging from the intensity of
the bands, the dT4-nbozyme was more active than both linker-ribozymes at
this temperature. After 20 hours, substrate cleavage by the dT4 and the
HEG-ribzymes was near completion, wheras the TEG-linker ribozyme only
cleaved the substrate to approximately 50% (estimated, figure 36).
We also checked the cleavage performance of the dT4- and the HEGminizymes at T=4, 22, 37 and 55°C (figure 37). The ribozymes were present
in 1 0-fold excess, buffer solutions were as described above. The reaction
was followed over a time course of 0 to 6h. The dT4-nbozyme was active at
all temperatures, it cleaved best at T=22°C. The HEG-minizyme was active
at 4 and 22°C and showed only minimal cleavage at higher temperatures
T=37 and 55°C.
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Figure 36.
Autoradiograph of Minizyme Cleavage Reactions after 20h Cleavage Time.
Substrate R44 was 5'-end-labelled with 32P-ATP (*)• A = full length
*subst rate (R44, 13mer), B = *cleavage product (6mer). 20% polyacrylamide
gel, denaturing (7Murea):
Lane 1: *Subst rate (*R44)
dT4- Min izyme/*S u bstrate (R43/*R44)
lEG - Minizyme/*Substrate (R47/*R44)
H EG-M in izym e/*S u bstrate (R54/*R44)
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Figure 37.
Autoradiograph of Minizyme Cleavages at T=4, 22, 37 and 55°C.
Aliquots were taken at t=O, 2 and 6h reaction time. A = full length substrate
(13mer), B = cleavage product (6mer), R43 = dT4-minizyme, R54 = HEGminizyme, R44 = ribozyme substrate; 20% denaturing polyacrylamide gel
(7M urea).

1.2.5 Kinetic parameters for the minimised ribozymes
Dr. Philip Hendry (CSIRO, Div. of Biomolecular Engineering)
performed kinetic analysis of the dT4-, the TEG and the HEG-ribozymes we
synthesized: (substrate concentration was 1 .tM, ribozyme concentrations
were in the range 2 to 3 .tM, T=30°C)
Table 1.
ribozyme type

A k0s

kobs [min -1 ]

% cleavage

(t=infinity)
94±1
95±1

dT4

7.4±0.2 x 10-2
HEG
3.9±0.3 x 10 3
7.1 x 10-2
TEG
1.6±0.2 x 10-3
7.2 x 10-2
The cleavage reaction of the TEG ribozyme was not followed to its
completion, because it proceeded too slowly.
CONCLUSIONS

The qualitative assays described above demonstrate that the
ribozymes containing tetraethylene- and hexaethyleneglycol linker molecules
in place of four nucleosides adjacent to the catalytic core do retain catalytic
ability. In the original ribozyme sequence the stem-loop structure preserves
the three-dimensional structure of the catalytic nucleotide's, the actual
sequence of the stem-loop was shown to be of little importance to the
catalytic activity. Hendry at al. did abolish the stem but retained the fournucleotide loop in their minimised sequence ribozyme. The loop does ensure
that the essential nucleotides are kept near in space and the - catalytic centre
can form.
The minizymes described here (dT4, TEG and HEG) differed in their
efficiency, as measured by kobs, which was probably due to different thermal
stabilities. The four thymidine residues in the loop are expected to stack and
thus stabilise the structure, whereas the linker molecules offer large mobility
of the two catalytic parts of the molecule. Thus, for the HEG-linker ribozyme
the optimal cleavage temperature was lower than for the dT4-nbozyme.
These results demonstrate that nbozymes are hopeful candidates for
site-directed modifications. Our findings suggest, that the linker approach
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may be useful to further reduce the minizyme in size without major disruption
of the cleavage complex.
SUGGESTIONS FOR FUTURE WORK
- Analysis of the stability of the linker ribozymes as compared to their allnucleotide counterpart to nuclease attack.
- Quantification of cleavage rates under ribozyme excess and substrate
excess conditions.
- Analysis of the thermal stability of the minizyme/substrate complexes (dT4,
HEG and TEG-ribozymes).
- Large scale synthesis of an uncleavable substrate-linker-ribozyme(linker)
molecule to facilitate NMR studies:
d(GCGGGU)d(C)r(AUGAAG)(H EG)d(CTTCAT)r(CUGAUGA) (H EG)
r(GAAAC)d (CCGC).

2. The Synthesis of Biotinylated Antisense RNA Probes
We have used two approaches to generate biotinylated
oligoribonucleotides: the first employs a modified 2'-deoxycytidine-3'-Ophosphoramidite carrying an N-t-butylbenzoyl protected biotin on a spacer
arm attached to the 4 position ("CbbO"; Pieles etal., 1990), the second makes
use of a multiple-hydroxyl phosphoramidite developed in this laboratory
(MuOH, D. Will, Ph. D. thesis, 1992) in counction with a commercially
available single addition biotin-phosphoramidite (Bio, Pon, 1991) (figure
38).

DMT=-O"

'

0
NC(CH 2 ) 2 0

N(iPr) 2

MuOH

Figure 38. The Biotin- and Multiple-Hydroxyl Phosphoramidites.
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2.1 The Nucleoside-base Biotin Phosphoramidite Approach
Using the biotin phosphoramidite developed by Pieles etal. ("Cb10")
we have synthesized five tetra-biotinylated oligoribonucleotides which are
complementary to specific parts of a pre-mRNA sequence which is currently
being analysed by the research group of Dr. Jean Beggs (University of
Edinburgh, institute of Cell and Molecular Biology):
r(U)(CbO0) 2 r(GAG CUA AGA AAG UGU A)(CbD©)2dT [R59]
r(U)(CbD©) 2 r(GAU AUU AUU UUU GAA CAU A)(C0(0)2dT [R60]
r(U)(C 1

° 0 )2r(AGU ACG ACG AGC UAA G)(C0©)2dT [R61]

r(U)(C 1 °©)2r(GAA AAA AUG UUA GUA AC)(C 1 ©)2dT [R62]
r(U)(C° 0 )2r(CGA AUA UUU AUA GAA AAC)(C 00 )2dT [R63]
The oligoribonucleotides bear two biotin molecules attached to cytidine
residues at the 3'- and the 5'-ends of the oligomer. All syntheses were done
on the 0.2mole scale using 2'-O-Fpmp-protected RNA phosphoramidites
and "0b10" phosphoramidite as a 0.1 Msolution in anhydrous acetonitnie.
The biotin monomer coupled at 88% efficiency (average). Fpmp-protected,
biotin containing oligomers were analysed and purified by reversed phase
chromatography. The biotin molecules and the 4,4-dimethoxytntyloxy group
on the 5'-hydroxyl function made the oligoribonucleotides very lipophilic.
However, since the Fpmp-protecting groups were attached, the difference in
lipophilicity between failure sequences and full length oligoribonucleotide
was smaller than for ordinary oligonucleotides. We have used a gradient of
0-60% acetonitrile in 0.1 Mammonium acetate buffer. The peak preceding
the product peak contains synthesis failure products which are not
individually separated in this buffer and gradient. An example of the elution
profile is given in figure 39, which shows the chromatogram of the
preparative injection of R59 carrying a 5'-O-dimethoxytrityl group and an
Fpmp-group on the 2'-hydroxyl functions.
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Figure 38. Elution Profile of Biotinylated Antisense RNA (R59) Synthesized
Using the 0bio Phosphoramidite. The main peak (at 23 to 24 minutes in the
chromatogram) was collected.
Figure 39 shows the elution profile of R63, which was the last
oligoribonucleotides to be synthesized. Its chromatogram is distinctly
different with the main fraction eluting earlier in the gradient as expected.

Figure 39. Elution Profile of Tetra-Biotinylated R63. We have collected two
fractions (at 20 to 22 and 22 to 24 minutes elution time) for analysis by
polyacrylamide gel electrophoresis.
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After HPLC, the biotinylated oligonbonucleotides were desalted,
deprotected on the 5'- and the 2'-hydroxyl-functions and analysed by
polyacrylamide gel electrophoresis (figure 40).
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1

23456
V

Lanes: 1

R59

2
3
4

R60
R61
R62

5
6

R63, 1 St fraction of HPLC separation
R63, 2nd fraction of HPLC separation

Figure 40 Analysis of Biotinylated Oligoribonucleotides (CbiO) by
Polyacrylamide Gel Electrophoresis.
Samples were purified by reversed phase HPLC and deprotected on the 2'hydroxyl functions prior to electrophoresis. (20% PAGE; denaturing
conditions; bands visualised by UV shadowing.)
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As can be seen in figure 40, the efficiency of synthesis and
purification varied considerably. Samples R59, R60 and R61 (lanes 1 to 3)
were sufficiently pure. Sample R62 contained a mixture of two main
products, corresponding to tn- and tetra-bioti nylated oligon bonucleotide.
Lane 5 shows the main fraction of sample R63 (collected on reversed phase
HPLC), lane 6 contains the smaller fraction. This has several weak bands at
approximately the correct height in the gel, which belong to the R63 oligomer
with 2, 3 or 4 biotin molecules attached. The bad quality of R63 was most
probably due to weak coupling of the biotin phosphoramidite caused by poor
stability of 0bio phosphoramidite. The first two Cbb0nucleotides were
attached during the first and second synthesis cycle during solid phase
synthesis. F ailure of coupling at this stage produced dimers or trimers,
which were removed during reversed phase HPLC. The last two biotin
moieties were added to the oligomer in the two last synthesis cycles. At this
stage coupling failure generated di-biotinylated oligoribonucleotides with the
correct antisense nucleotide sequence. The number of biotin molecules
attached to an oligonbonucleotide does affect the kinetics of streptavidin
binding but even an oligonucleotide with only one biotin attached binds
efficiently to stre ptavidi n-ag arose beads. Since the oligomers contained at
least two biotin molecules attached to the 3'-end, we used the sample
without any further purification.
2.2 Attachment of Biotin Molecules using the Multiple-Hydroxyl
Phosphoramidite

Here we describe the synthesis and applications of a simple
phosphoramidite developed in this laboratory. It is based on commercially
available 1 ,2,6-trihydroxyhexane and can be used to add multiple hydroxyl
groups to the 5'-end of synthetic oligonucleotides during solid phase
synthesis. Following standard procedures (D. Will, Ph.D. thesis, 1992), the two primary hydroxyl functions of 1 ,2,6-trihydroxyhexane were selectively
protected as their 4,4'-dimethoxytrityl ethers, by reaction with 4,4'dimethoxytrityl chloride in pyridine to give 1 ,6-bis(4,4'dimethoxytrityloxy)hexan-2-ol. The tritylated compound was subsequently
phosphitylated on the secondary hydroxyl group using 2-cyanoethyl N,Ndilsopropyl-phosphoramidochlondite in the presence of N,N112

diisopropylethylamine, to give 2-cyanoethyl[1 ,6-bis(4,4'dimethoxytrityloxy)hex-2-yI]N,N-diisopropylamino phosphoramidite ("MuOH",
figure 41).
OH

HO

1 ,2,6-tnhydroxyhexane
"

ss

2.2DMTCl/pyridine

DMTO

OH
1 ,6-bis(4,4'-dimethoxytrityloxy)hexan-2-oI (86%)

/N,N-diisopropylethylamine/dichloroñiethane

2-cyanoethyl[1
methoxytrityloxyhex-2-yI]
N-ddisopropyIamino phosphoramidite (83%, MuQ)
Figure 41. Synthesis-Scheme for the Multiple-Hydroxyl Phosphoramidite.
We have used the MuOH-monomer for the automated synthesis of poIy biotinylated antisense oligoribonucleotides with the same sequence as in
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chapter 2.1, in conjunction with commercially available single addition biotin
phosphoramidite (0.15M in acetonitrile):
(4xio)(MuOH)2r(GAGCUAAGAAAGUGUA)dT [R59A],
(4x©)(MuOH)2r(AGUACGACGAGCUAAG)dT [R61 A],
(4xL©)(MuOH)2r(GAAAAAAUGUUAGUAAC)dT [R62A],
(4x©)(MuOH)2r(CGAAUAUUUAUAGAAAAC)dT [R63A],
(4xL©)(uOH)2r(CUUCUUCUGGUAUGA)dT [R80].
Oligoribonucleotides R59A, R61 A to R63A and R80 (R80 = negative control
or antisense experiments) were synthesized using 2'-O-Fpmp-protected
RA monomers (Cruachem Ltd.). The synthesis scheme is illustrated in
figure 42.
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Figure 42. Synthesis Scheme for the Use of MuOH- and BioPhosphoramidites.
Normal synthesis cycles deliver phosphoramidites to an excess of 10-fold. In
this case however, the second addition of MuOH-monomer required
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simultaneous reaction at two sites per oligomer and during the subsequent
addition of biotin-monomer the phosphoramidite was reacting with four
hydroxyl-functions on every oligonucleotide chain. We therefore increased
both phosphoramidite concentrations, the multiple-hydroxyl monomer was
used as a solution in acetonitrile (0.15M. Its coupling efficiency was
determined by the spectrophotometric quantification of released 4,4'dimethoxytrityl cation: 108% (first addition) and 93% (second addition). The
biotin phosphoramidite ("Bic", DMT-biotin-C6 phosphoramidite) was used as
a 0.15M solution in acetonitrile. Its coupling efficiency could not be
determined, because the synthesis was performed trityl on. We included a
double coupling procedure (i.e. repeated delivery of phosphoramidite and pnitrophenyl-tetrazole) for the two special monomers. The wait steps for the
coupling reaction of the MuOH- and the biotin phosphoramidite ("Bio") were
increased from 30 sec. (for DNA phosphoramidites) to 600 sec. 5'-O-DMT-2'0-Fpmp-protected oligomers were purified by reversed phase HPLC. Figure
43 shows the elution profile of sample R59A on reversed phase HPLC: Unbiotinylated failure sequences eluted before 20minutes, the biotinylated
oligomers are retained longer on the reversed phase column.

Figure 43. Elution Profile of Biotinylated Antisense RNA [R59A].
On each case the peak eluting last in the chromatogram was collected,
deprotected and desalted.
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We have also synthesized the oligoribonucleotide with the sequence
analogous to R60: (4xO©)(MuOH)2r(GAUAUUAUUUUUGAACAUA) [R60A].
This biotinylated oligoribonucleotide was synthesized using 2'-O-TBDMSprotected RNA monomers in conjunction with the MuOH- and Biophosphoramidites described above. The modifications to the standard
synthesis cycle to ensure high monomer coupling efficiencies were
essentially the same as for samples R59A, R61 to R63A and R80.
However, the MuOH- and Bio-phosphoramidites were used as 0.2M
solutions in acetonitrile and coupled as follows: MuOH 73% (1st addition)
and 82% (2nd addition); Bio 93%. (On this case the activator used was
tetrazole.) The oligoribonucleotide was synthesized irityl off", i.e. the last
4,4'-dimethoxytrityloxy-group was removed to yield a 5'-hydroxyl group. After
deprotection and desalting procedures, R60A was purified by reversed
phase HPLC (figure 44).

Figure 44. Elution Profile of the Reversed Phase HPLC-Purification of R60A.
Separation of failure sequences (12 to 15 minutes elution time) and full
length biotinylated RNA (16 to 19 minutes) was satisfactory but, in contrast
to the results achieved with 2'-O-Fpmp-protected oligoribonucleotides, there
was no resolution between mono-, di-, tn- and tetra-biotinylated products
(the gradient used was 0 to 50% acetonitnle in 0.1 Mammonium acetate).
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2.3 Antisense Defection
The biotinylated antisense oligoribonucleotides were used to
precipitate complementary sequences out of a mixture of RNA fragments.
R80 was used as negative control, since its sequence is non-complementary
to any of the parts of pre-mRNA of interest. This work was carried out by Dr.
Stefan Teigelkamp, University of Edinburgh, Institute of Cell and Molecular
Biology. The methods used were essentially as described by Sproat et al.
(1991) and Blencowe etal. (1989): the antisense oligoribonucleotide was
annealed to in vitro transcribed, uniformly 32 P-labelled pre-mRNA including
denatured yeast in vitro splicing reaction and MgCl2 (2.5mM). Subsequent
incubation with RAse Ti revealed a characteristic fragment pattern of
digested pre-mRNA of which a specific fragment, annealed to the antisense
oligomer, was precipitated by incubation with stre ptavidi n-ag arose beads in
KCI (0.3M final concentration). The reaction scheme is outlined in figure 46.
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premRNA, uniformly labelled with 32P

+ antisense biotinylated oligoribonucleotide
r U(CbI 0 ) 2 wwAMAw/v(CbI 0 ) 2 dT

or

in denatured yeast in vitro splicing reaction

(bio) 2

(WO)2 0 r(4xBio)on5'-end

RNAseT1

pre-mRNA fragments
M

(bio)2

(bio)2 or (4xBio) on 5'-end

precipitation on streptavidin-àgarose beads

(buo) 2

(bio) 2 0 r(4xBio)on5'-end

Figure 45. Schematic Representation of Antisense Selection Procedure.
To monitor the specificity of the affinity selection an aliquot of pre-mRNA was
annealed with a complementary DNA oligonucleotide and treated with
RNAse H. In this way, the target RNA sequence was removed by RNAse H
digestion in the presence of the complementary DNA oligonucleotide, while
the rest of the pre-mRNA remained intact. Any fragments precipitated
following this treatment have been non-specifically selected (figure 46).
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pre-mRNA
+ complementary DNA

V

analogous to biotinylated
antisense ANA sequence

+ RNAse H, cleaves RNA strand in DNA/RNA hybrids

E]

+

DNA

I
I

pre-mRNA, the part complementary to the DNA sequence is missing

Subsequent treatment as described in Figure 46,
any precipitated fragments following this treatment
have been non-specifically selected.
Figure 46. Schematic Outline of RNA5e H Control Experiments.
Whereas precipitation using the conventionally biotinylated
oligoribonucleotides (R59, R60, R61, R62, R63) resulted in co-precipitation
of fragments other than that of the desired size, precipitation using the
oligoribonucleotides containing the comb-shaped bioti nylated 5'-end (R59A,
R60A, R61 A, R62A, R63A) was much more specific (data not shown).
Especially for R59/R59A and R60/R60A the difference in selectivity was
distinct. Figure 47 shows an autoradiograph of 32P-labelled affinity-selected
RNA fragments after separation on a denaturing polyacrylamide gel.
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Separation on 6% denaturing polyacrylamide gel; precipitation
using R59 (lane 1), R59A (lane3), R60 (lane 5) and R60A (lane 7)
was compared to the appropriate RNAse H control experiments
(R59, lane 2; R59A, lane 4; R60, lane 6: R60A, lane 8). Arrows
indicate RNA fragments of the desired length.

Figure 47. Autoradiograph of 32 P-Labelled Affinity-Selected RNA
Fragments.
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Furthermore, RNAse H control experiments confirmed that in the case of the
R60 antisense oligoribonucleotide there was a strong co-precipitation of nonrelated pre-mRNA fragments. However, the R60A precipitation was very
specific. The R59 antisense oligoribonucleotide with two biotin moieties each
attached to a cytidine residue on both ends of the oligomer co-precipitated
breakdown products of the desired pre-mRNA fragment, whereas the
branched biotinylated antisense oligoribonucleotide R59A did not. The same
non-specific precipitation using oligomers R59 and R60 was observed even
in the absence of yeast in vitro splicing extract, indicating that the presence
of proteins or other components of the yeast splicing extract was not
responsible for the poor specificity of precipitation with these oligomers (data
not shown).
CONCLUSONS
We have described two methods for generating biotinylated RNA probes.
The conventional nucleoside-based biotin phosphoramidite is a reliable
method, although the short life-time of the phosphoramidite did cause
problems. The inexpensive multiple-hydroxyl phosphoramidite facilitated the
attachment of multiple (2-4) biotin molecules in one simultaneous coupling
step during solid phase synthesis and constitutes a rapid and straightforward
method. This method was fully compatible with both strategies of
oligoribonucleotide synthesis. The Fpmp-approach though, did facilitate
purification by reversed phase HPLC. The yield of tetrabiotinylated product
can be increased if synthesis conditions (i.e. monomer concentration,
activator and coupling times) are optimised further. Additionally the forkshaped biotinylated oligoribonucleotides resulted in significantly increased
selectivity of antisense oligonucleotide hybridisation and subsequent
precipitation of the desired fragments compared to the conventionally
biotinylated oligoribonucleotides using the biotinylated cytidine
phosphoramidite.
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Cp1®ir 3:
G.A MsmMhes On ODgoowcD®©de
INTRODUCTION
The aim of modern biology is to achieve full understanding of cell function
and regulation. This encompasses the investigation of the regulatory process
of DNA replication, transcription into RNA, RNA transport and subsequent
translation into protein molecules. The first step has to be the detailed
analysis of DNA and RNA structure. The foundations for the current
understanding of the structure of nucleic acids were laid with the paper by
Watson and Crick in 1953: "A Structure for Deoxyribose Nucleic Acid". Since
then, the development of sophisticated analysis methods (X-ray
crystallography, circular dichroism, uv-spectroscopy, nuclear magnetic
resonance spectroscopy) and methods for the chemical synthesis of nucleic
acids of defined length and sequence, has yielded abundant data on
oligonucleotide conformation. Interactions with proteins and drugs have also
been studied.
1. Structural Properties of Oligonucleotides
1.1 Conformational Properties of the Phosphate Backbone, the Furanose
Sugar and the Purine/Pyrimidine Bases

The overall structure of oligonucleotide helices is defined by the
backbone conformation, the sugar puckering modes and the orientation of
the nucleoside bases. Oligonucleotide helices exist in different structural
types. The main double helical forms of oligonucleotides are called t
B-Vavm and can be distinguished by their helical parameters (table 1 a and b,
determined from X-ray fiber diffraction patterns) (Saenger, 1984).
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table la.
pitch
A-form

28.2

B-form

33.8

[A]

[A]

axial rise

helical
symmetry
11
10

turn angle [O]

2.56

32.7

13.38

36.0

tahI 1h
groove width
minor [A)
A-form
B-form

groove depth
__________

2.7
11.7

11.0
5.7

jjA

minor [A]
2.8
7.5

13.5
8.5

Backbone torsion angles vary because of rotation about 0-0 and P-0
bonds. Different torsion angles along the backbone are denominated a to
(figure 1).
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Backbone Torsion Angles.

4'

The glycosidic torsion angle is denominated t, 041-Cl'=Nl -02 (pyrimidines)
and 04'-C1'-N9-C4 (purines), respectively. Torsion angles are described
using either the 'cis, trans / +gauche or -gauche' nomenclature favoured by
spectroscopists or the torsion angle ranges defined by Klyne & Prelog (figure
2).
129

fda

300

(-30) 330

:

_
(-60) 3000

600
+syn

syn

clinal

(-90)2700

±cAucH

penplanar

e©

I

g0

clinafr

41©

-anti
(-120)240 0

-anti
126)

antiperilanar
+anti

-anti
(-150) 2l0

10
180

figure 2.
Backbone Torsion Angles

All torsion angles along the backbone are interrelated. Two distinct types of
backbone conformation are called B1 and B11. They are differentiated by the
conformation of two torsion angles: On Bcj-type backbones c adopts the gauche and the trans configuration, whereas in BI -type backbones e
adopts the trans and C the -gauche configuration (figure 3).
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BI and BOI Backbone Conformations
The backbone always adopts a staggered arrangement, restrained
molecular dynamics simulations rule out the existence of intermediates.
Thus, the backbone makes rapid changes between the two main
conformational states, and the characteristics observed in 31 P nuclear shift
experiments are caused by different ratios of population of the B1 and B11
states.
The essential distinction between A- and B-type helix lies in the sugar
puckering modes. The ribose ring is non-planar and can adopt a number of
envelope-like or twist-like conformations (figure 4).
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Major Sugar Puckering Modes.
C2'-endo, C3'-exo and C2'-endo/C3'-exo puckers belong to the so-called
South (S) domain, C2'-exo, C3'-endo and C2'-exo/C3'-endo puckers belong
to the North (N) domain. On general sugar puckers of the type C3'-endo are
found in classical A-form helices and the C2'-endo pucker is found in B-form
helices. The different types of sugar ring conformation define the overall
structure of the helix (see table 2) (Saenger (1984).
t,qhlp 2

C3'-endo
C2'-endo

distance between
adjacent phosphates

sense of base pair tilt

5.9
7.0

positive (8-20 0
negative (-16.4 to
-5.9 0
)

)

Parameters vary to a different degree in the two structure types, thus
the rise per residue (h) is more variable in A-DNA than in B-DNA (A-form:
2.59-3.29A; B-form: 3.03-3.37A), whereas the rotation per residue varies
more in B-DNA than in A-DNA (A-form; 30032.70; B-form: 36 0-450). The
overall variation within the general A-form helix is much smaller than for Bform helices, although general features remain constant. As a rule,
oligodeoxyribonucleotide helices can adopt various conformations,
oligoribonucleotide helices adopt the A-form, although Hall et al. (1984)
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reported the formation of Z-RNA by poly(GC).poly(GC) duplexes at high ionic
strength and temperatures above 35°C. The inflexibility of RNA helices has
been attributed partly to the effect of the extra 2'-hydroxyl group, which
participates in intermolecular hydrogen bonding and sterically hinders the
C2'-endo conformation by forming a hydrogen bridge to the ribose 04'
position of the next residue (3'-side). The 2'-hydroxyl groups also contribute
to the stabilisation of the tertiary structure of RNA.
The oligonucleotide double helix is formed by base pairing between
complementary nucleoside bases of opposite strands. (The base pairing
arrangements are described in chapter 4.1.2.) On the most common forms of
helix conformations the strands are associated in antiparallel directions. The
horizontal arrangement of the nucleoside bases in the central cylinder of the
helix structure is called base stacking. The reasons for the base stacking
arrangement lie partly in the interaction of the hydrophobic
purines/pyrimidines with the aqueous phase: aggregation of lipophilic
molecules in aqueous solutions minimises their surface area, the released
water molecules constitute an entropy gain for the aqueous phase and the
surface tension of the aqueous phase is minimised. The planes of the base
pairs lie close together, at van der Waals distances of about 3.4A.
Electrostatic interactions of the nucleoside bases are most favourable in
offset stacking geometries, the in-line stacking arrangement (bases on top of
each other) is unfavourable because of repulsion between the two it-electron
systems. Most commonly the permanent dipoles (C=0 and C-N H2) lie above
the it-electronic system of the adjacent base. Marky and Breslauer (1987)
determined base-stacking enthalpies using calorimetric measurements:
Table 3.
H (kcal/stack)

d(AC/TG); dffG/ACL
d(ATITA); d(TA/AT)
AA/T)
d(GC/CG)(CG/GC)

5.6
7.1

8.6
11.9
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1.2 Nucleotide Structure and Base Pairing Arrangements
Nucleotides are composed of a nitrogen containing heterocyclic base,
a pentose sugar and a phosphate residue. The two kinds of heterocyclic
bases are purines and pyrimidines, the five most common nucleoside bases
in DNA and RNA are adenine, guanine, cytosine, thymine and uracil. The
nucleosides and the numbering schemes are depicted in figure 5.
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Figure 5. The Most Common Nucleosides.
All bases are uncharged at physiological pH values. They can adopt
tautomeric forms, but to >99.99% exist in the depicted amino- and ketoforms at physiological conditions.
n double stranded oligonucleotides nucleoside bases form hydrogen
bonds, at least two are necessary for the formation of a stable base pair. The
heterocyclic bases have different donor/acceptor patterns. The most usual
base pairing scheme is the one described first by Watson and Crick in 1953:
Adenosine base pairs via two hydrogen bonds with thymidine (or uridine)
and guanosine forms base pairs with cytidine, which are stabilised by three
hydrogen bonds. The base pairs are symmetrical, but non-planar (figure 6).
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Watson-Crick Base Pairing
28 different hydrogen bonding combinations between the nucleoside bases
can be envisaged (Saenger, 1984). Not all of these have been found to form
in DNA and/or RNA double helices. On general nucleic acid helices in
biological systems are hydrogen bonded according to the Watson-Crick
scheme. Exceptions of this rule include the formation of so-called "wobble"
base pairs predicted by Crick in 1966. These form during codon-anticodon
binding between transfer RNA and messenger RNA (protein biosynthesis,
translation). The GU wobble base pair is also very common in secondary
structures formed by RNA.
1.2.1 Base pair mismatches
Non-standard base pairs (G.T, G.A, T.G, T.C, A.C, A.G, C.A, CT) are
commonly calle "mismatches". In DNA helices mismatches may form during
replication. Misincorporation of the "wrong" base may be the result of
spontaneous tautomerisation leading to mispainng of iminoadenine with
cytosine, iminocytosine with adenine, enolguanine with thymine or
enoithymine with guanine (figure 7).
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The rare tautomer quickly converts back to its more stable form, a mismatch
is formed, which will lead to a mutation in the DNA during the following
replication cycle, if unrepaired. Other mutations are caused by modification
of nucleoside bases in the DNA due to radiation damage or the action of chemical mutagens. The modified bases have changed hydrogen bonding
patterns and wrong bases are inserted in the opposite strand during
replication. A kinetic study of spontaneous mutation has been described in
detail by Fersht at al. (1982).
The level of mutations in cellular DNA is regulated by mutation repair
systems. The recognition of mismatches occurs either in the denatured state
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of the less stable mismatch or as a result of their non-Watson-Crick
geometry. Different mismatches are repaired with different efficiency and
specificity. The specificity of mismatch repair by a methyl-directed mismatch
repair system in E. coli has been studied in vitro by Su at a! (1988). They
analysed the mispair correction specificity in DNA duplexes that contain one
of eight possible single base pair mismatches and a hemi-methylated
d(GATC) site necessary for enzyme action. The repair mechanism was
active inin vitro E. coli extracts that contained mutH, mutL and mutS gene
products. Repair of the G.T mismatch was the most effective, A.C, C.T, A.A,
T.T and G.G mismatches were corrected to 40-60% of the efficiency of the
G•T mismatch repair. The repair of C.0 mismatches was extremely
ineffective. Su at aL also reported that the correction of G.A mismatches was
anomalous. While A.G was corrected to A.T, the conversion of A.G to C.G
occurred in an methyl and mutH-, mutL- and mutS-product independent
manner. The anomalous type of G.A mismatch repair has also been studied
by Lu & Cheng in 1988. They discovered a protein that binds specifically to
G.A mispairs. An associated endonuclease cleaves the first phosphodiester
bond at the 3' side of the mismatch and the second phosphodiester bond 5'
to the dA of the mismatch, while being inactive toward standard base pairs
and all other base pairs. The action of the endonuclease is consistent with
unidirectional A to C conversion during mismatch repair.
The structure and stability of mismatches in DNA and RNA has been
investigated using X-ray crystallography, uv-melting, circular dichroism and
more recently hightield NMR. In 1973 Gralla and Crothers used enzymically
synthesized RNA to analyse duplexes formed by r[(A)4G(C)n(U)4], n1 -6.
They found that the oligonbonucleotides formed imperfect dimer helices,
containing mismatched cytidines, when n4, but monomolecular hairpin
structures when n5. Dodgson and Wells (1977) analysed the thermal
stability of G.A and G.G continuous mismatches in DNA duplexes of the kind
d(G) fl d[(C)i 2(A) m (C) x], m=1 -6, and d(G) n d[(C)i O(G) m (C) x], m=1 and 3-5:
They concluded that the mismatches are accommodated in a stacked helical
structure but that for each mismatched purinepunne base pair the overall
stability of the resultant complex was reduced by an equivalent of about 3-4
G.0 base pairs. The detailed analysis of their data was restricted by the
limitations of the method they used to synthesize the DNA (polynucleotide
phosphorylase and calf thymus terminal transferase) which resulted in
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oligodeoxynucleotides of varying length. In 1984 Tibanyenda etal. used the
phosphotrieste r method to synthesize oligodeoxyribonucleotides of defined
length (16mers) and reported a detailed account of thermal denaturation
studies on Watson-Crick base paired duplexes and duplexes containing
single base pair mismatches. The stability of mismatched duplexes was
compared to the stability of normal duplexes (table 4).
Table 4.
decrease in Tm
mismatch
AA

10°C

GT
A-C
TG

9°C
11°C
5-9°C depending on the base
stacking environment

Further studies on mismatch structure and stability showed that in general
the mismatches are accommodated in stacked helices without bulging (Pardi
at al. 1981; Marky & Breslauer, 1982; Patel etal., 1982a, b). Werntges at aL
(1986) tried to relate mismatch stability and mismatch structure to efficiency
of mismatch repair in vitro. They found that the performance of the repair
system was independent of mismatch stability. But they were able to
correlate the biological repair effectiveness to different types of mismatches:
"wobble" base pairs (T.G, G.G, C.A, A.A, A.G) have the same degree of
order than Watson-Crick base pairs, but the axis across the base sugars is
shifted; they are repaired with the highest efficiency,
open" base pairs (T.T, C.T, T.C, C.C) show no major interaction between
the bases, which are highly mobile; open base pairs are repaired with the
lowest efficacy,
and
"intermediate" or weak base pairs (G.T, A.C, G.A) which exhibit
intermediate repair efficiency.
All mismatches were analysed in the DNA duplex
d(CGTCGTTTXACAACGTCG).d(CGACGTTGTX'AAACGACG).
The stability and formation of mismatches which are stabilised by protonation
or deprotonation of one of the nucleoside bases has been analysed in detail
by Brown at al. (1991). Watson-Crick base pairs are destabilised at pH<5,
caused by the protonation of C(N3) and A(N1). The mismatch between
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adenosine and cytosine is stabilised by protonation of adenosine in the Ni
position, the optimal pH for maximum stability of the mispair is 5.3. Poly d(C)
sequences form homopolymers at pH=5.3, caused by the formation of C.C+
base pairs. The structure of G.A mismatches also depends on the pH of the
solution. T.0 base pairs are stable at pH=6.3 and may be stabilised by metal
ions (Patel at at, 1984). The solution conformation of G•G mispairs in
d(GAGGAGGCACG).d(CGTGCGTCCTC) was analysed by Cognet at at
(1991) using NMR spectroscopy an molecular mechanics calculations. The
proposed a G(anti).G(syn) imino paired structure which was accommodated
in helical B-DNA.
The stability of tandem mismatches in RNA has been the subject of a
detailed study by SantaLucia at al. (1991), using UV melting and CD and
NMR spectroscopy. The relative stability of tandem mismatches at pH7 was

AG=GA-U U>GGCAAA=CU=UCCCAC.
The nucleoside inosine, common at the wobble position in the
anticodon of tRNAs, is known to form hydrogen bonded pairs of medium
stability with all four standard nucleosides. Oda at at (1992) analysed the
structure of dl(syn)•dG(anti) mismatches by NMR spectroscopy and
deducted the relative stability of dl•dX mismatches from the chemical
shift/temperature profile of the T7(CH3) resonance in
[d(CGCIAATTCGCG)]2. Table 2 gives an overview over relative stability of
dl•dX base pairs and their structure as analysed by NMR and/or X-ray
crystallography:
Table 5.
do-dN

T

ddC
dO•dA

61

dlanti)•dC(pti)

55

dl•dT

51

dldG

45

dl(anti)dA(anti) (Uesugi
at at, 1987
dl(anti).dA(syn)
(Crofield etal., 1987)
dl(anti)•dT(anhi)
dl(syn)•dG(anti)
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1.2.2 G.A mismatches
The structure and stability of mismatched G.A base pairs in DNA has
been well documented. G.A mismatches vary extensively in their structure
(figure 8a to d) which may explain the fact that these mismatches frequently
escape detection by DNA polymerase Ill (Fersht etal., 1982).
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Figure 8a to d. Hydrogen Bonding Options for G.A Mismatches
The repair efficiency depends on the base sequence around the
mismatch site. HIV-1 reverse transcriptase exhibits a high tolerance of A.G
mispair formation leading to extensive synthesis of poly(dG) using poly(rA)
as template. Error prone replication by reverse transcriptase has been linked
to the high genetic diversity of the virus (Abbotts etal., 1991).
Several crystal structures of DNA sequences incorporating G.A base
pairs have been analysed: G(anti).A(syn) has been found in
[d(CGCAATTz9GCG)12 (Brown etal., 1986; Hunter etal., 1986) and in
[d(CGCMGCTGGCG)]2 (Webster etal., 1990) in crystals grown at pH7;
G(syn)AH(anti) was observed in crystals of [d(CGCzAAUGGCG)]2
(Brown etal., 1989; Leonard etal., 1990), which were grown at pH <7.
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The structure of G.A mismatches in solution was investigated in a
number of synthetic DNA duplexes: G(anti).A(anti) was found form at neutral
pH in the self-complementary duplex [d(CGiGAAUCGCG)]2 (Patel etal.,
1984), in [d(CGCzAAUGCG)]2 (Lane et al., 1991) and in
d(GCCACzAGCTC).d(GAGCTGGTGGC) (Carbonneaux et al., 1991). The
conversion of G(anti).A(anti) at pH7 to G(syn).AH+(anti) at pH<7 was
reported by Gao & Patel (1988), Lane et al. (1991) and Carbonnaux et al.
(1991).
1.2.3 Polypurinepolypyrimidine tracts - triplex formation
0.4% of the mammalian genome consist of [d(GA).d(TC)] >20 sequences (Rippe et al., 1992). These polypurine•polypyrimidine tracts are
located in non-coding regions of eukaryotic DNA, close to the 5' flanking
regions of active genes and near DNA regions which are thought to be
involved in recombination processes. The polypurine•polypyrimidine regions
have been identified by their hypersensitivity to Si nuclease. To analyse
their conformation, d(pU)nd(py)n tracts have been spliced into supercoiled
plasmids. Negative supercoiling, which occurs during transcription, and
lowering of the pH leads to hypersensitivity of these regions to single-strand
specific nucleases. Various different structures have been proposed to form.
Evans and Efstratiadis (1986) stated that the major feature is their unusual
backbone conformation. Most reports agree that the formation of triplexes is
likely. Triplex-formation can be induced by lowering of the pH of the solution.
Base triads of the kind d(T) n d(A) n d(T) n , r(U) n .r(A) n •r(U) n or
(C) n (G) n (C) n are formed, the nucleosides in the third strand are bound in
the major groove via Hoogsteen or reversed Hoogsteen base pairs.
Protonation of dC is facilitated by pK>7 in cytidine polymers. The surplus
polypurine strand is looped out, its structure is as yet unclarified. The
existence of triplex structures in vivo has been demonstrated by Lee et al.
(1987) who raised monoclonal antibodies against triplex DNA which bound to
eukaryotic chromosomes. Figure 9 depicts triplex formation proposed for the
d(AGGAG)28 repeat of murine immunoglobulin OgA switch region, the
transcription of which leads to a loss of Ca. 13 superhelical turns and a
structure sensitive to RNAse H (Reaban and Griffin, 1990). They rationalised
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the sensitivity to RNAse H attack with the formation of a DNA-RNA hybrid
duplex between the surplus polypurine strand and the nascent RNA
transcript.
X-X-X-X-X-A-G-G-A-G[A - G - G - A - G]A-G-G-A-G-X - X-X-X - X
26

(111
• TAT

A çcç
• TAT
• TAT

cc
TAT

A
o

x
X% / X
5' X-X-X-XX

/'Y'

y..yy=.y 5'
3,

Figure 9.
Triplex Formation in the d(AGGAG)28
Repeat in the Murine OgA Switch Region.
Parniewski etal. (1989) cloned a synthetic DNA sequence containing two
d(AG)7 tracts spaced by 14 mixed nucleotides into a supercoiled plasmid
structure and probed the structure with Si nuclease, diethylpyrocarbonate
(DEPC), dimethylsulfate (DMS) and osmium tetraoxide (0s04). Si nuclease
reacts at phosphodiester bonds and is thought to exhibit sensitivity to types
of backbone conformation; DEPC carboxylates purines at the N7 position
(A>G), if exposed in single strands or by syn conformation; DMS forms an
imidazole ring at the base pairing positions of adenine and cytidine; 0SO4
adds to the C5-C6 double bond of pyrimidines (T>>C) in single stranded
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DNA by formation of nonpianar osmate esters, which do not fit into an
ordered helix structure. They observed two distinctly different modification
patterns at pH5.5-8.5 and at pH values _e,4.5. Also, the d(AG)7 tract on the 5'
side was shown to be hyperreactive, hence they concluded that it is in fact
the polypurine tract on the 3' side of the sequence which takes part in triplex
formation. This preferential orientation of triplex conformation had also been
reported by Wells at al. (1988). in 1980 Lee at aL analysed the selfassociation of polypurine DNA and RNA sequences using UV melting and
circular dichroism techniques. All thermal denaturation profiles exhibited
cooperative melting transitions followed by gradual increase in
hype rchromicity, caused by the non-cooperative unstacking of the purine
bases in the single strands. Melting temperatures increased at higher ionic
strength. They determined the melting temperatures of d(GA), d(OA) n and
d(GAA) n to 58°C, 48°C and 44°C, respectively (50mM sodium acetate,
0.254W NaCl, pH 7, except for d(IA) n where pH=5). Addition of formaldehyde
to solutions of d(GA) n prevented formation of the self-structure. The Tm of
[d(GA)] was independent of pH. Ethidium bromide did not intercalate the
poly-purine self-structures. No cooperative melting was observed for
d(GAMe) n (adenine bases methylated on the N6 position) and d(G/A) n
(randomised sequence). Lee at aL proposed formation of strictly GG and
AA base pairs in oligonucleotide tetraplexes (figure 10).
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Figure 10. G.G and A.A Base Pairs in Tetraplexes, Structure Proposed by
Lee at al.
The structure of guanine quadruplexes has been established in telomeric
sequences with Hoogsteen base pairing between four guanine residues in
alternating syn and anti conformations (Sundquist and KIug, 1989;
Williamson, 1993). On 1990 Lee analysed the stability of such tetraplexes
formed by poly[d(GAA)], poly[d(GA)]and poly[d(GAA)] in different buffer
solutions. The Tm values of poly[d(GAA)], poly[d(GA)] were linearly
dependent of ionic strength in Na, NH4 and K buffers. The Tms in Mg2 ,
Ca2 and Ba2 buffers, though, reached a maximum at 5mM cation
concentration. Rippe at al. (1992) report the formation of [d(GA)1 s]2
[d(GA)2,512 and [d(GAA)25]2 duplexes which are paired in parallel
orientation. To establish the orientation of base pairing they attached pyrene
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molecules to the Send of each strand. The resultant monomer-eximer
fluorescence emission was typical for two pyrene molecules in close
proximity (excitation at 300-350 nm, eximer fluorescence between 430 and
600nm). The eximer fluorescence was maximal between pH4-9, but nonexistent at pHi 2. On gel mobility experiments under native conditions no
formation of triplex structures was observed and ethidium intercalation was
impaired. At 2.tM single strand concentration 0 0mM MgCl2, 10mM sodium
cacodylate at pH7) the melting temperatures were 25°C, 40°C and 34°C for
[d(GA)1512 , [d(GA)2512 and [d(GAA)25]2, respectively. Melting transitions
were reversible, which indicates cooperative and rapidly equilibrating helix to
coil conversion. However, formation of the structures was dependent on the
presence of divalent cations. Circular dichroism spectra showed a strong
positive band at 263nm and a negative band at 1 9Onm. The authors also
performed molecular modelling and concluded that the analysed polypurine
sequences may form parallel stranded duplexes under formation of
G(syn).G(syn) and A(anti).A(anti) base pairs (figure 11).
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Figure 11. dA.dA and dG.dG Base Pairing in Parallel Duplexes 'Proposed by
Rippe etaL
1.3 DNA/RNA Hybrids
Hybrid duplexes of oligodeoxyribonucleotides and
oligoribonucleotides are formed during DNA transcription, RNA reverse
transcription in RNA viruses and during DNA replication.
Transcription is initiated by RNA polymerase which recognises and
binds to the promoter sequence, while unwinding about 10 base pairs of the
DNA duplex ahead of the start site and forming a hybrid helix (reviewed by
McClure, 1985).
DNA replication by DNA polymerases proceeds in the 5' to 3'
direction. In the replication fork (figure 12) the leading strand is copied
continuously from the DNA template, the so-called lagging strand is
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synthesized discontinuously. Okazaki fragments consist of a 1-3 nucleotide
long RNA primer and a DNA copy of part of the lagging strand.

RNA primer

5' 3'

lent

5
5

'

uauir1y srw1u
'

Figure 12.
DNA Replication Fork
DNA.RNA hybrids are substrates for RNAse H, which cleaves Okazaki
fragments at the phosphodiester linkage between the RNA primer and the
DNA part. RNAse H also specifically degrades the RNA part of hybrid
duplexes. It does not cleave RNA.RNA-, DNA.DNA-, RNA . 2'0-methyIRNA ,
2'0-methylRNA.DNA - helices (Inoue etal. 1987). The specifictiy of RNAse H
for hybrid duplexes has been reported to stem from hydrogen bond
interaction between the enzyme and the 2' hydroxyl functions of the
oligoribonucleotide part and steric interaction of the enzyme with the minorgroove of the DNA strand. RNAse H requires Mg2+ ions as cofactor. A
detailed kinetic analysis of E. coli RNAse H activity has been undertaken by
Hogrefe etal. (1990). Nakamura etal. (1991) have analysed RNAse
H/substrate complexes by heteronuclear two-dimensional NMR and X-ray
crystallography. Since RNAse H is inactive toward double-stranded RNA and
not sequence specific, molecular recognition may proceed via
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conformational attributes of hybrid DNA.RNA.They propose that binding of
the enzyme to the helix may cause deformation of duplex conformation.
Oligoribonucleotides are much more conformationally restricted than
oligodeoxyribonucleotides, the DNA part of the hybrid helix may provide the
structural flexibility needed for enzyme binding. RNAse H activity is also an
important part of HIV-1 replication. The RNAse H activity lies in the Cterminal domain of the viral enzyme reverse transcnptase. RNAse H
cleavage activity is an important factor in the mechanism of antisense
antiviral therapeutics, DNA sequences targeted to bind to viral mRNA. Here,
IRNAse H specifically cleaves the mRNA part which has bound to the
antisense strand. Much research has been directed toward investigating
IRNAse H cleavage activity and selectivity if modified oligonucleotides are
used as antiviral agents, such as phosphorothioate or methylphosphonate
DNA. These modifications are incorporated in synthetic oligonucleoides in
an attempt to increase the life time of the antisense DNA in cells. Quartin at
al. (1989) report that three connected phosphodiester linkages in methylphosphonate antisense DNA are sufficient to allow selective RNAse H
cleavage of the targeted mRNA strand. RNA.Ph0SPh0r0thi0ateDNA duplexes
are also susceptible to RNAse H cleavage (Furdon etaL, 1989).
The structure of DNA/RNA hybrids has been studied extensively by
various methods, but no consensus for a general conformation has been
reached. In 1967 Milman at al. did the first X-ray diffraction study on hybrid
DNA. RNA duplexes and concluded that the helix does not adopt the classical
B-type conformation. Optical rotary dispersion studies by Tunis at aL (1968)
of hybrid duplexes confirmed these results and showed that the hybrids
resembled double-stranded RNA rather than DNA. On the following years
many studies on hybrid structure were undertaken, using different analysis
methods and studying different sequences. An overview of the reported
structural features is given in table 6.
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table S

hybrid DNA. RNA
duplexes
hybrid DNA. RNA
r(AC).d(GT),
r(AC)n.r(GU)n,
d(AC).r(GU)

d(CTTT1TG).r(CA
AAAAG)
polymer hybrids

X-ray diffraction
optical rotary
dis persion
circular
dichroism

1 H NMR

not classical Bt ype
close to double
stranded RNA
r(AC) n .d(GT) n
more like
r(AC)n.r(GU)n
than
d(AC) n .r(GU) n
> 85% C3'-endo

Milman etal.
(1967)
Tunis etal.
(1968)
Gray etal.
(1975)

conformation
depends on
humidity level
all sugar puckers
in B-form
DNA B-like, RNA
A-like

Zimmerman et
al. (1981)

fiber X-ray
diffraction

d(TCACAT).r(AUG
UGA)
d(A) n .r(U) n ,

one dimensional
NOE, Cd
X-ray fiber
diffraction

selfcomplementary
h ybrids

1 H NMR, 31

deviation from
typical A-type
structure
<87% rel
humidity - Aform, >92% rel.
humidity - 2
distinct
conformations

NMR CD
31 P solid state

NMR

one-dimensional
NMR

Reid et al. (1983)
Arnott etal.
(1983)
Mellema etal.
(1983)
Shindo &
Matsumoto
(1984),
[confirmed by
Fugiwara&
Shindo (1985),
Steely etal.
(1986) and
Benevides &
Thomas (1988)L
Gupta etal.
(1985)

rings

/

(GAG3C3G3CT/U
C).(GAGC3G3C3T
/UG)

C1'-exo/C2'endo in all sugar

Pardi et al.

deviation from
Walker (1988)
strict A-form, Tm:
RNA.RNA>RNA.
DNA>DNA.DNA I

uv melting, cd
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©YIP®
Okazaki type
hybrid

high resolution
NMR

d(CGTTATAATGC
G).r(CGCAUUAUA
ACG)
d(GTCACATG).r(C
AUGUGAC)
[r(G)d(CGTATACG
C)]2,
[d(GCGT)r(A)d(TA
CGC)]2,
d(GGGTATACGC)
.r(GCG)d(TATACC

two-dimensional
NMR

d(GTGAACTT).r(A
AGUUCAC)

high resolution
one- and two
dimensional
NMR, cd

coexisting A- and
B-form

RNA in C3'endo, DNA in S
domain
RNA C3'-endo,
DNA E-type
all A-type

high resolution
NMR
X-ray
crystallography
(2-2.5A)

glycosidic torsion
angles: B-DNA,
A-RNA; global
conformation as
determined by cd
A-like; helical
structure in the A
famlljy

'®r®i©®
Fujii et al. (1989)
[confimed by
Wang et al.
(1982),
Benevides et aL
(1988), Happ et
fJ1 988)]
Chou et al.
(1989)
Salazar at al.
(1993)
Egli at aL (1993)

Lane etal.
(1993)

The stability of DNA. RNA hybrids was analysed by Walker (1988)
using uv melting and circular dichroism techniques. n his studies, the hybrid
duplexes melted at higher Tm than the DNA duplexes, but
oligoribonucleotide helices were the most stable. He also concluded from cd
studies that the overall conformation of the hybrids deviated from strict Aform.
A study of X-ray patterns of DNA.RNA fibers at different levels of
relative humidity by Zimmerman and Pheiffer (1981) revealed that the
conformation of the hybrid does depend on the degree of solvation of the
fibers. The influence of hydration level was subsequently confirmed by
several research groups (Shindo & Matsumoto, 1984; Fugiwara & Shindo,
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1985; Steely eta!, 1986; Benevides & Thomas, 1988, using Raman
Spectroscopy). Shindo and Matsumo (1984) first used solid state 31 P NMR
analysis of DNA.RNA hybrid polymers and reported that the hybrid adopts Aform at relative humidity <87%, and converts to two distinctly different
backbone conformation at levels >92%. X-ray fiber diffraction has also been
used by Arnott et at. (1983), studying poly d(A).poly r(U) and poly d(l).poly
r(C). They reported a B-like conformation for the DNA part and A-like
conformation for the RNA part of the hybrid polymer
Egli at aI.(1 993) used single crystal X-ray diffraction and determined
the structure of (r(G)d(CGTATACGC)]2, [d(GCGT)r(A)d(TACGC)]2 and
d(GGGTATACGC). r(GCG)d(TATACCC) to 2-2.5A resolution. They reported
that all oligonucleotide strands adopt the A-conformation. From these results
they hypothesized that in DNA/RNA chimeric duplexes a single RNA residue
can drive the conformational equilibrium toward the A-form. Similar results
had been obtained by various research groups, who also had reported that
the conformational preferences of the RNA component dominate the overall
structure (Wang etal., 1982; Benevides &Thomas,1988; Happ etal.1988).
In 1981, Pardi etal. first used 1 H NMR to analyse the solution
conformation of d(CTTTTTG).r(CAAAAAG) and concluded that both strands
have the sugar puckers in the A-form. But, analysing one-dimensional NOE
and circular dichroism spectra, Reid at al. concluded in 1983 that the sugar
conformation of both parts of d(TCACAT).r(AUGUGA) are in the B-form. This
result was in agreement with those of Gupta etal. (1985)', who argued that
all sugars in poly r(A).poly d(T) are in the C1'-exo/C2'-endo (B) form, judging
from the absence of NOEs of the AH8 proton to the H3' of the ribose.
More recently, two dimensional NMR was used to analyse the
structure of d(CGTTATAATGCG).r(CGCAUUAUAACG) by two dimensional
NMR (Chou at al., 1989). They found that the RNA sugars were in the 3'endo form, whereas the DNA sugars were in the S domain, but differed from
standard 2'-endo structure. On 1989 Fujii at al. analysed an Okazaki-type
hybrid structure by high resolution NMR and reported the coexistence of Aand B-form duplex strands
Thus, although a lot of research has been undertaken to determine
hybrid structure, a consensus conformation has not yet evolved. Different
methods -of analysis have yielded different results. Especially
crystallographic methods may present a biased picture, since it is already
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well known that some DNA sequences preferentially crystalise in the A-form
although existing as the B-form in solution.
2. Thermal Denaturation of Oligonucleotides
"UV-melting" of oligonucleotides is a rapid and straightforward method for
studying the stability of nucleic acid secondary and tertiary structures. The
UV absorbance of a solution of nucleic acid is monitored and recorded as a
function of temperature. UV absorption increases with increasing
temperature, the increase in absorbance is called hypochromicity (Puglisi
and Tinoco, 1989). The melting curve (Figure 13) can be analysed to yield
direct information about helix stability and to calculate detailed
thermodynamic data.
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Different buffer solutions at different pH values yield additional
information about the factors that are important for helix association and
dissociation. Marky and Breslauer (1 987) describe in detail the calculations
involved for obtaining thermodynamic data for transitions of any molecularity
from melting curves. The main calculations for obtaining thermodynamic
values for bimolecular and monomolecular oligonucleotide dissociation are
given below:
The temperature at the point of inflexion was defined as the "melting
temperature" [Tm]. At T=Trn the fraction of strands in the duplex state equals
1/2. Usually the melting curve profile is converted to its derivative. The
temperature at the maximum of the derivative curve equals Tm. The fraction
of strands in the double strand [a] state varies with temperature. If an all-ornone transition is assumed, the equilibrium constant K can be expressed in
terms of a and the molecularity of the transition [n]:
Cl.

(la) K=

n=2, non-self-complementary strands
(CTI2 )(l -ci.) 2
CI.

(11 b) K=

(n=2, self-complementary strands)
20 T(l -(y.) 2

(CT equals the total strand concentration)
At T=Tm a equJs 1/2. Then the general expression of the equilibrium
constant can be reduced to
1

4

(2a) K(Tm)

=

(n=2, non-self-complementary strands)

(CT/ 4 )

CT

1

(2a) K(Tm)= -

1

=
2 ( 0 T12 )

(n=2, self-complementary strands)
0T
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The Gibb's Free Energy of equilibrium processes can be calculated using
either of two equations:
AGO = -RT In Keq
AGO =AH°-ThS°
Combination of (3) and (4) yields
-RTlnK=H°-TiS°
For K at T=Tm the equation can be transformed into
-RT In (4/C1) = AHO - TAS° or RT In (CT/4) = AH° - TASO
n=2, non-self-complementary strands
-RT In (1/C1) = AHOO - ThS° or RT In (C1) = AHO - ThS°
n=2, self-complementary strand
Rearrangement of (6a) and (6b) yield
1/Tm = (R/AH°) ln(CT/4) + ASOMHO
and
1/Tm = (R/AH°) In(CT) +
Equations (7a) and (7b) correspond to a straight line if 1/Tm is plotted
against ln(C1/4) or In(CT) respectively (Van't Hoff Plot). Thus, the values of
AG, AH° and AS° can be derived by determining the concentration
dependence of the dissociation process (i.e. measuring Tm at various
concentrations).
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Calculations of this kind have been used to establish a library of
thermodynamic data which provides an empirical basis for predicting the
stability of Watson-Crick type duplexes of known sequence and length (Borer
etal., 1974; Breslauer, 1985, Breslauer etaL, 1986). Helix stability is
dependent on the pH and the ion-contents of the solution. AH values
decrease substantially when proceeding from 0.01 5Mto 0.1MNaCI
solutions, followed by a slow increase in M-1 when going on to higher salt
concentrations. At low ionic strength the repulsion between the negatively
charged phosphate groups of opposite strands becomes important, whereas
at higher ionic strength the melting stransition is less cooperative
(Tibanyenda et al., 1984). Also, heating rates have an impact on duplex
dissociation processes, especially for nucleic acids of high molecular weight.
UV-melting profiles which show more than one transition, implying the
presence of triplex or hairpin structures, are especially difficult to analyse
and their formation depends to a much higher extend on heating rates,
oligonucleotide concentration, pH and ionic strength of the buffer. For the
study of mismatch stability, when using synthetic oligonucleotides of defined
length and sequence, UV melting is the method of choice. Recent studies of
oligonucleotides by UV melting which illustrate the versatility of the method,
are summarised in table 7.
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Table 7.
Zuo at al. (1990)

Effect of Base-Pair Sequence on the Conformations and
Thermally Induced Transitions in
Oligodeoxyribonucleotides Containing Only AT Base
Pairs

Jaeger et al.
(1990)

Melting and Chemical Modification of a Cyclised SelfSplicing Group I Ontron: Similarity of Structures in 1M
Na, in 10mM Mg 2 , and in the Presence of Substrate

Sakata at al.
(1990)

Studies on the Structure and Stabilizing Factor of the
CUUCGG Hairpin RNA Using Chemically Synthesized

SantaLucia at al.
(1990)

Q!onucleotides
Effects of GA Mismatches on the Structure and
Thermodynamics of RNA Internal Loops

Antao etal. (1991)

A Thermodynamic Study of Unusually Stable RNA and
DNA Hairpins

SantaLucia etal.
(1991)

Stabilities of Consecutive A-C, C-C, GG, U•C and U•U
Mismatches in RNA Internal Loop

SantaLucia at al.
(1991)

Functional Group Substitutions as Probes of Hydrogen
Bonding between GA Mismatches in RNA Internal
Loops

Chong etal.
(1992)

Base Pairing Geometry in GA Mismatches Depends
Entirely on the Neighbouring Sequence

SantaLucia at al.
(1992)

Context Dependence of Hydrogen Bond Free Energy
Revealed by Substitutions in an RNA Hairpin

Debart etal.

Synthesis and Base-Pairing Properties of the NucleaseResistant a-Anomeric Dodecaribonucteotide a-

(1992)
_____________ jr(UCUUAACCCACA)]
Kierzek etal.
(1992)

Association of

Oligoribonucleotides

Miller & Cushman
(1993)

Triplex Formation by Oligodeoxyn bon ucleotides
Involving the Formation of X•U•A Triads
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RESULTS AND DISCUSSION
Synthesis and Analysis of the Hybrid Duplex
d (GTGAACTr). r(AAG U UCAC)
The special structural features of DNA/RNA hybrids are associated
with the recognition by RNA5e H, which specifically cleaves the RNA strand
in hybrid duplexes. Also, the change from standard B-DNA to hybrid
conformation is thought to play an important part in the affinity of RNA
polymerase to the promoter recognition factor cy during DNA transcription.
We have synthesized large quantities of r(AAGUUCAC) [R41, 13mg]
and d(GTGAACTT) [D6, 8.7mg] for high resolution NMR studies by Dr. A.
Lane (N.l.M.R). Under NMR conditions, the nucleotides in the RNA strand
adopted theC3'-endo conformation, with glycosidic torsion angles ranging
from -150 to 1600. The sugar puckers of the oligodeoxyribonucleotides
assumed conformations between the Cl '-exo and C2'-endo state, while
spending up to 30% of the time in the C3'-endo state. All glycosidic torsion
angles were in the anti range (t - - 120 to 1300). These results agree with
other studies of the solution conformation of DNA/RNA hybrids (Chou etaL,
1989; Katahira etal., 1990), but disagree with the results obtained from
analysis of crystals of hybrid duplexes (Egli et al., 1992). Overall, the DNA
strand adopts a B-like and the RNA strand an A-like conformation. Typical
features of A-RNA conformation are the large shift of the helix axis and
positive base pair inclinations. Thus, the conformation adopted by
d(GTGAACTT).r(AAGUUCAC) is unlike B-DNA or A-RNA, rather, it
combines features of both.
A detailed account of the results of the NMR studies can be found in
the paper published by Lane etal. (1992).
Self-Association of d(GTGAACTT) [appendix 2]
Under NMR conditions the DNA strand of above described hybrid
formed a duplex with itself. This self-association could be repeated under
more physiological conditions (0.2 M Na, pH7 [buffer B]) using UV-melting
techniques. The duplex formed was quite stable (T m 298.5 at 28piIh. Two
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possible base pairing strategies were proposed, each containing four
Watson-Crick base pairs (figure 14).
(1)

3'
T
5'T
G-C
T-A
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A-I
C-G
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T
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(2)

'
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G
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A
A
C\C
I -A
I -A
3'G
I
G
5,

Figure 14. Base Pairing Options for the Self-Association of d(GTGAACTT):
four Watson-Crick base pairs in each duplex, two G.A mismatches in duplex
(1) and one C.0 mismatch in duplex (2), respectively.
Hydrogen bonding patterns of G.A mismatches and the C.0 mismatch are
shown in figure 15.
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Figure 15a toe. Hydrogen Bonding Pattern of G.A Mispairs and the C.0
Mismatch.
Thermodynamic data on duplex formation of d(GTGAACTT) [D6] and
d(GTTAACTT) [Dl 3], with only Watson-Crick base pairs, was calculated
from the concentration dependence of the melting temperatures (figure 16):
Table 8. Thermodynamic Data of [d(GTGAACTT)]2 and [d(GTTAACTT)]2:
Sequence
[d(GTGAACTT)]2
[d(GTTAACTT)]2

AH° [kcal
mole 1 1
..4535
-45.07

AS° [cal
mole 1 K]
-131.0
-129.8

AG (298 K)

Tm[ °C]

[kcal moIe 1 1
-6.33'
-6.39

(1p.M
13.3
13.6

The stability of the duplex containing exclusively Watson-Crick base pairs is
very similar to that of the mismatched duplex.
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Figure 16. Van't Hoff Plots of [d(GTGAACTT)]2 [D6] and
[d(GT7AACTT)12.[D13]. Data determined by measurement of Tm at
concentrations between 6.9 to 51p.M[D6] and 2.5 to 52p.M[D13].
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2.1 pH Dependence

To determine if mismatches are formed that involve protonation or
deprotonation of a nucleoside base, the melting temperature of the duplex
was determined over the pH range from pH=5.6 to 7.9 (conc.=9.t?v.
Table 9. pH dependence of Tm [d(GTGAACTT)]2
pH

5.6
6.0
6.5
7.0
7.9

22.6±0.1
21.9±0.4
23±0.5
22±0.7
22±0.9

The stability of the duplex formed was largely independent of pH, thus the
formation of mismatches relying on protonation of nucleoside bases can be
discounted (Figure 15, a and e).
2.2 The Use of Inosine as Structural Probe

Onosine is a purine base lacking the amino-function in the 2-position.
To determine if the guanine amino-group is involved in hydrogen bonding,
inosine may be incorporated in the place of guanosine. At 25.tMthe Tm of
[d(GTIIAACTI)]2 [Dl 9] = 9.0±0.3°C, at the same concentration duplex [D6]
has a Tm of 25.4°C (calculated). Thus, incorporation of inosine instead of
guanosine has a strongly destabilising effect (16.4°C difference). Hence, a
mismatch conformation involving hydrogen bonded guanine amino groups is
conceivable (structure c in figure 15).
2.3 The Effect of the Overhanging Ends on Duplex Stability

The stacking of 3'-overhanging ends usually infers higher stability,
since it decreases the fraying or the tendency of duplexes to melt from the
ends. The following sequences were synthesized: d(GTAAC) [Dl 5] and
d(GTTAAC) [Dl 4] and ultraviolet melting experiments performed.
Table 10.
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Tm [°C]

conc. [pMJ

calc. for D6 at
same conc.

[d(GTTAAC)]2

15.2±0.3

53

27.6

[D1 41
[d(GTGAAC)]2

20.110.3

45

28.3

1 D151
The stabilising effect of the stacked thymidine residues on the conformation
of the terminal base pairs is also manifest in the imino resonance spectrum
(1 H NMR experiments were performed by Dr. A. Lane): The imino
resonance assigned to the and G.0 base pair does not broaden between 10
to 25°C, which would be typical for base pairs on the ends of DNA duplexes.
2.4 The Solution Structure of[d(GTGIMCTT)]2

The solution structure and stability of tandem d(GA).d(GA)
mismatches has recently been investigated by several research groups. The
formation of G(anti).A(anti) tandem mismatches which adopt an imino-like
base pairing (figure 15b) has been demonstrated in the oligodeoxynucleotide
duplex [d(CCAAGATTGG)]2, whereas G (anti).A(anti) tandem mismatches
adopting an amino-form base pairing (figure 15c) have been reported to form
in [d(ATGAGCGAATA)]2 (Li etal., 1991; Chou at al., 1992a). 31 P NMR
studies have revealed an unusual backbone geometry (1311) of the
phosphorus between the mismatches (Chou etal., 1992b).
High resolution 1 H and 31 P NMR studies of [d(GTGAACTT)]2 were
undertaken by Dr. A. Lane. All glycosidic torsion angles were anti, the sugar
puckers lay predominantly in the C2'-endo domain. The unusually high
stability of the mismatched duplex stems from extensive cross-strand purinepunne base stacking and increased stacking of the 5'..GA..3' mismatch block
with its nearest neighbours. Tandem mismatched GA.GA blocks adopting
the imino-base pairing scheme in different stacking environments were
reported to disrupt the helix by formation of a bulge, due to the size of the
anti.anti paired purines. Also, the disruption was reported to be propagated
two base pairs from the mismatch site (Privé etal., 1987; Nikonowicz and
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Gorenstein, 1990). In contrast to these findings, the amino-paired tandem
mismatch structure fits easily into the helix without major disruptions.
Two of the 31 P resonances were shifted greatly from the usual
position found in B-DNA. These resonances could be assigned to the
phosphorus between the mismatched bases. Phosphorus shifts are related
to phosphate backbone torsion angles. Estimates for 3J3'p coupling
constants were obtained which are consistent with a BIfi backbone geometry.
The circular dichroism spectra of normal B-form DNA, DNA containing
an amino-type G.A mismatch and a sequence with an imino-mode paired
G.A base pair were compared:
Table 11.
Ac

extremaat

1 1
B-DNA
[d(GTGMCTT)]2
[d(CCAAUGG)]2

245
247
260

278

275
280

1

5
17.5
-3.5

cm 1 1
-6
-10
5

The spectrum of [d(GTGAACTT)12 with amino-paired G.A mismatches
as shown in figure 15c, is unusual insofar, that the intensity of the extrema is
very high, compared to normal DNA. The strong base stacking lies in an
orientation that maximises the excitation coupling between the bases.
However, the spectrum of the decamer with imino-type base pairing of G.A is
inverted, despite its overall B-type conformation (Nikonowicz etal., 1991).
The circular dichroism spectrum of [d(CCACGAGTGG)]2 also showed
drastically higher intensity, this feature may be diagnostic for amino-mode
G.A pairing.
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3. Stabilities of T.A, G.A, A.G and LA Tandem Base Pairs in Different Base
Stacking Environments
3.1 Tandem G.A Mismatches in DNA

[appendix 3]
We have carried out ultraviolet melting experiments to determine the
stability of GA.GA tandem base pair blocks in different base environments.
The stability of G.A mismatches was compared to that of T.A Watson-Crick
base pairs, to A.G mismatches and to LA pairs. Inosine substitution served
as a structural probe for the participation of the guanine amino-group in the
hydrogen bonding scheme of the mismatch. All tandem base pairs were
incorporated into the center of the following sequence: 5' CCAX__YTGG 3'
(X, Y=A, G, C, T). Oligodeoxynucleotides were annealed and their stability
was determined by UV melting in 0.1 M Na buffer at pH 7. Selfcomplementary sequences can form double stranded or stem-loop duplexes.
On general stem-loops are more stable, also, their melting temperature is
independent of concentration. All sequences were analysed at 16-1 8p.M and
at 2-3.tM ([d(CCACGTGG)12 at 7-8tFM to verify formation of double
strands. As low oligomer concentrations favours the formation of hairpin
loops, some of the melting curves at low strand concentration showed two
transitions. In the case of biphasic melting curves the data that could be
obtained was generally less accurate.
I
(numbers in brackets designate melting points measured in unicate)
Tbl2 12
Tm [°C]

a) pyrimidine_ ...pu rifle

Tm [°C] (23p.M)

(1 6-1 8.tI
[d(CCAQ

TGG)]2

TA [D421

26±1

(24)

GA [D25]
AG [D481

50±1
52.1±0.2
7.20.2

(56)
(47)

49.6±0.3
IA [D26]

<30
58.0jO.2
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8±0.2
51±1
(24)
59±1

-

Tm

[00]

Tm [°C] (23j.tM

(16-1 8.tM
[d(CCALTGG)]2

TA [D45]_ 40.4±0.1
GA ID21

34.6±0.2

(26)

AG [D501

17.3±0.4

6.610.2

IA [D24]

no transition

not determined

between 1-53

d(CCATGG)
TGG)
.d(CCAL

Tm [ °C]
(16-18.th

Tm [°C] (23iM

TA
[D53.D54]

43.80.1

(38)

GA
JD38.D391

42.9±0.2

IA
36.0±0.4
JD40.D41 L
Tm [°C]

b) purine_....pyrimidine

(28)

Tm

[00]

(23jiM

(16-1 8pM
[d(CCA

TGG)]2

TA [D43]

50.00.1

(44)

GA [D271

46.7±0.1

(41)

AG [D491

35.6±0.1

(26)

IA [D28]

49.6±0.1

(44)

Tm [°C]

Tm [°C] (23iM

(16-18.tM
[d(CCA& ...XFGG)]2

TA [D37]

41.8±0.1

(36)

GA [D221

32.4±0.3

(28)

AG ID211

<20

not determined

32.5±0.3

(25)

jD2

.
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Tm [°C]

C)

(16-1 8jh,

(pupu)(pypyr)
TGG)
d(CCA&
.d(CCAL.JTGG)

Tm [°C] (2-3l.tM

GA
[D29.D30]

25±0.6

IA
[D31 .D32)

28.2±0.2

Tm [°C]

no transition
between 1-73
no transition
between 1-73
Tm

[00]

(23.tM

(116-1 8 l.Ji
d(CCA&TGG)
TGG)
.d(CCA

TA
[D57.D58]

44.6±0.1

(39)

GA
j33. D341
IA
[D35. D361

37.1±0.1

(29)

37.7±0.2

(31)

We tentatively assumed that the amino-type base pair is formed in
those sequences where inosine/guanosine substitution lowers the Tm, and
that the imino-type pairing exists in those duplexes which exhibit similar or
greater stability upon inosine/guanosine substitution. The stability of the G.A
tandem mismatches compared to Watson-Crick (A.T) and LA base pairs is
strongly sequence dependent. Thus, the amino-type base pairing is
prevalent if the mismatch block is inserted into a sequence with the flanking
bases 5'pyrimidine_.....purine3'. LA pairs in these duplexes exhibit a strongly
destabilising effect. On the self-complementary duplex [d(CCACIAGTGG)]2
the stem-loop is strongly favoured over the double stranded duplex.
The melting temperature of [d(CCAzTGG)]2, compared to
[d(CCATATGG)]2 is higher (in the case of [d(CCACTAGTGG)]2 the
melting curve was biphasic) or between 1 and 6°C lower. For all sequences
with flanking bases other than pyr_.....pu, the LA base pairing infers similar
stability than G.A mismatches. Watson-Crick T.A base pairs are in general
more stable than either of the above (up to 9°C in [d(CCATTAATGG)12).
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In all cases, tandem A.G mismatches were significantly less stable
than tandem G.A mismatches (>10°C). Presumably the amino-type base
pairing is unfavourable if the nucleotides are reversed.
The CD spectra of [d(CCAAGATTGG)]2 and [d(CCAAIATTGG)]2 had
an unusual negative band at 280nm. Although, we cannot explain this
feature, it is reasonable to assume, that the same kind of base stacking and
hydrogen bonding exists between G.A and LA mismatches in these
duplexes.
Generalising from the data obtained, G.A tandem mismatches adopt
an amino-type base pairing structure when flanked by a pyrimidine
nucleotide on the 5' side and by a purine nucleotide on the 3' side of the
mismatch block. The results of solution NMR analyses of duplexes
incorporating tandem G.A mismatches reported in the literature are in
agreement with our results: imino-type base pairing in [d(CCAAirGG)]2
(Li etal., 1991), amino-type base pairing in [d(AGzGMTA)]2 (Chou et
al., 1992a) and in the purine.purine mismatches in [d(Gz?zCG)]2
(Maskos, at al., 1993). Our conclusions have also been confirmed by Cheng

etal. (1992).
3.2 Tandem G.A Mismatches in RNA [appendix 4]
Less information is available on the structure of tandem G.A
mismatches in RNA than in DNA, largely due to the difficulties in obtaining
pure RNA in reasonable amounts needed for high resolution NMR or X-ray
studies. G.A hydrogen bonding plays an important role in the stability and
structure of stable hairpin loop structures in RNA (SantaLucia at al., 1992;
Wolters, 1992; Antao etal., 1991). Amino-type bonded single G.A
mismatches have been found in RNA stem-loops (Heus and Pardi, 1991). A
detailed study of the hydrogen bonding pattern of tandem G.A mismatches in
RNA using functional group substitutions and ultraviolet melting techniques
has been performed by SantaLucia etal. (1991). In the 5'..pyr........pyr..3' base
stacking environment l.A base pairs are more stabilising than G.A
mismatches. Using 1 H NMR techniques, they conclude that the imino-proton
of G.A mismatches is not involved in hydrogen bonding, whereas the
guanosine-imino proton in A.G mismatches in the same nucleotide
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environment does form a hydrogen bond. They also report similar stabilities
of G.A or A.G tandem mismatches inserted into the same sequence.
We have synthesized six self-complementary oligoribonucleotide
decamers and investigated their stability by ultraviolet melting experiments.
Duplexes containing G•A tandem mismatches in the different base stacking
environments 5' pyr GA Pu 3' and 5' Pu GA pyr 3' were compared to A•G and
A•U pairing.
T,qhlp 11 Thndm (.A Mismatches in RNA

Tm [°C]
AG (298K)
iH°[kcal i\S°[cal
mole-1 1_ mole 1 K-1 L [kcal mole 1 L
-11.1
40.6
-157.5
-58.0

[r(CCACGUGG)]
2 [R64]
[r(CCACUAGUGG)]2

ATm
-15.3

-92.9

-255.4

-16.8

55.3

-0.6

-71.7

-202.8

-11.3

38.5

-17.4

[r(CCAGCUGG)]
2 [R69]

-78.0

-218.5

-12.9

44.3

-11.4

[r(CCAGUACUGG)]2

-116.1

-325.6

-19.1

55.9

0

-80.6

-230.5

-11.9

39.5

-11.8

[R65]
[r(CCACGUGG)]
2 [R66]

JR701
[r(CCAGiWCUGG)]
2[R71]

I

I

I

I

Figure 17 shows the van't Hoff plots derived from concentration dependent
UV melting data.
All mismatches are strongly destabilising (duplexes are up to 17°C
less stable). A•G tandem mismatches are only slightly less stable (2 - 5°C)
than GA tandem mismatches in both base stacking environments, which is
in contrast to our findings in DNA and DNA/RNA hybrids (see below) where
AG tandem mismatches are found to be distinctly less stable. All G•A
tandem mismatches destabilised the duplex by about 10 to 15 °C compared
to Watson-Crick A.0 base pairs, independent of the base stacking
environment. This is in contrast to our findings for DNA, where G•A tandem
mismatches flanked by 5' pyr..pu 3' are found to form amino-paired
mismatches which were of similar stability than Watson-Crick base paired
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nucleotides, whereas the mismatches in 5' pu_ .... pyr 3' adopted the imino
form of the mispairing and were generally distinctly less stable. Overall, Tm
follows the trend for G(298K). The instability of tandem mismatches in RNA
does not, of course, preclude the existence of the amino-pairing. The
solution structure of tandem G.A mismatches in RNA is currently under
investigation. Preliminary results do indeed suggest that the G.A mismatches
are amino-paired without formation of a B11-phosphate backbone (A. Lane,
personal communication).
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Figure 17. Van't Hoff Plots
[r(CCACGAGUGG)]2 [R64];
[r(CCACAGGUGG)]2 [R66];
[r(CCAGUACUGG)]2 [R70];

of RNA Decamers:
[r(CCACUAGUGG)12 [R65];
[r(CCAGGACUGG)]2 [R69];
[r(CCAGAGCUGG)12 [R71].
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3.3 Tandem G.A Mismatches in DNNRNA Hybrid Duplexes
[appendix 5]
Six oligoribonucleotide decamers and their complementary
oligodeoxyribonucleotides were synthesized to investigate the stability of
tandem G.A mismatches in DNA/RNA hybrids. For different base stacking
environments the stability of the tandem mismatches was compared to that
of sequences containing r(... UA ... ).d( ... TA ... ) and r( ... AG ... ).d( ... AG...) base
pairing.
Table 14.
Tm

conc.

Jgm
r(GAUUGAGUGC).d(GCACGAAATC)
JR86.Dft1
r(GAUGGAUUGC).d(GCAAGACATC)
JR87.DR871
r(GAUUUAGUGC).d(GCACTAAATC)
1988. DR88]
r(GAUGUAUUGC).d(GCAATACATC)
JR89.DR81
r(GAUUAGGUGC).d(GCACAGAATC)
[R90. DR9]
r(GAUGAGUUGC).d(GCAAAGCATC)
LR91 .DR91J

18.810.1

5.3

21.3 ± 0.1

4.8

32.4 ± 0.1

5.1

33.7 ± 0.1

4.8

10.41-0.1

5.0

6.4 ± 0.1

5.1

All hybrid duplexes containing mismatches are less stable than
Watson-Crick base paired duplexes. G.A Mismatches flanked by 5' Pu .PY 3'
are more stable (2.5°C) than in the duplex with 5'.py GA pu 3' base stacking
environment. The opposite is the case for duplexes containing A.G
mismatches (40C). In general, G.A tandem mismatches are between 10 and
15°C less stable than their Watson-Crick counterpart, whereas A•G tandem
mismatches form duplexes up to 26°C less stable than Watson-Crick base
paired sequences and up to 15°C less stable than hybrids with tandem GA
mismatches.
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4. Multiple G.A Mismatches in Oligonucleotides
[appendix 6]
A DNA decamer was synthesized which formed a self-complementary
duplex that contains six tandem GA mismatches and four standard WatsonCrick base pairs, [d(G 1 A2G3T4G5A6A7C8G9A10)]2 [D52]. As described
above, the amino base pairing is favoured in sequences where the
mismatches are flanked by a pyrimidine on the 5' side and a purine on the 3'
side. The tandem G.A mismatches in this case were expected to be aminopaired.
Table 15a.
H0 [kcal
[d(GTAC)]
2 [D52]

iS°[cal mole-

AG (298K)

Tm [°C]at

[kcal mole 1 1

mole-1 L_ 1 01
-167.3
-60.4

-10.5

li.tM
37.0

[d(GCGTGCACGC)]
2 [D66]

-79.5

-215.2

-15.4

54.6

[d(TAGTTAACTA)]2

-46.0

-129.6

-7.4

20.0

1 D651
Table 15b.
conc.

Tm [°C]

6/10

16.9

46.010.1

6/12

17.4

48.4±0.1

10/12

17.5

24.21-0.1

mismatches!
Watson-Crick
base pairs

1 0 521
[d(CGTACC)]2

J1D46J
[d(CGiWTGiC)]2
IDi]

I

The stability, as analysed by ultraviolet melting, was indeed high
(37°C at 1.iM, pH=7), the Tm of a duplex containing TA base pairs instead
of the GA mismatches was only 20°C (1pM. However, a duplex with all
Watson-Crick base pairing and G•C base pairs instead of the mismatches
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was 18°C more stable. This was expected, since G.0 base pairs are formed
by three hydrogen bonds, whereas TA base pairs and G.A mismatches are
bonded via two hydrogen bonds. Thermodynamic values were determined
for all three duplexes, the Gibson-free energy AG at 298K of the mismatched
duplex was
-10.5 kcal mole -1 , between the values for the all Watson-Crick duplexes with
T.A and G.0 base pairs respectively. When additional G.0 base pairs were
GTiACGz) [D46], the melting
introduced to the end of the duplex, d(
TtGTGtC) [D51]
temperature increased by 2.4°C. The sequence d(
forms a duplex with 10 mismatches, which is stable up to 24.2°C.
The phenomenon of enthalpy/entropy compensation is well known for
a variety of nucleic acid structures and has recently been rationalised in
terms of residual motion within duplexes (Searle and Williams, 1993). The
authors investigated the details of enthalpy/entropy relation for duplexes
containing mismatched bases (Aboul-ela at al. ,1 985). There is good
correlation between the enthalpy (AH°)and entropy (TAS° at 298K) for the
T.A, G.A and G.0 base paired decamers. The entropy/exothermicity
parameter for the G-A base stack lie midway between the parameters for GC and 1-A stacks.
The results of NMR studies (Dr. A. Lane) are in agreement with the
conclusions drawn from UV-melting experiments. The pattern of 1 H chemical
shifts for 05 and A6 protons are similar to those in [d(GTGAACTT)]2. The
high chemical shift dispersion of the 31 P spectrum, 2.65 (0.6-0.7 for normal
B-DNA; Roongta at aL, 1990) is significant for the existence of non-Bebackbone conformation within the helix. The most downfield shifted
resonances belong to G5pA, G9pA and GI pA. Chemical shifts and relative
coupling constants suggest a B11-backbone for the G5pA and G9pA steps.
However, the end base pairs are considerably destabilised due to fraying
and significant line broadening of Gi p and G9p at lower temperature (278K)
is significant for fast exchange between conformational states.
To investigate if oligoribonucleotides can incorporate several tandem
GA mismatches in the same way as oligodeoxynbonucleotides, the stability
of the following self-complementary oligonucleotides was compared:
[r(GU0zACGz)]2, [r(UAGLOUAACUA)]2 and [r(CCUGAACGtG)]2.
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Tnhla

ic,

[r(GUACz)]2
JR76]
[r(UAGUUAACUA)]2 [R78]
[r(CCUGzACG)]2

Tm [°C] (0.1MNa, pH=7)

conc. [p.Mj

18.5 10.2

34

43 (calculated from
thermo d ynamic data)

34

17.3 10.3

30

JR71
14°

1

17

*measured in unicate
The duplex incorporating six GA mismatches was 24°C less stable
than the all Watson-Crick duplex with UA base pairs. The formation of stable
G.A mismatches in RNA is not observed, which stands in contrast to our
observations for the same nucleotide sequences in DNA.
5. Contiguous G.A Mismatches
[appendix 7]
We have synthesized oligodeoxyribonucleotides of the type d(GA).
The oligomers were annealed slowly from 80°C to 0.5 or 2°C.
Table 16. Thermal Stability of Fd(GA)n12, n=6,12,18
Tm [°C]
conc. [p.MJ
[d(z)612 [D67]
[d(Gt)12]2 [D76]
[d(z)18]2 [D68]

18±0.5
34.4.4±0.1
38.4±0.1
55.910.1

conc. of NaCI in
buffer

34
10

0.1

10
10

0.1
1

0.1

All oligomers were formed bimolecular duplexes of reasonable
stability, that increased with increasing number of nucleotides.
Thermodynamic values for [d(GA)1 812 were obtained at a salt concentration
of 1 M sodium chloride in buffer at pH7: AH° = -132.0 kcal mole -1 , ASO = 378.4 cal mole -1 K 1 , AG(298K) = -19.2 kcal mole -1, Tm (1 p.M = 325.2 K
(figures 18 and 19).
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32. 37

Figure 18. UV Melting Profile of [d(GA)1812.
(1 M NaCl, pH7)
absorbance vs. temperature curve
first order derivative
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47

Vn't Hoff Plot (D68)
0.6331
0.
0.63388
9.0397

(L'I] 9.6338

o .ess
OX9304
0.68393
0.00302
-15

-13

-1

lnCt

Figure 19. Van't Hoff Plot of [d(GA)1812.
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-12

-11

In the same buffer [d(TA)1812 was 16°C more stable than [d(GA)1812.
It is clear that oligo d(GA) n structures are much less stable than tandem pyr
GA Pu mismatches. The pH dependence of formation of [d(GA)1 812 was
determined using buffer at lower (near physiological) sodium chloride
concentration (0.1 h%. The duplex stability was only marginally influenced by
the pH of the buffer solution, it did not increase at lower pH, the formation of
a mismatch stabilised by the protonation of adenine as in G(syn)•A(anti)
base pairs (Brown etal., 1989, Leonard etal., 1990) can be ruled out. To
investigate which type of G.A mismatch is formed in the d(GA) n sequences,
we substituted deoxyguanosine by deoxyinosine in some positions of the
oligomers: d(lA(GA)10A) and d(GA(IA)10GA). The ends of oligonucleotide
duplexes have more conformational flexibility and may adopt the amino
pairing with Beg-phosphate backbone conformation. Nucleotides in the middle
of duplexes are more conformationally restricted and in this case more likely
to form imino type mismatches, which would be expected to result in
sequences of lower stability. Substitution of the outer mismatches by lA
base pairs was expected to result in duplex-destabilisation, since the amino
form of GA mismatches stabilises duplexes compared to l•A base pairing.
Substitution of deoxyguanosine against deoxyinosine in the middle of the
duplex should result in enhanced stability, since l•A base pairs are more
stable than conventional imino-type G•A mismatches.
Table 17. Stability of Onosine-Substituted Sequences (con'c.=l 0pM (figures
20 and 21).
T M Lr°
[d(Gz)1 2]2 [D76]
[d(IA(ca)1 0lA)]2
jD771
[d((lA)1 o)]2

34.4 ± 0.1
28 10.5

(39

jD781
*on ly one of four melting curves had a point of inflexion, after an initial
plateau value for the absorbance at low temperatures the absorbance
increased quite distinctively, but the increase remained constant (2-70°C)
(figure 20).
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Abs (normalised)
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Figure 20. UV Melting Profiles of I. [d(GA(IA)10GA)}2
II. [d(GA))12
Ill. [d(IA(GA)101A)]2.
(1 M NaCl, 1

m EDTA, 20mM cacodylic acid, 0.01 M NaH2PO4,

pH7)
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Abs

1.3416

1.38%

1.2716
llS
1.2457

1.213?

1.181?
2?UO
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295.00
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(K)
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Figure 21. UV Melting Profile of[d(GA(IA)10GA)12
(1 M NaCl, 1

m EDTA, 20mM cacodylic acid, 0.01 M NaH2PO4,

pH7)

182

Figures 20 and 21 show that substitution of the terminal G.A base
pairs to l.A significantly destabilises the duplex, whereas substitution of the
internal base pairs gives similar degrees of stabilisation. That indicates that
the internal base pairs use the G imino proton for hydrogen bonding and the
terminal bases pair in the amino-mode. Interpretation of the melting curves
of [d(GA(IA)1 0GA)]2 was not as simple as for the other duplexes. The
absorbance remains constant up to T=20°C, followed by a distinct rise, but it
does not level out in the temperature range observed (0.5-80°C). Thus, a
weak point of inflexion was only observed once, the maximum of the
derivative was at T=39°C. Obviously, although a duplex is formed and
dissociates with increasing temperature, duplex dissociation is a continuous
process. The initial increase of absorbance observed may be due to
dissociation of the two GA bases on either side of the duplex, whereupon
the rest of the duplex melts more gradually, followed by additional
hyperchormicity caused by gradual unstacking of the purine bases.
1 H NMR analysis (Dr. A. Lane) of the solution structure of [d(GA)1 212
suggest that most GN1 -protons are hydrogen bonded to oxygen, i.e. to
water, if amino-type base pairs are formed. (Note: In imino-mode hydrogen
bonded G.A mismatches GN1 H hydrogen bonded to AN1 H. The assignment
of individual resonances was not possible due to considerable overlapping.
The 1 3 P NMR spectrum showed more than the expected 11 peaks, due to
slow exchange between one or more conformational states. Some
resonances are shifted downfield, which indicates the presence of some B11phosphates. Rippe etal. (1992) report stable parallel d(GA) n duplexes under
formation of G(syn).G(syn) and A(anti).A(anti) base pairs in buffers
containing Mg2 cations. Although the GN1 H chemical shifts in our spectra
indicate hydrogen bonding to oxygen, which would agree with the parallel
G(syn).G(syn) base pairs suggested by the authors, we have not been able
to find any evidence in data for glycosidic angles in the syn conformation.
Also, imino proton resonances at 11 to 12 ppm do not fit to the exclusive
presence of symmetrical hydrogen bonding between GN1 H to G06. We
therefore concluded that our evidence does not support the formation of a
parallel G.G and A.A hydrogen bonded oligo d(GA) structure. To investigate
the influence of the magnesium cations, we analysed the melting behaviour
of [d(GA)1 212 in the following buffer: 10mM MgCl2, 10mM NaCl, 10mM
cacodylic acid, at pH7. At a concentration of 1 Op.M, the oligonucleotide helix
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was >1000 more stable than in 0.1MNaCI buffer containing 1mMEDTA
(pH7). However, it is not possible to deduct information about helix
conformation from UV melting data.
CONCLUSIONS
The amino-paired G.A tandem mismatch is of high stability in
oligodeoxynucleotides, its most striking features are the unusual B11
backbone conformation and the base painng and base stacking geometries.
The arrangement of the guanine and adenine bases exposes functional
groups (Ni and 06 of guanine and Ni of adenine) to interaction with
enzymes (i.e. repair enzymes) or for tertiary hydrogen bonding in the threedimensional folding of oligonucleotides.
The role of G.A mismatches in oligoribonucleotides, in stem-loop
structures and especially in ribozyme sequences, remains to be clarified.
The lowered stability of the tandem mismatch block in RNA does not
preclude its importance as structurally distinct feature.
The RNA duplexes examined were generally more stable than DNA
duplexes of the same sequence, whereas DNA. RNA hybrids were less
stable than RNA duplexes. Tandem A.G mismatches were more
destabilising in DNA and, less so, in DNA/RNA hybrids than in RNA.
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Materials and Methods. TBB-biotin-Phosphoram idite ("Cbio", Cambridge
Research Biochemicals) was a kind gift of Dr. Brian Sproat, EMBO,
Heidelberg. 2-Cyanoethyl[ 1 ,6-bis(4,4'-dimethoxytrityloxy)hex-2-yI]N, Ndiisopropylam mo phosphoramidite (multiple hydroxyl phosphoram idite, M H)
was synthesized according to D. Will (1992). DMT-biotin-C6-phosphoramidite
("Bios') was obtained from Cambridge Research Biochemicals. Solvents were
of laboratory grade, except those used for the extraction and
chromatography of phosphoramidites, which were of HPLC grade.
Dichloromethane was distilled over CaH2, as was pyridine. Anhydrous
acetonitrile was purchased from Applied Biosystems Inc. (ABI).
Tetrahydrofuran was distilled over sodium/benzophenone. Triethylamine and
diisopropylethylamine were dried over CaH2. 2-cyanoethyl N,N'-di-isopropylphosphoramidochloridite was synthesized and purified by the procedure of
Booth (1991). 4,4'-Dimethoxytrityl chloride was purchased from Fluka and
recrystallised from hexane containing 1 % acetyl chloride. 3,6,9,12,15pentoctaheptdecan-1,17-dioI was purchased from Aldrich. 13-(4,4'dimethoxytrityloxy)-4,7,10-trioxaundecan-1-ol was a kind gift from Dr. D.
W.Will. Pre-packed Sephadex G25 columns (NAP columns) were purchased
from Pharmacia LKB Biotechnology AB. Sephadex Grade 10 was obtained
from Peninsula Laboratories Inc. Analytical grade cation exchange resin (AG
50W-X8, molecular biology grade) was obtained from BioRad Laboratories
Ltd. Polynucleotide Kinase (from phage T4 infected E. coli, activity approx.
10,000 units per ml) and Ribonuclease T2 (grade V, 1,000-3,000 units per
mg protein) were obtained from SIGMA Ltd. [y 32P] ATP and imaging film for
autoradiography were a kind gift of Dr. N. Wilson. DNA-phosphoramidite
monomers, ancillary reagents and pre-packed solid support columns for DNA
synthesis were obtained from Applied Biosystems Inc. (ABI). 2'-O-TBDMS
protected RNA phosphoramidites, ancillary reagents and pre-packed solid
support columns were obtained from ABI, ChemGenes, Peninsula
Laboratories Inc. or Milligen/Biosearch. Tetrabutylammonium fluoride, 1 M in
THF, was obtained from Aldrich. 2'-O-Fpmp-protected phosphoramidites,
functionalised solid support and ancillary reagents were obtained from
Cruachem Ltd. Long chain alkyl amino controlled pore glass LCAA-CPG (500
A, obtained from Pierce Ltd.) was functionalised with the desired nucleoside
following the method described by Damha et al. (1992). Glassware was
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autoclaved and baked in an oven before use, all plasticware and solutions
were autoclaved. Disposable gloves were worn when handling RNA.
BioScience Grade Acetonitrile was used for HPLC of oligonucleotides and
purchased from Fisons. Concentrated aqueous ammonia was obtained from
Fisons and was of AnaLar grade. Acrylogel 5 Premix, urea,
tris(hydroxymethyl)methylam me, boric acid, ammonium persulfate,
formamide, bromophenol blue, xylene cyanole, EDTA and N,N,N',N,.
tetramethylethylene diamine were obtained from BDH Ltd.
NMR. 1 H NMR and 13CNMR spectra were recorded on a Brucker WP-200
spectrometer (200.130 MHz); 31 P NMR spectra were recorded on a JEOL

FX900 spectrometer (90 MHz).
Mass Spectra. Positive ion Fast Atom Bombardment (FAB) mass spectra
were recorded on a Kratos MS50 TC spectrometer using a thioglycerol or 3-

nitrobenzyl alcohol (3-NOBA) matrix.
Chromatography. Thin layer chromatography was carried out on aluminium
sheets, silica 60 F254, 0.2mm layer (Merck) using the following solvent

systems:
ethyl acetate
dichioromethane/ethyl acetate (3:1)
dichioromethane/ethyl acetate (1:1)
acetonitrile/ethyl acetate (1:1)
dichloromethane/acetonitrile (5:5)
dichioromethane
dichloromethane/methanol (9:1)
ethyl acetate/ether (5:5).
Thin layer plates were pre-equilibrated with triethylamine for the analysis of
compounds carrying an acid labile dimethoxytrityl group.
Capillary Gel Electrophoresis. Analyses of oligonucleotides were conducted
on an Applied Biosystems Model 270A Capillary Electrophoresis system with

MicroGel capillaries. The following conditions were used:
Buffer - 75m Tris-phosphate in water/ 10% methanol, pH7.5;
Detector - Wavelength = 260 nm;
Samples - 5 .tM in water;
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Loading voltage = -5 kV;
Temp. =30 or 50 °C;
Running voltage = -15 kV
1. DNA Synthesis and Purification
Oligodeoxyribonucleotides were synthesized on an ABI 381A, 380B or 394
DNA synthesizer following the method described by Brown and Brown
(1991).
Reversed-phase HPLC analysis and purification were carried out on a Gilson
model 306 HPLC system using a Brownlee Aquapore Reverse-phase Octyl
(C8) column (25 cm x 10 mm). Oligomers were eluted with a gradient of 0-20
% acetonitrile buffered with 0.lMammonium acetate:
Time

% Buffer A

% Buffer B

0

100

0

3

100

0

4
24
26

85
30
0
100
100

15
70
100

28
32

1

1

10

10

"Trityl-ON" samples were purified on reversed phase HPLC as follows:
buffer A: 0.1 M NH40Ac; buffer B: 0.1 M NH40Ac/60% acetonitrile using the
following gradient:
Time

% Buffer A

% Buffer B

0
3
4

100
100
85

0
0
15

26

0

100

28
32

1 100
100

jo

1

10
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Samples were desalted on pre-packed Pharmacia NAP10 columns
containing Sephadex G25 (oligonucleotide length: >12 nucleotides) or on a
Sephadex G-10 column (35x2cm; oligonucleotide length: <12 nucleotides),
lyophilised and stored at 4°C prior to use.
Oligonucleotide yields were calculated as follows:
units of purified product/1000)
(A 260
Yield [%] =
loading on solid support [p.m 01]

E260

x 100
xl 06

6 = extinction coefficient [p.mole I cm 1 ];
A260 units = absorbance of the oligonucleotide sample in 1 ml water)
(6260x10
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sequence

trityl
off!

scale
[tmol]

on

anionexchange

reversed
phase

HPLC

HPLC

yield

yield

[mg/A260]

[%]
50

D6 d(GTGAACTT)

off

6

yes

yes

D13
d (GTTAACU)

off

1

no

yes

8.7 mg
32 A260

014. d(GTTAAC)
015 d(GTGAAC)

off

no

yes

24 A260

51

off

1 1
1

no

yes

25 A260

46

018
d(GTAGACU)

off

1

no

yes

34 A260

48

D19 d(GTOAACTT)

off

1

no

yes

56 A260

73

D20a
d(CCAAIATTGG)

off

2

no

yes

66 A260

37

D20b
d(CCAAIATTGG)

off

1

no

yes

45 A260

51

021
d(CCAAAGTTGG)

off

1

no

yes

50 A260

55

D22a
d(CCAAGATTGG)

off

2

no

yes

74 A260

41

D22b
d(CCAAGATTGG)

off

1

no

yes

24 A260

26

D25
d(CCACGAGTGG)

off

0.2

no

yes

9 A260

52

D26
d(CCACIAGTGG)

off

0.2

no

yes

17 A260

100

D27
d(CCAGGACTGG)

off

0.2

no

yes

11 Ao

63

D28
d(CCAGIACTGG)

off

0.2

no

yes

10 A260

59.

D29
d(CCAAGAATG C3 )

off

0.2

no

yes

9 A260

47

030
d(CCATGATTGG)

off

0.2

no

yes

8 A260

47

D31
d(CCAAIAATGG)

off

0.2

no

yes

11 A0

59
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42

exchange
HPLC

reversed
phase
HPLC

yield
[mg/A260]

yield
[%]

0.2

no

yes

12 A260

72

off

0.2

no

yes

9

034
d(CCACGAUGG)

off

0.2

no

yes

10 A260

59

D35.
d(CCAAIAGTGG)

off

0.2

no

yes

10 A2 60

55

D36
d(CCACIAUGG)

off

0.2

no

yes

10 A260

61

D37
d(CCAATAUGG)

off

0.2

no

yes

8 A260

45

038
d(CCACGAATG

off

0.2

no

yes

8 A260

42

D39
d(CCATGAGTGG)

off

0.2

no

yes

6 A260

36

D40

off

0.2

no

yes

11 A260

63

D41
d(CCATIAGTGG)

off

0.2

no

yes

11 A60

62

052
d(GAGTGAACGA)
D67 d(GA)6

off

3

no

yes

151 A263

50

3

no

068 d(GA)18

on
off

1

no

yes
no

4.4 mg
125 A263

31
*

069 d(TA)18

on

1

no

yes

83 A260

17 -

D76 d(GA)12

on

0.2

no

yes

17 A260

29

DR86
d(GCACGAAATC)

off

0.2

no

yes

13 A260

61

DR87

off

0.2

no

yes

10 A260

50

off

0.2

no

yes

12 A260

58

trityl
off!
on

scale
[imol]

off

033
d(CCAAGATGG)

sequence

D32

anion-

d(CC ATIAUGG )

A26

54

d(CCACIAATGG)

d(GCAAGACATC)
DR88
d (GCACTAAATC)
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anion[t.tmol] exchange
HPLC

sequence

trityl
off!
on

scale

DR89
d(GCAATACATC)

off

0.2

no

reversed
phase
HPLC

yield
[mg/A260]

yield
[%]

yes

12 A260

58

11 Ao
53
no
yes
0.2
off
DR90
d(GCACAGAATQ)
48
no
yes
9 A26
0.2
off
DR91
d(GCAAAGCATC) I
The sample was 78% pure as analysed by capillary gel electrophoresis.

023 d(C©TzAT) 9 024 d(CCAmA700), 042 (CCCThGTG),
03 (©C TA©G) 9 ED (©C TzTll), 04 d(CCzT),
046 d(COAG-rGAACOAG), 7 d(CC70AGAAGO), 048
4 (C©t©7) 9 050 (©©zT), 051
2
054 (Cc zWTG), 057 (CCZA7AG7) 9 058 d(CCACTA7700),
CT©tCC).
065 A1rnC7A),
These oligodeoxynucleotides were a kind gift of the OSWEL DNA service.
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2. RNA Synthesis and Purification
2.1 TBDMS Method
tik[,n.i1ll1

RNA synthesis was performed on the ABI 380B, 381A or 394
Automated DNA/RNA Synthesizer. The protecting groups for the exocyclic
aminof unction of the purine and pyrimidine bases were as follows: FOD-RNA
phosphoramidites available from Applied Biosystems Inc. were protected
with dimethylformamidine for adenine and guanine and isobutyryl for
cytosine. RNA phosphoramidites available from ChemGenes, Peninsula or
Milligen/Biosearch were protected with isobutyryl for guanine and benzoyl for
adenine and cytosine. Ancillary reagents and anhydrous acetonitrile were
purchased from ABL The synthesis cycles used were modified DNA coupling
cycles: Coupling times were increased to 600 sec. and longer wash
procedures were used. The RNA phosphoramidites were diluted with
anhydrous acetonitrile to a concentration of 0.1 M. The syntheses were
monitored by the spectrophotometric quantification of released
dimethoxytrityl cation at 504nm. Sequences were generally synthesized
Trityl OFF (the last trityl group on the 5' end of the oligomer was cleaved on
the machine). Long chain alkyl amino controlled pore glass LCAA..CPG (500
A, obtained from Pierce) was functionalised with the desired nucleoside
following the method by Damha et al. (1992). Pre-packed solid support
columns were obtained from either ABO or Milligen/Biosearch, depending on
the kind of RNA phosphoramidites used for synthesis.
2.1.2 Cl e ava ge and BaseiDprotticn
Cleavage of the assembled oligonucleotide from the support was
conducted on an ABI 380B or 394 synthesizer, using a mixture of
ethanol/conc. aqueous ammonia (1:3), freshly prepared. The four 900 sec. wait times of the standard DNA end procedure were increased to 1800 sec.
to give a total cleavage time of 2 h. For complete deprotection of the
exocyclic amino functions, the crude oligomer was heated in a sealed vial for
6 h at 55°C (isobutyryl on cytosine and benzoyl on adenine and guanine) or
2-3 h at 55°C (dimethylformamidine on guanine and adenine and isobutyryl
on cytidine), respectively.

197

2.1.3 2'-Deprotection
Before 2'-deprotection the aqueous ammonia/ethanol solution was
evaporated to dryness by passing a nitrogen or argon stream over the open
vial, which was heated to a maximum of 40°C. The use of a rotary
evaporator was not feasible, since the silyl-protected oligomer formed a
foam when under vacuum. The tert-butyldimethylsilyl protecting groups on
the 2' hydroxyl groups of the ribose sugars were removed with an excess of
1 M tetrabutylammonium fluoride (TBAF) (50eq, 15 j.tl/A 260 unit). After a
minimum of 8 h ammonium acetate (11 ml, 1 M) was added to quench the
reaction. The solution was evaporated to dryness.
2.1.4 Desalting Proc e dure and Cation Exchange Treatm e nt
For desalting, the deprotection mixture was dissolved in ca. 1.2 ml
water and loaded onto a Sephadex G-10 column (2.6 cm x 40 cm) (for
sequences shorter than 12 nucleotides long) or onto a pre-packed Sephadex
G.25 column (Pharmacia NAP column) (for longer sequences). The
oligonucleotide was eluted with water (1 ml/min.). The relevant fractions were
collected and evaporated to dryness. The oligomer was dissolved in water
(1-2ml) and passed down a cation exchange column (NH4+ or Na+ form).
The.oligomer was eluted with water and evaporated to dryness.
2.1.5 Purification
Depending on the level of purity desired, the mixture of fully
deprotected oligonucleotide and failure sequences can be purified by ion
exchange HPLC followed by reversed phase HPLC or by reversed phase
HPLC only. When purification by HPLC was not feasible (formation of
aggregates) the oligomer was purified by preparative polyacrylamide gel
electrophoresis.
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a) anion exchange HPLC
(Buffers were autoclaved before addition of acetonitrile.)
Column:
Dimensions:
Loop volume:
Buffer A:

Partisil P10 SAX (Strong Anion Exchange)
25 cm x 8 mm
lml
0.03M potassium phosphate, 20% acetonitrile, pH 6.4

Buffer B:
Flow rate:

0.67M potassium phosphate, 20% acetonitrile, pH 6.4

Detector:
Wavelength:

3mVmin.
UV spectrophotometer (Perkin Elmer)
260 nm analytical injection
295 nm preparative injection of 0.2 Rmole samples
299 nm preparative injection of 1.0 j.tmole samples
-

-

Gradient:
Time

% Buffer A

% Buffer B

0

95

5

3

95
40

5

26
28
30
35

60
100
5
15

0
95
195

This gradient was suitable for sequences 6-15 base pairs in length. For the
purification of longer sequences a steeper gradient was used (step 3
deleted). It was not necessary to desalt the sample before reversed phase
purification, the phosphate buffer eluted early in the gradient-(at
approximately 4 mm.).
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b) reversed phase HPLC
(Buffers were autoclaved before addition of acetonitrile.)
Column:

Brownlee Aguapore Reversed phase Octyl (C8)

Dimensions:

25 cm x 10 mm

Loop volume:
Buffer B:

1 ml
0.1 M ammonium acetate
0.lMammonium acetate, 20% acetonitrile

Flow rate:

3mVmin.

Buffer A:

Gradient:
Time
0

% Buffer A
100

% Buffer B
0

100

3
4

85

0
15

24

30

70

26
28

0
100
100

100

32

0
0

(UV detection as for ion exchange HPLC.)
c) preparative gel electrophoresis
When purification by HPLC methods was not feasible, the
oligoribonucleotides were purified by preparative PAGE following the method
described below. The relevant band, visualised by UV shadowing, was
excised from the gel. The gel slice was cut into small pieces or crushed,
suspended in water or ammonium acetate (0.01 M and incubated overnight
at 30°C to elute the oligoribonucleotide. After purification, the oligonucleotide
solution was concentrated and desalted using Sephadex gel filtration
material as described in 1.4. The purified oligoribonucleotide was stored as a
lyophilised solid at -20°C.
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2.2 Fpmp Method
2.2.1 Qiiggnucleotide aAssembhj
RNA synthesis was performed on ABI automated DNA/RNA

synthesizers. 2'-O-Fpm p-protected phosphoram idites, functionalised solid
support and ancillary reagents were obtained from Cruachem Ltd. Ancillary
reagents were the same as for standard DNA synthesis, except for 5-(3nitrophenyl)1 H tetrazole (0.1 M in anhydrous acetonitrile) (activator for
coupling step) trichloroacetic acid (0.2M in anhydrous dichioromethane)
(deblock solution for detritylation). Synthesis cycles were modified DNA
cycles:
wait step Jseç,:
iodine
capping
coupling
treatment
2'O-Fpmp protected
RNA phosphoramidites

DNA phosphoramidites

360
1 30

40

50

1-5

30-35

RNA phosphoramidites were diluted with anhydrous acetonitrile to a
concentration of 0.1 M. The syntheses were monitored by the
spectrophotometric quantification of release dimethoxytrityl cation at 504nm.
The oligoribonucleotides were generally synthesized Trityl ON (the last trityl
group on the 5' end of the oligomer was removed post-syhthetically).
2.2.2 Cleava g e and Ba se D e prot ec tion
Cleavage of the assembled oligonucleotide from the support was
conducted on the synthesizer using concentrated aqueous ammonia and the
wait times of the standard DNA end procedure were increased to 1 800sec.
each to give a total cleavage time of 2 h. The ammonia solution was

incubated at 55°C for 8-15 h. After incubation the solution was evaporated to
less than 1 ml by passing an argon or nitrogen stream over the liquid layer
while heating the vial to a maximum of 40°C. Use of a rotary evaporator was
not possible due to extensive foaming of the sample while the 2' hydroxyl
functions of the oligonucleotide were protected with Fpmp groups.
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2.2.3 Purification Stj
At this stage the crude synthesis product (2'0-Fpmp protected and
carrying a MAT group on the 5' hydroxyl function) was purified by reversedphase HPLC. (For column, column dimensions, loop volume, flow rate and
detector see paragraph 2.1.5 b)
Buffer A: 0.lMammonium acetate (or 0.1Mtriethylammonium acetate)
Buffer B: 0.1 M ammonium acetate (or 0.1 M triethylammonium acetate), 60%
aceton it rile
Gradient:
Time

% Buffer A

% Buffer B

0

100

0

3
4

100
85

0
15

26

0

100

28

0

100

2.2.4 Desalting and Depr tam of the 2'-HydroxyLFunction
The purified synthesis product was concentrated using a nitrogen
stream. It was taken care not to evaporate the sample to dryness, especially
longer oligonucleotides were found to be difficult to dissolve in water while
protected on the. 2'-hydroxyl function. The solution (1 -2m1) was loaded onto a
gel filtration column (sequences longer than 12 bases long: Sephadex G25
in pre-packed Pharmacia NAP columns; sequences shorter than 12 bases
long: Sephadex Gb, 2.6 cm x 40 cm). The sample was eluted with water
and the relevant fractions (monitored by UV) were collected and evaporated
to dryness using above procedure. To the dry sample was added sterile
aqueous HCI (0.01 M, pH 2.0-2.5, 600p1/10 A260). The solution (slightly
cloudy) was incubated at 20°C for 20 h. The solution was neutralised by the
addition of tris(hydroxymelthyl)methylammne acetate (2M, pH7 - 8) and
evaporated to dryness using a rotary evaporator.
2.2.5 PurificationLStep 2
The deprotected oligonucleotide was purified by reversed-phase
HPLC following the procedure described in section 2.1.5 b. After purification,
the oligonucleotide solution was concentrated and then desalted using
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Sephadex gel filtration material as described in paragraph 2.2.4. The pure
oligoribonucleotide was stored as a lyophilised solid at -20°C.

(GzC) [34], (GLPC) I[FR3], (cAi) I131, (CAC) EtL 37 ]I
The title compounds were synthesized using 1 .Op.mole solid support columns
and RNA phosphoramidites obtained from Peninsula (ABI 380B): R34
6x1 .0imoles, R35 8x 1 .0imoles, R36 8x 1 .Op.moles and R37 2x1 .0imoles.
The average coupling efficiencies were rG 96%, rA 72-83%, rC 90-100%.
Cleavage from the synthesis columns and subsequent deprotection of the
nucleoside bases (55 0 C/6-7h) was followed by 2'-deprotection in TBAF
(1 mI/l .Oj.tmole prep IBAF, 1 M in THF)/THF (1 ml). The reaction was
quenched by the addition of an equal amount of ammonium acetate (1 M.
After treatment with cation-exchange resin (Na+form) and desalting on
Sephadex GlO (twice) the samples were purified by reversed-phase HPLC.
Sequence

HPLC code

Yield

r(GAC)

SERP.020

19

r(GUC)

SEORP.005

r(GAA)

SEIRP.012

29

r(CGAC)

SEIRP.038

15

1

17

r'(©GCU©) F3M
The title compound was synthesized using four 1 .Oi.tmole solid support
columns and RNA phosphoramidites obtained from Milligen Biosearch Inc.
(ABI 380B). The average coupling efficiency of each monomer was as
follows: rG - 99%, rA - 91%, rC - 97%, rU - 99%. Cleavage from the
synthesis column and subsequent deprotectionof the nucleoside bases (5055°C/8h) was followed by 2'-deprotection in TBAF (600il, 1 M in THF)/THF
(1 ml). The reaction was quenched by the addition of an equal volume of ammonium acetate (1 M. After treatment with cation-exchange resin (Na+
form) the sample was purified by anion-exchange and reversed-phase HPLC
(SEOONL.013, SERP.077). After final desalting on Sephadex G1 43 A 260
units of pure title compound were obtained (1.7mg, yield=1 0%).
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ii'(C©GAMUAGC) [38.2
The title compound was synthesized using three 1 .Op.mole solid support
columns and FOD - RNA phosphoramidites obtained from Applied
Biosystems Inc. (ABI 380B). The average coupling efficiency of each
monomer was as follows: rG - 87%, rA 99%, rC - 99%, rU - 100%.
Cleavage from the synthesis column and subsequent deprotection of the
nucleoside bases (55 0C/2h) was followed by 2'.deprotection in TBAF
(3x500l, 1 M in THF, 22h at room temperature). The reaction was quenched
by the addition of an equal volume of ammonium acetate (1 M. After
treatment with cation-exchange resin (NH4+form) the sample was purified
by reversed-phase HPLC (SERP.041). After final desalting on Sephadex
G10'31.5 A260 units of pure title compound were obtained (yield=9%).

UCA©)
The title compound was synthesized using Chemgenes 2'-O-silyl protected
phosphoramidites following the general method described above. The
oligoribonucleotide was synthesized on an ABI 380B automated DNA
synthesizer. The solid support (1.ORmole rC) was derivatised with N4Benzoyl-5'-O..(4,4'-dimethoxytrityl) cytidine (Damha et a!, 1991). Coupling
efficiencies of the RNA phosphoramidites were as follows: rA 96%, rG 98%,
rC 98%, rU 100%. After cleavage, base deprotection and deprotection of the
2'-hydroxyl functions, the oligoribonucleotide was purified by ion exchange
and reversed-phase HPLC (SEONS.009, SERP.083) and desalted on
Sephadex GlO, then lyophilised to yield 9.7mg white powder of title
compound (45% yield).
3]
The title compound was synthesized on a 2x1 .0 pmole scale using an ABI
394 DNA/RNA synthesizer (ChemGenes RNA (2'-OTBDMS) and ABI DNA
phosphoramidites). The deprotected synthesis product (267 A 260 units) was
analysed by ion exchange HPLC (SEOONL.01 5, SEIONL.01 7) and purified by
injections of low oligonucleotide concentration on reversed-phase HPLC
(SERP.102, .103 and .110) to yield 69 A 260 units (14%), respectively.

I11 The title compound was synthesized as a 1.0 lamole prep on an ABI
394 DNA/RNA synthesizer (ChemGenes 2'-O-TBDMS-protected RNA- and
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ABI DNA-phosphoramidites). After cleavage, base deprotection and
cleavage of the 2'-O-TBDMS groups, the crude synthesis product (61 A 260
units) was analysed by ion exchange HPLC (SEIONL.018) and reversedphase HPLC (SERP.104). The oligonucleotide mixture was purified by four
injections of 250 pi each on reversed-phase HPLC to yield 28 A 260 units
(26%). 12 A260 units (=43% of total) were further purified by preparative gel
electrophoresis following above method. The pure band was excised from
the gel, the oligomer was eluted with 0.5M NH40Ac. The supernatant was
desalted on a Sephadex GlO column to yield 4.4 A 260 units (8%) of pure
title compound. The purified sample was analysed by capillary zone
electrophoresis (appendix 8):
-peak
1
2

area%
26.306
73.694

RI
12.54
12.73

R4.3,The title compound was synthesized as a 1.0 .tmole prep on an ABI
381 A synthesizer following the described procedure for Cruachem 2'0-Fpmp
phosphoramidites. The synthesis yielded 113 A 260 units of 2'-protected
crude oligomer. An aliquot of the sample (10 A 260 units = 9%) was treated
with aqueous acid as described above to yield fully deprotected title
compound, and was purified by PAGE, eluted with ammonium acetate (1 M
and desalted on Sephadex GlO to yield 1.3 A 260 units (12%) pure title
compound.

The title compound was synthesized as a 1.0 p.mole prep on an ABI 394
DNA/RNA synthesizer using ChemGenes RNA (2'-OTBDMS) and ABI DNA
phosphoramidites. The deprotected synthesis product (52 A 260 units) was
analysed by ion exchange HPLC (SEION.018) and purified by reversedphase -iPLC (SERP. 113,.114 and. 123) to yield 34 A 260 units (28%).
7Jj
The oligonucleotide was synthesized on a 1 .0xmole scale on the ABI 394
synthesizer using ChemGenes RNA phosphoramidites (2'-OTBDMS) and
ABI DNA phosphoramidites. Coupling efficiencies were as follows: rA 90100%, rG 76 and 80%, rC 96%, rU 95 and 97%, [-O(CH2CH20)4-
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phosphoramidite]=TEG 100%. The deprotected synthesis product (92 A 260
units) was analysed by ion exchange (SEIONANA.01 1) and reversed-phase
HPLC (SERP63.007 and .008). An aliquot of the unpurified oligonucleotide
(12.5 A260 units = 13.6%) was purified by preparative polyacrylamide gel
electrophoresis (PAGE). 0.612 A260 units (2.1%) of title compound were
recovered from the gel.

The oligonucleotide was synthesized on a 1 .Ojimole scale on the ABI 394
synthesizer using ChemGenes RNA phosphoramidites (2.OTBDMS) and
ABI DNA phosphoramidites. The deprotected synthesis product (118 A260
units) was analysed by reversed-phase HPLC (SERP.149 and SERP.152).
An aliquot (20 A260 units = 17%) was purified by preparative polyacrylamide
gel electrophoresis. The title compound was recovered from the gel eluting
with 0.5M NH40Ac and incubating at 37°C overnight. The supernatant was
desalted on a Sephadex G 1 column to yield 2.4 A260 units (5.4%) of title
compound.

A©)(©C©)
8 x 1.0 imole preps of the title compound were synthesized on an ABO 394
DNA/RNA synthesizer using ChemGenes RNA (2'-OTBDMS) and ABI DNA
phosphoramidites. The average coupling efficiencies for the RNA
phosphoramidites were as follows: rA 97%, rG 100%, rC 96% and rU 106%.
Overall average coupling was 97%. After deprotection the synthesis yielded
1378 A260 units. The title compound was purified by reversed-phase HPLC
(39 injections of Ca. 23 A260 units each, SERP.159, SERP.163, SERP.165)
to yield 492 A260 units (13%).

The title compound was synthesized as a 1.0 imole prep on an ABI 394
DNA/RNA synthesizer using Cruachem RNA (2'-O-Fpmp)- and ABI DNA
phosphoramidites. The average coupling efficiencies of the
phosphoramidites was 99%, the hexaethylene glycol-phoshoramidite (=HEG)
coupled at 88%. The synthesis yielded 169 A 260 units of unpurified R54
before 2'-0 deprotection. An aliquot of 20 A 260 units (= 12%) was 2'-O-
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deprotected in 0.01 M HCI at pH=2..2.5 for 20 h at room temperature to yield
13 A260 units. 5 A260 units (=4.6%) of the deprotected oligonucleotide were
injected on reversed-phase HPLC (SERP.003) and yielded 1.8 A 260 units
(18.6%) of title compound. An aliquot of 10 A 260 units was purified by
preparative PAGE to yield 1.7 A 260 units (9%) title compound. The purified
compound was analysed by capillary zone electrophoresis (appendix 9):

1

area%
2.852

RT
12.21

2

15.429

12.41

3

81.718

13.45

peak

The rest of the sample was stored at 20°C for future use.

©]
U'

Ji

The title compounds were synthesized using Cruachem 2'-O-Fpmp protected
RNA phosphoramidites and ancillary reagents and ABI pre-packed solid.
support columns (dT, 0.2 xmole) on an 394 ABO automated DNA/RNA
synthesizer. TBB-biotin-Phosphoramidite (CbiO) was dissolved to a
concentration of 0.1 M in anhydrous acetonitrile. The coupling efficiencies of
the phosphoramidites were as follows: rA 99%, rG 100%, rC 99%, rU 99%,
TBB-biotin phosphoramidite 88%. After synthesis the oligonucleotides were
cleaved off the solid support with conc. aqueous ammonia, then heated in
the ammonia solution for 5 h at 65°C for cleavage of the base protecting
groups. The crude reaction mixtures were separated from low molecular weight impurities on Sephadex G25. The oligonucleotides were purified by
reversed-phase HPLC (SETEAA.005/002, 004;SETEAA.006/002, 004, 006),
then desalted on Sephadex G25. An aliquot of 1 A 260 unit/sample was
treated with acetic acid (10%, 1 00.tl) and incubated at room temperature for
20 h. The reactions were quenched with Tris.HCI (0.5M, pH 8-8.5, lOOpi)
and desalted on Sephadex G25. The deprotected oligoribonucleotides were
lyophilised and analysed by PAGE. After analysis, the stock solutions of title
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compounds were lyophilised, then mixed with acetic acid (10%; 2 ml, 2 ml,
1.2 ml, 1.4 ml and 600 jji, respectively) and incubated at 40°C until in
solution. After deprotection at room temperature overnight, ammonium
acetate (0.1 M was added to neutralise the reaction mixtures which were
then desalted on Sephadex G25.
code

A260 :
crude mixture

after
purification

after 2'deprotection

Yield [%]

R60
R61
R62

63
73
54
1 63

34
27
23
24

6.3
14.3
7.6
10.5

16
32
20

R63

164

7

R59

14.0

22

8.5
6©I

The title compound was synthesized using ABI FOD RNA phosphoramidites,
ancillary reagents and pre-packed solid support columns (dT, 0.2j.tmole) on a
380B automated DNA synthesizer. DMT-biotin-C6- and multiple-hydroxylphosphoramidites were used as 0.2M solutions in anhydrous acetonitrile.
Modifications to the standard synthesis cycle for 0.2 p.mole syntheses were
as follows:
Double delivery of Base and Base+tetrazole to columns during coupling
step for both MH and DMT-biotin-C6- phosphoramidites.
Coupling wait step was 5mm. for additions of multiple-hydroxyl and DMTbiotin-C6- phosphoramidites.
The coupling efficiencies of the RNA phosphoramidites and the biotin- and
MH- phosphoramidites were as follows: rA 98%, rG 95%, rC 98%, rU 99%,
DMT-biotin-C6 93%, multiple-hydroxyl phosphoramidite 73% (1st addition) and 82% (2nd addition). After cleavage from the solid support with aqueous
ammonia/ethanol (1:3) the oligonucleotide was heated in the cleavage
mixture for 2.5 h at 50°C and evaporated to dryness. Tetrabutylammonium
fluoride (1 M in THF, 500il) was added. After 22 h at room temperature
triethylammonium acetate (2M, 2501JJ) was added and the solution treated
with cation-exchange resin (NH4-form) to yield 36 A 260 units of unpurified
title compound. The sample was then desalted on Sephadex G25 to yield 29
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A260 units of deprotected oligoribonucleotide. The sample was purified on
reversed-phase HPLC (Buffer A: 0.1 M ammonium acetate; Buffer B: 0.1 M
ammonium acetate/60% acetonitrile), then desalted on Sephadex G25 to
yield 4.5 A260 units (10.6%) of pure title compound.

FCFA

z©)dT E]

©)((©

©J
Thetitle compounds were synthesized using Cruachem 2'-Fpmp protected
RNA phosphoramidites and ancillary reagents and ABI pre-packed solid
support columns (dT, 0.2 i.tmole) on an ABI 394 automated DNA/RNA
synthesizer. DMT-biotin-C6 phosphoramidite was dissolved to a
concentration of 0.15M in anhydrous acetonitrile and multiple-hydroxyl
phosphoramidite was dissolved to a concentration of 0.2M in anhydrous
acetonitrile. The coupling efficiency of the multiple hydroxyl phosphoramidite
was 108% (1st addition) and 93% (2nd addition). After synthesis the
oligonucleotides were cleaved from the solid support with conc. aqueous
ammonia, then heated in the ammonia solution for 5 h at 65°C for cleavage
of the base protecting groups. The oligonucleotides were purified by
reversed-phase HPLC (SERPTON.006/003 [R59A], 004 [R62A], 005 [R63A];
SERPTON.006/002[R61A], 003 [R80]), then desalted on Sephadex G25.
Purified samples were evaporated to a volume of less than 1 ml, desalted on
Sephadex G25 and evaporated to dryness. Hydrochloric acid (0.01 M, pH22.5, 3001.tl each) was added and the mixtures were incubated at room
temperature for 20 h. Tris.HCI (2M, pH8-8.5, 20l each) was added to
neutralise the reaction mixtures which were then desalted on Sephadex G25.
A260:
crude mixture

purified

deprotected

R59A

28

2.6

1.6

R61A
R62A
R63A
R80

18
34
23

3.6
2.3
2.9

1 33

12.9

2.3
1.6
1.9
12.1

code
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Yield [%L
4.2
6.4
3.9
4.2
17.0

The title compound was synthesized using ABI FOD-RNA phosphoramidites
and 5x1.0p.mole solid support columns (2 Milligen rGibU solid support
columns, 3 ABI FOD rGdmf solid support columns) on an ABI 381A
automated DNA synthesizer. Coupling efficiencies were as follows: rG 87%,
rA 99%, rC 99%, rU 100%. The oligomer was cleaved from the solid support
using the end procedure facility on an ABI 380B automated DNA synthesizer
and a mixture of ethanol/aqueous ammonia (1:3). The oligonucleotide was
heated in the solution for 2.5 h (ABO FOD rGdmf columns) or 5 h (Milligen
rGibu columns) at 55°C, then evaporated to dryness. Tetrabutylammonium
fluoride (500 p1 each, 1 M in THF) was added. After 22h triethylammonium
acetate (250 p1 each, 2" was added to quench the reaction. The
oligonucleotide was desalted on a Sephadex GlO column and was treated
with. Na+form cationexchange resin. The oligonucleotide was then purified
by reversed-phase and anion-exchange HPLC (SERP2.055,
SEOONEX2.016). After a further desalting step (Sephadex Gb), the sample
was lyophilised to yield 70 A 260 of title compound (14%).
'(©CAC1L)
The title compound was synthesized on an ABI 380B Synthesizer (1 .ORmole
scale) using Milligen 2'-O-TBDMS protected phosphoramidites. Average
coupling efficiencies of the phosphoramidites were as follows: rG 110%, rA
92%, rC 99%, rU 93%. The crude sample after base deprotection (2'-0TBIDMS) contained approx. 25 A 260 units. The 2'-O-TBDMS group was
cleaved using 250 p.1 tetrabutylammonium fluoride (1 M in THF),
triethylammonium acetate (250 p.l, 2" was added after 12 h to quench
unreacted reagent. The mixture was desalted on an OPC cartridge (Applied
Biosystems Inc.) following the instructions of the supplier to yield 31 A 260
units deprotected unpurified compound. The sample was purified by
reversed-phase HPLC (17 A 260) and desalted on Sephadex G25 Pharmaia
NAP column to yield 12 A260 units (12%) of pure title compound.
u'(©©GA©UG)
(R
9
Et19 (C©A A©UJ) U70] 9 (©©©) 71
The title compounds were synthesized on a 1 .0p.mole scale each using
Cruachem 2'-O-Fpmp protected phosphoramidites and pre-packed solid
support columns on an ABI 394 DNA/RNA automated synthesizer. The

210

oligonucleotides were synthesized, cleaved from the solid support and
deprotected according to the procedure described above. The crude mixtures
were purified twice by reversed-phase HPLC, before and after 2'-O-Fpmp
deprotection. After purification the samples were desalted on Sephadex GlO
and evaporated to dryness.
1A260 1
cru de*

after deprotection
and 2nd HPLC

Yield [%]

R64 160

after 1st HPLC (2'O-Fppp protected)
13 (SETEAA.009/3)

6 (SERP.030/2)

6

70
80

30 (SETEAA.009/5)
54 (SETEAA.010/3)

16 (SERP.030/3)

16

14 (SERP.034/2)

50

45 (SETEM.010/

14 (SERP.03212)

15
14

29(SERPO.34/1)

29

R66
R69
R70

62 (SETEAA.011/2)
R71 150
*approxim ate measurements

1

7]
The title compound was synthesized using ABI FOD RNA phosphoramidites
and Milligen solid support columns (3x1 .0pmole, rGibu) on an ABI 394
automated DNA/RNA synthesizer. Average coupling efficiencies of the
phosphoramidites were as follows: rA 97%, rG 91%, rC 97%, rU 102%. The
sample was cleaved from the solid support with a mixture of ethanoVaqueous
ammonia (1:3) and then heated overnight at 50°C. The sample was
deprotected in tetrabutylammonium fluoride (3m I, 1 M in THF) for 20 h.
Excess reagent was quenched by the addition of triethylammonium acetate
(3ml, 0.1 M in water). The crude reaction mixture was desalted on a
Sephadex G 1 column and treated with cation-exchange resin (N H4+ form)
(57 A260 units). After a second desalting procedure the sample was
analysed and purified by reversed-phase HPLC (SERP.043/1), then desalted
on Sephadex G10 to yield 24 A260 units (22%) of title compound.

The title compound was synthesized using ABI FOD RNA phosphoramidites
and Milligen solid support column (1 .0pmole, rABz) on an ABI 394 automated
DNA/RNA synthesizer. Coupling efficiencies of the phosphoramidites were
determined from the trityl colours of the test sequence r(AGCU)dT: rA 105%,
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rG 96%, rC 93%, rU 97% (small scale synthesis, 0.2pmole). After cleavage
and base deprotection, the sample was deprotected on the 2'-hydroxyl
functions in tetrabutylammonium fluoride (1 ml, 1 M in THF) for 20 h. Excess
reagent was quenched by the addition of triethylammonium acetate (1 ml,
0.1 M in water). The crude reaction mixture was desalted on a Sephadex G1
column (29 A260 units) and treated with cation-exchange resin (BioRad,
Analytical Grade Cation Exchange Resin AG 50W-X8, 200-400 mesh, NH4
form) (30 A 260 units) followed by a second desalting step (25 A 260 units)
and a second cation-exchange treatment. The sample was analysed and
purified by reversed-phase HPLC (SERP.043), then desalted on Sephadex
G10 to yield 15 A260 units (13%) of title compound.
V(UAGUUAACUAj
The title compound was synthesized using ABI FOD RNA phosphoramidites
and a Milligen solid support column (1.0pmole, rAbZ, ABI 381A). Average
coupling efficiencies of this batch of phosphoramidites were as follows: rA
100%, rG 96%, rC 97%, rU 101%. The sample was cleaved from the solid
support with a mixture of ethanol/aqueous ammonia (1:3) and then heated
for 5 h at 55°C. The oligonucleotide was deprotected at the 2'-hydroxyl
functions using tetrabutylammonium fluoride (0.5 ml, 1 M in THF) for 24 h.
Excess reagent was quenched by the addition of triethylammonium acetate
(0.5 ml, 2M. The crude reaction mixture was desalted on a Sephadex GlO
column and treated with cationexchange resin (Na+form). The sample was
purified by reversed-phase HPLC (SERP.050/7) then desalted on Sephadex
GlO to yield 17 A260 units (15%) of title compound.
v(GAUUQAGUQC) ERGS], GJGC)

7L ROB

The title compounds were synthesized on a 1 .0pmole scale each, using
Cruachem 2'-O-Fpmp protected phosphoramidites and pre-packed solid
support columns on the ABI 380B DNA/RNA automated synthesizer. The
oligonucleotides were synthesized, cleaved from the solid support and
deprotected according to the procedure described above. The crude mixtures
were purified twice by reversed-phase HPLC, before and after 2'-O-Fpmp
deprotection. After purification the samples were desalted on Sephadex GlO
and evaporated to dryness.
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A260 crude*
(2'-O..Fpmp)

pure and
Fpmp off

[%]

HPLC code

R86

79

0.65

0.6

R87
R88

55
54

8.6
9.7

8
10

SERPL2.007/7;
SERP2.034/5, .043/1
SERPL2.007/8, SERP2.043/2
SERPL2.010/4, SERP.034/6,
SERP2.043/3

R89

68

9.2

9

SERPL2.011/1, SERP.034/7,
SERP2.043/4

JC) EL
(ALC)
©L
The title compounds were synthesized with Cruachem 2'O.Fpmp protected
phosphoramidites and pre-packed solid support columns (1 .0pmole scale) on
an ABI 380B DNA/RNA automated synthesizer. The oligonucleotides were
synthesized, cleaved from the solid support and deprotected as described
above. The crude mixtures were purified by reversed-phase HPLC
(SERPL2.01 4/1; SERPL2.01 5/1), before cleavage of the 2'-O-Fpmp and 5'0-dimethoxytrityl groups. After purification the samples were deprotected as
described previously, desalted on Sephadex G 10 and evaporated to dryness
to yield 13.9 A260 (13%) and 32.1 A 260 (30%), respectively.
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3. Polyacrylamide Gel Electrophoresis_(Grierson eta!, 1987)
Stock solutions and reagents:
40% acrylamide/bisacrylamide in water (5% w/w N,N'methylenebisacrylamide in acrylamide)
0.9Mtris(hydroxymethyl)methylamine borate, 25 mM EDTA at pH 8.3 (lOx
TBE stock)
urea to make a 7M gel (42 g in 100 ml)
10% ammonium persulfate
N,N,N',N',4etramethylethylene diamine (TEMED)
80% formamide, 10mM EDTA, 0.1% bromophenolblue, 0.1% xylene
cyanole (loading mix 0), 90% formamide, 20mM EDTA, 0.1%
bromophenolblue (loading mix 00)
Gel setups used were
Sturdier 24 cm Vertical Slab Gel Unit SE 410, Hoefer Scientific
Instruments, 0.75 mm spaced/20 wells, 1.5 mm spaced/1 0 wells or for
preparative gel electrophoresis 1.5 mm spaced/1 well. This setup was used
for analysing DNA/RNA synthesis products and for the purification of
synthesized RNA.
Model S2 Sequencing Gel Electrophoresis Apparatus, GIBCO BRL,
42.2 x 21.6 x 44.5 cm, 0.4 mm spacers, 14 cm vinyl sharkstooth combs. This
setup was used for analysing 32P labelled RNA sequences (monitoring
ribozyme cleavage activity).
For preparing 100 ml gel 42 g urea, 50ml acrylogel stock and 10 ml
1 Ox TBE stock solution were mixed until the urea dissolved. The solution
was made up to a volume of 100 ml and degassed under vacuum. Freshly
prepared ammonium persulfate was added (1 ml) and TEMED (Ca. 20 .tl)
was added just before pouring the gel. Dried oligonucleotides were dissolved
in loading mix and heated in a boiling water bath for 1 mm. then cooled
immediately in ice. The solution (1-10 lal, depending on well size, 200 - 300
RI for preparative loading) was then loaded into the well of the prepared gel
and run at 40-50 mA ("Sturdier" setup) or 20 mA (sequencing setup)
constantcurrent. Non-radioactive RNA or DNA bands were visualised by UV
shadowing over silica 60 F254 on aluminium sheets, 0.2mm layer (Merck).
32p labelled oligonucleotides were visualised by autoradiography.
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[y 32 P]ATP 5 End Labelling of Oligonucleotides
A solution of oligonucleotide in water (10iM was heated to >80°C in a
boiling water bath for 1 mm., then cooled immediately in ice. 1tI of this
solution was mixed with lOxpolynucleotide kinase buffer ("PNK 0-buffer; 0.1M
MgCl2, 0.5MTris-Cl, 1mMEDTA, 50mMdithiothreitol), [-y 32 P]ATP (5i.l,
lopmoles), water (8p1) and T4 polynucleotide kinase ("PNK", 4j.tl, 8 units).
The mixture was incubated at 37°C for 45 mm., then heated to 68°C for 10
mm. to inactivate the PNK.
Ribozyme Cleavage Reactions:
Stock solutions
Code
R44.3

substrate 1

Concentration, Buffer
Solution
1 g in buffer, 20mMMgCl2,
0.1 MTris-Cl, 0.2mM EDTA,
10mM dithiothreitol, 8
units/20 p1 T4 PNK,

ribozyme 1 (dT4 in loop)
ribozyme 2
(tetraéthyleneglycol linker in
lo o p position)
ribozyme 3
(hexaethyleneglycol linker in
l oo p position)

R43
R47

deactivated
10pM in water
10pM in water

R54

1 0l.LM in water

0.5MTrisHCl, pH8

lOxRc cleavage buffer

The cleavage solutions were made up as follows
D
B
C
2 p1
ribozyme 1 [R431
2pl
ribozyme 2 [R471
2pl
ribozyme 3 [R541

E

-

-

-

-

-

1 OxRc

2pi

2pl

2pl

2pl

substrate [R441
water
total vol.

2pl
14pl
20pl

2pl
1491
20pl

2p.l
14p.l
20pl

2p.l
I 16p.l
20pI
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I

The reaction mixtures were incubated at the desired temperature. Aliquots of
3 RI were taken at t=0, 1 h, 2 h, 4 h, 6 h, 15 hand mixed with loading mix II
(6 p.1, 90% formamide, 20mMEDTA, 0.1% bromophenolblue) to stop the
reaction. The reaction mixtures were analysed by PAGE (20%
acrylamide/bisacrylamide, 7M urea, 0.4 mm spaced, as described above)
and visualised by autoradiography (3p.I / well, exposure time 5 mm. at -70°C
using an intensifying screen).
Enzyme Digestion of Oligodeoxynucleotides
Phosphodiesterase 1 (Type VII, Crotalus atrox venom, 0.1 unit/mg) and
alkaline phosphatase (Type Ill, E. coli, 31 units/mg) were purchased from
Sigma. Approximately 1 absorbance unit (260nm) of oligomer was mixed with
buffer (1 ml, 50 mMTris-HCI; 1 M NaCl, pH 7). The sample was heated to a
temperature above the melting temperature of the duplex (for selfcomplementary sequences) and the absorbance at 260 nm was measured.
Phosphodiesterase 1 (1 p.I, 0.5mg / 50p.1 stock solution) and phosphatase
(iRl' 1p.1/19pi water stock solution) were added and the mixture was
incubated at 37°C for 20 h. The hypochromicity F of the oligonucleotide was
then determined as follows:
F260 nm = abs. after digestion/

before digestion.

Ultraviolet Melting Studies
Absorbance vs. temperature melting curves were measured at 260nm on a
Perkin-Elmer Lambda 15 ultraviolet spectrophotometer equipped with a
Peltier block and controlled by an IBM PS2 microcomputer. A heating rate of
0.9°C min -1 was used throughout and melting curves were measured in
triplicate (except when otherwise stated). The data was processed using the
Perkin Elmer PECSS 2 software package. Concentrations of single strands
were determined from the extinction coefficients (appendix 2) and the
absorbance (260nm) at T>Tm: Abs.= E x cone. x d (d=pathlength in cm).
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Meltina temperatures were determined in
BUFFER A

BUFFER B

0.1MNaCI
0.1MNaCI
0.01 M NaH2PO4 0.1 M NaH2PO4

BUFFER C

BUFFER D

10mMMgCl2
0.01 M NaH2PO4

1M NaCl
0.01 M NaH2PO4
20mM sodium

Mai M sod ium

20mMsodium

20m

sodium

cacoylate

cacody late

cacodylate
1mMEDTA

1mMEDTA
1mMEDTA
(All buffers at pH7 unless otherwise stated.)

cacodylate
1mMEDTA

For determination of thermodynamic data melting temperatures were
obtained at different concentration values. The data points were fitted to a
van't Hoff plot (plot of reciprocal melting temperature Tm vs the logarithm
of the strand concentration In CT). Straight lines were fitted to the data using
a linear regression program on a BBC microcomputer. Thermodynamic
parameters were calculated using the following equations:
(CT = total concentration of single

1/Tm = (R/iHO) x In(CT) + iS 0/AH 0

strands)
= slope
AS°/AH°= intercept
AGO (298K) = FIT x in(CT) or AGO (298K) = RT x in(CT/4) for non-selfcomplementary sequences; AGO (298K) = AH° - TAS°
8. Chemical Synthesis
me©O©xy)44ti1©xan®©ani yDJ
i J. 1 3-(4,4'..dimethoxytrityloxy)-4,7, 10trioxaundecan-1-ol (1.9g, 2.7 mmcl) was dried by coevaporation with dry
dichloromethane and then dissolved in anhydrous tetrahydrofuran (5ml).
Anhydrous diisopropylethylamine (4 eq., 8.8 mmol, 1.5 ml) was added. 2- cyanoethyl N,N-di-i sop ropyl-phosphoramidochloridite (1.5 eq., 3.3 mmoi.
0.74 ml) was added dropwise. The reaction was finished after 1 h as
monitored by tic (system A). An excess of ethyl acetate was added and the
solution washed with saturated sodium chloride. The organic layer was dried
(MgSO4) and evaporated to dryness. The residue was purified by wet-flash
2©yanolyD till

silicagel column chromatography, eluting with ethyl acetate (1% triethylamine
in ethyl acetate was used to pack the silicagel column). The appropriate
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fractions were combined and evaporated to a pale yellow oil. The title
compound was precipitated into sodium dried hexane at -70 0C. Yield: 1.09
g, 1.12 mmol, 86%. 8p (80 MHz, CDCI3) 148.347/7854,22.346/6536,
4.846/6539 [ppm/intensity]. Rf 0.43 (B), 0.33 (C), 0.39 (D). f.a.b. ms m/z
697(M+H). 6c(50.320 MHz;CDCI3) 158.21, 144.93, 136.16, 129.90,
128.04,127.59, 126.49 (7C, ar); 117.62 (1C, -CN); 112.87 (2C, -CH3); 85.75
(1C, C); 71.13, 70.99, 70.57, 62.97, 62.58, 62.24, 58.54, 58.17 (8C, ..CH2-);
55.04 (2C, .CH3); 43.01, 42.77, 24.49, 24.41 (2C, diastereomers, N-CH);
20.20, 20.07 (2C, .CH2CH2[CN]).
cm11 ©O
Mp
y©y)4l ,1
1 7'
3,6,9,12,15-pentoxaheptdecan-1,17-diOl (3g, 10.63 mmol, 3 eq) was dried
by coevaporation with anhydrous pyridine. It was then dissolved in
anhydrous pyridine, 10 ml). 4,4dimethoxytrityl chloride (1.2 g, 3.54 mmcl, 1
eq), dimethylaminopyridine (0.022 g, 0.18 mmol, 0.4 eq) and triethylamine
(0.537 g, 0.739 ml, 5.31 mmcl, 1.5 eq) were added. After 2 h the reaction
was evaporated to dryness, then dissolved in 20 ml ethyl acetate and this
solution was washed with sat. aqueous NaHCO3 (50m1), then sat. aqueous
KCI (50 ml). The organic layer was dried over MgSO4, filtered and
evaporated in vacuo. The product was purified by wet-flash chromatography,
eluting with dichloromethane containing 0-1% methanol. The title compound
[2] was obtained as a yellow oil (1.47 g, 2.5 mmcl, 71%). Rf 0.40 (E), 0.49
(F), 0.84 (G). f.a.b. ms m1z584 [(M-H)]. 8H (200.130 MHz; CDCI3) 2.50
(1H, bs, -OH); 3.18 (2H, t, 1-CH2;, 3.63, 3.66 (22H, 2s, -CH2CH20-); 3.77
(6H, s, .00H3), 6.77-6.83 (4H, m, Ar-H), 7.10-7.47 (9H, m, Ar-H).
yOozy)4999 l1
-Cy©hyD 7(4©pyll ©eph©iramooe t311.
p©d®©
Compound [2] (1.199, 1.7 mmcl, 1 eq) was dried by coevaporation with
anhydrous dichloromethane and then dried over silicagel (6-16mesh, self
indicating) in vacua The compound was dissolved in anhydrous
dichloromethane (5 ml). Diisopropylethylamine (1.39 ml, 8.0 mmcl, 4.7 eq)
and 2-cyanoethyl N, N-di-isopropyl-phosphoram idochlo rid ite (0.69 ml, 3.1
mmol, 2 eq) were added dropwise. After 1 h the reaction was stopped by the
addition of ethyl acetate (5m1) and washed three times with sat. NaHCO3.
The organic layer was dried over MgSO4 (dried), filtered and evaporated in
vacuo. The compound was purified by wet silicagel chromatography, eluting
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with ethyl acetate! diethylether (5:5) (H) to yield [3] as a colourless oil (1.34
g, 1.7 mmol, 100%). Rf 0.46(H, notriethylamine), 0.67(D), 0.56(A, no
triethylamine). 6p (80 MHz, CDCI3) 148.886. f.a.b. ms m/z783 [(M-1)]. 8H
(200.130 MHz, CDCI3) 7.19-7.46 (9H, m, Ar-H), 6.77-6.82 (4H, m, Ar-H),
3.75 (6H, s, -OCH3), 3.60-3.67 (24H, m, -OCH2CH2), 3.56-3.57 (2H, t, CH2CN), 2.58-2.64 (2H, t, -OCH2-), 1.14-1.18 (14H, m, -C(CH3)2).
9. Extinction Coefficient of 2'-Deoxyinosine
2'Deoxyinosine (0.01097g, 4.3497xlO -5 moles, C10H12N404) was
dissolved in water (11). The absorbance of the solution was measured at
260nm: Abs=0.3985. CHN analysis of the 2'-deoxyinosine-batch which was
used gave the following results:
%

%C
calculated

actual

calculated

actual

calculated

actual

47.6

47.3

4.8

4.8

22.2

22.1

%

The extinction coefficient was calculated as follows:
Mwt=252.2; Abs (conc.=4.3497x10 5 M=0.3985; Abs.=c x x d; d=1 cm;
hence c= 9x10 3 M 1 I cm -1 .
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1plpctT1ix 1

Extinction Coefficients of Oligonucleotides
$calculated using the following equation:
E260 (oligodeoxynucleotide) = I e(N) x F

e260(dA) = 15.4 x 103, e260 (dG) = 11.7 x 103, E260 (dC) = 7.3 x 103, c260(dT)
= 8.8 x io [mol 11 cm-1), 2260 (dl) = 9 x 103 and c260(rA) = 15.3 x 103,
E260 (rG) = 11.4 x 1 3 , E260 (rC) = 7.6 x iO, c 260(rU) = 10.0 x 10 3 [mol 1- 1
cm 1 ] (Sproat, B. S. & Gait, M. J. (1985) in Oligonucleotides-a practical
approach, Gait, M. J. (Ed.), p 109, ORL Press, Oxford); biotin, multiple
hydroxyl- (MH), tetraethyleneglycole- and hexaethyleneglycole- linkers did
not contribute to the absorbance at 260nm.
*h ypoch r omicity factors F were determined by enzyme digestion
-hypochromicity factors F were estimated
calculated according to K.H. Johnson and D.M. Gray (in Methods in
Enzymology, (1989) Volume 180, Part A. General Methods, J. E. Dahlberg,
ed., p.311)
Code

5' Sequence 3'

e260(p.M$

Hypochromicity
F

06

d(GTGAACTT)

D13

d(GTTAACTT)

80.9
76.5

0.9 *
0.8*

D14

d(GTTAAC)

47.4

0.7 *

Dl 5
D18
D19
D20

d(GTGMC)
d(GTAGACTT)
GTIAACU)
d(CCAAIATTGG)

54.7
70.3
76.9
88.8

0.7 *

021

d(CCAAAGTTGG)

0.8 *

022

d(CCAAGATTGG)

023

d(CCATGAATGG)

90.8
90.8
97.6

D24

d(CCATIMTGG)

88.8

D25

d(CCACGAGTGG)

0.8 *
0.8 -

187

221

0.8
0.9
0.8 *
0.8
0.9 *

Code

Hypochromicity

5' Sequence 3'

F
026

d(CCACIAGTGG)

85

0.8 -

D27

d(CCAAGAATGG)

87

0.8

D28

d(CCAGIACTGG)

85

0.8 -

D37

d(CCAATATTGG)

91

0.8 -

D42

d(CCACTAGTGG)

84

0.8 -

D43

d(CCAGTACTGG)

84

0.8 -

D44

d(CCAATATTGG)

89

0.8 -

045

d(CCATTAATGG)

89

0.8 -

D46

d(CGAGTGMCGAG)

115

0.8 -

D41

d(CCTGAGAAGG)

93

0.8 -

D48

d(CCACAGGTGG)

87

0.8 -

D49

d(CCATAGATGG)

91

0.8 -

051

d(CGAGTGAGTGAG)

113

0.8-

D52

d(GAGTGAACGA)

100

0.8 -

029130

d(CCAAGAATGG).(CC

91

0.8 -

ATGATTGG)
031/32

d(CCAAVAATGG)

86

0.8 -

D33/34

(CCATAUGG)
d(CCAAGAGTGG)

89

0.8 -

(CCACGATTGG)
D35/36

d(CCAAIAGTGG)
.(CCAC!ATTGG)

87

0.8 -

038/39

d(CCACGAATGG)

89

0.8 -

(CCATGAGTGG)
040/41

d(CCACIAATGG)
.(CCATOAGTGG)

87

0.8 -

053/054

d(CCACTAGTGG)
(CCATTAGTGG)

84

0.8 -

D55/D56

d(CCACTAATGG)
(CCATTAGTGG)

86

0.8 -

222

Code
D68

Sequence
d(GA) 6
d(GA) 18

D69
D76

d(TA)1 8
d(GA) 12

DR86

d(GCACGAMTC)
d(GCAAGACCATC)
d(GCACTAAATC)
d(GCAATACATC)
d(GCACAGAATC)
d(GCAAAGCATC)
r(GAC)
r(GUC)
r(GAA)
r(CGAC)
r(CCACGAGUGG)
r(CCACUAGUGG)
r(CCACAGGUGG)
r(CCAGGACUGG)
r(CCAGUACUGG)
r(CCAGAGGUGG)
r(CGAGUGAACGAG)
(GAGUGAACGA)
r(UAGUUAACUA)
r(GAIJUGAGUGC)
r(GAUGGAUUGC)
r(GAUUUAGUGC)
r(GAUGUAUUGC)
r(GAUUAGGUGC)
r(GAUGAGUUGC)

D67

DR87
DR88
DR89
DR90
DR91
R34
R35
R36
R37
R64
R65
R66

R69
R70
R71
R75
R76
R78
R86
R87
R88
R89
R90
R91

145
433
409
289
102
103
103

101
103
98
32
28

38
39

100
100
101
96

100
100
110
112

112
106
106
94

106
107
106
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Code

Sequence
$,

(F=0.9)

R43

d(CTTCAT)r(CUGAUGA)d(TTTT)r(GAAAC)d(CCGC)dC

243

R44

r(GCGGGUCAUGAA)dG

122

R45

r(GCGGGU)d(C)r(AUGAA)dG
d(CTTCAT)r(CUGAUGA)[-O(CH2CH20)4-]

120

R47
R49
R51
R54
R59
R60

r(CGAAAC)dJCCGC)
r(CGGGUCAUGA)O(CH2CH20)4"d(TCAAT)
r(CUGAUGA)O(CH2CH20)4r(GMAC)d(CCGC)
r(GCGGGU)d(C)r(AUGAAGUUCG)d(CTTCAT)r(CUGA
UGA)d(Tm)r(GAAAC)d(CCGC)
d(CUCAT)r(CUGAUGA)[-O(CH2CH20)6-]
r(GAAAC)d(CCGC)dC
rU(bio)2r(GAGCUAAGMAGUGUA)(biO)2dT
rU(bio)2r(GAUAUUAUUUUUGMCAUA)(biO)2dT
rU(bio)2r(AGUACGACGAGCUMG)(biO)2dT

219
260
465
211

198
221

(4xbio)(2xMH)(MH)r(GAGCUAAGAAAGUGUA)dT

189
215
234
189

R60A

(4xbio) (2xM H) (MH) r(GAUAU UAU UU U UGMCAUA)dT
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R61 A
R62A

(4xbio) (2xMH)(MH) r(AGUACGACGAGCUAAG)dT
(4xbio)(2xMH)(MH)r(GAAAAAAUGUUAGUAAC)dT

180
206

R63A

(4xbio)(2xMH)(MH)r(CGAAUAUUUAUAGAAAAC)dT

225

R80
D77
D78

(4xbio)(2xMH)(MH)r(CUUCUUCUGGUAUGA)dT
d(A(GA)10IA)
d(GA(A)10GA)

150

R61
R62
R63
R59A

rU (bio)2r(GAAAAAAUGU UAGUAAC) (bio)2dT
rIJ(bio)2r(CGAAUAUUUAUAGAAAAC)(bio)2dT

224

268
288

0 BE

i1tF2

Meltina TemDeratures of DNA Hexamers and Octamers in Buffer B).
conc. [pmol/l] calc. for D6 at
Tm [K]
5' Sequence 3'
Code
same conc.
D6

[d(GIGMCTT)]2

298.7

28

D18

[d(GICU)]2

279.0

28

298.7

D19

[d(GIAACTT)]2

282.0

25

298.4

D13

300.9

42

300.4

D14

[d(GITAACTT)]2
[d(GITAAC)]2

288.2

53

1300.6

D15

[d(GI(MMC)]2

293.1

45

301.3

-

a) [d(GIcMCTT)]2 [D6]
lflCt

1/Tm

301.80.2

-9.88

3.31x10 3

38

299.40.1

-10.18

16

297.70.3

-11.04

3.34x10 3
3.36X1 0-3

15

2950.7

-11.12

3.39x10 3

6.9

2940.6

-11.88

3.41x10 3

conc [p.mol/l]

Tm

51

j

Best slope = -4.3817x10 5
Error in slope = 8.4329x1 06
Best intercept = 2.8877x1 0-3
Error in intercept = 9.1443x10 5
b) [d(GITMCTT)]2 [D13]

-

conc [p.mol/l]

Tm [KJ

lflCt

1/Tm

52

301.0±0.1

-9.86

3.32x10 3

42

300.8±0.2

-10.08

34

300.2±0.2

-10.30

3.33x10 3

14

297±0.5

-11.18

3.37x10 3

5.3 -

293±0.6

-12.15

3.41x10 3

-12.90

3.46x10 3

289.3±0.2
2.5
Best slope = -4.4094x10 5
Error in slope = 2.9277x10 6
Best intercept = 2.8799x1 0-3
Error in intercept = 3.2595x1 0

225

-

3.33x10 3

AH°

AG (298 K)

AS°

[kcal mo1 1 1 Jcalmol 1 K 1 J
[d(GIcMCU)]2
[d(GITAACTT)]2

1

[kcal mol 1 1

Tm (1jtM

IJ

-.45.35

-131.0

-6.33

286.3

-45.07

-129.8

-6.39

1286.6

c) The pH dependence of the melting behaviour of [d(GTGAACTT)]2 [D6] at
the concentration of 9p.M (buffer B was adjusted to pH 5.6, 6.0, 6.5, 7.0 and
7.9, respectively)
pH

TmJ

5.6

295.6±0.1

6.0

294.9±0.4

6.5

296±0.5

7.0

295±0.7

7.9

295±0.9
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iisiI1
Melting Temperatures of DNA Decamers (Buffer A).
Numbers in brackets designate melting temperatures which were measured
in iink't
5'

Tm at 2-3pM

Tm at 16-

Sequence 3'

18.tM[K]

D25

CCA&TGG

325.1±0.2

320 [7.tM]

D26

CCADLTGG

1.) <305

1.) (297)

2.) 331.0±0.2

2.) 332±1

1.) 299±1

1.) (301)

2.) 323±1

2.) (329)

1.) 280.2±0.2

1.) 281.0±0.2

2.) 322.6±0.3

2.) 324±0.8

CCATATGG

D42

CCAATGG

D48

D27

I CCA-QGA-QTGG

319.7±0.1

(314)

D28

CCAOATGG

322.6±0.1

(317)

D43

CCATATGG

323.0±0.

(317)

D49

CCATGG

308.6±0.1

(299)

D23

CCAIMTGG

307.6±0.2

(299)

D24

CCAIDMTGG

no transition

not

-

determined

between
1

-

53°C

D45

CCAITAATGG

313.4±0.1

(306)

D50

CCAIIWATGG

280.3±0.4

279.6±0.2

(308)

311±1

CCAAUGG

305.4±0.3

(301)

CCAADAIGG

305.5±0.3

D22
D20

I

227

1

(298)

5' Sequence 3'

Tm at 16-

Tm at 2-3.tM

18pM[K]

[]

D44

CCMTAITGG

314.8±0.1

(309)

D21

CCAMUGG

<290

not
determined

D46

321.4±0.1

AIAA

not
determined

D47

CCIAMGG

no transition

not

between

determined

5 56°C
-

297.2±0.1

D51

not
determined

D38/39 (CCAMTGG).(CCAI(GATGG) 315.9±0.2

(307)

309.0±0.4

(301)

D53/54 (CCATMTGG).(CCAITATGG) 316-8±0-1

(311)

D29/30 (CCAAMTGG).(CCAIUGG) 298±0.6

no transition,

D40/41 (CCAD/ATGG).(CCAI&Q.TGG)

1-73°C
D31/32 (CCAADMTGG).(CCAIOzITGG)

301.3±0.2

no transition,

1-73°C
310.1±0.1

(302)

310.7±0.2

(304)

D57/58 (CCAATATGG).(CCATAITGG) 317.6±0.1

(312)

D33/34

(

D35/36 (CCAAD&TGG). (CCADAITGG)

228

Thermodynamic Parameters of RNA Decamers (Buffer A).
a) R64 [r(CCAAUGG)]2
conc [pmol/l]

Tm []

324.7±0.1
322.8±0.1
320.8±0.2
318.2±0.2
316.5±0.3
Best slope = - 3.4256x1 O' 5
Error in slope = 4.3356x10 6
Best intercept = 2.7156x10 3
Error in intercept = 5.1942x10 5

41
21
9.5
4.4
2.0

lnCt

lrrm

-10.10
-10.77
-11.56
-12.33
-13.12

3.08x10
3.10x10
3.12x10
3.14x10
3.16x10

lflCt

1/Tm

-10.10
-10.45
-10.82
-11.25
-12.82

2.97x10
2.98x10
2.98x10
3.00x10
3.03x10

3
3
3
3
3

b) R65 [r(CCAUAUGG)12
conc [pmol/l]

Tm []

337.2±0.1
336.3±0.1
335.5±0.1
17
333.5±0.1
10
330.3±0.1
2.1
Best slope = 2.1399x10 5
Error in slope = 1.9331 xl 06
Best intercept = 2.7502x1 0'
Error in intercept = 2.1927x10 5

35
25

'

3
3
3
3
3

c) R66 [r(CCAUGG)]2
conc [p.mol/l]

Tm [!J

322.1±0.1
320.4±0.1
318.9±0.3
316.7±0.1
313.6±0.2
Best slope = - 2.7703x10 5

43
22
12
7.0
2.0

lflCt

1/Tm

-9.84
-10.49
-11.08
-11.62
-12.90

3.11x10 3
3.12x10 3
3.14x10 3
3.16x10" 3
3.19x10 3
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Error in slope = 1 .3945x1 0-6
Best intercept = 2.8276x1 0-3
Error in intercept = 1 .5990x1 0-5
d) R69 [r(CCAZkQUGG)]2
conc [pmol/l]

Tm

[!S]

InCt

lrrm

45

327.6±0.1

-9.83

3.05x10 3

20

324.9±0.1

-10.64

3.08x10 3

12

323.6k

-11.18

3.09x10 3

6.3

321.9±0.1

-11.80

3.11x10 3

319.3±0.2
2.0
determined in duplicate
Best slope = -2.5468x10 5
Error in slope = 2.1748x10 6
Best intercept = 2.8001x10 3

-12.94

3.13x10 3

Error in intercept = 2.5029x1 0
e) R70 [r(CCAUAUGG)]2
conc [pmolIl]

Tm (!)

lflCt

1/Tm

40

337.4±0.2

-9.92

2.96x10 3

19

334.8±0.1

-10.67

2.99x10' 3

11

333.9±0.1

-11.21

3.00x10 3

5.5

332.8±0.1

-11.88

3.01x10 3

1.8

330.0±0.1

-12.98

3.03x10 3

Best slope = -1.711 4x1 0-5
Error in slope = 6.0496x10 7
Best intercept = 2.8038x1 0-3
Error in intercept = 7.2179x10 6
f) R71 [r(CCAUGG)]2
conc [imol/I]

Tm [!]

lflCt

1/Tm

37

321.3±0.1

-9.99

3.11x10 3

25

320.3±0.1

-10.38

3.12x10 3

12

318.1±0.1

-11.11

3.14x10 3

3.9

315.6±0.1

-12.25

3.17x10 3

2.0

314.5±0.4

-12.90

3.18x10 3
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Best slope = -2.4655x10 5
Error in slope = 9.5809x10 7
Best intercept = 2.8595x10 3
Error in intercept = 1.11 07xl 0-5
ThrmrwIvnmir

Code

flati for RNA Dcamers

Sequence

AS°

AHO

-

AG
(298 K)

Tm
(1iM
[K]

[kcal

[kcal

[kcal

mo1 1 1

moi' 1 K-1 1

mol' 1 1

R64

r(CCAAUGG)

-58.0

157.5

-11.1

314

R65

r(CCAUAUGG)

-92.9

-255.4

-16.8

328

R66

r(CCAiWUGG)

-71.7

-202.8

-11.3

312

R69

r(CCA/UGG)

-78.0

-218.5

-12.9

317

R70

r(CCAUAUGGL -116.1
r(CCAiWUGG) -80.6

-325.6

-19.1

329

-230.5

-11.9

313

R71

231

G.A Mismatches in DNA/RNA Hybrids (Buffer A)
RNA/DNA Hybrid Duplexes

Tm [K]

conc. (iM

R86.DR86 r(3AUUtkUGC).d(GCAGAMTC)

291.8±0.1

5.3

UUGC).d(GCA&QATC)

294.3±0.1

4.8

R88.DR88(GAUllUAUGC).d(GCATAAATC)

305.4±0.1

5.1

R89.DR89 r(GAUUAUUGC).GCAATAATC)

306.7±0.1

4.8

R90.DR90 r(GAUUUGC).d(GCAtAATC)

283.4±0.1

5.0

R87.DR87 r(GAU

FR91.DR91 r(GAUzUUGC).d(GCAM (

232

QATC)

279.4±0.1 15.1

sric.aJx

Multiple Tandem GA Mismatches in Oligonucleotides (Buffer A).
D52 [d(GAIAG)12.
lnCt

lrrm

45

Tm [J
322.6±0.1

-10.01

3.10x10 3

19

319.7±0.1

-10.87

3.13x10' 3

10

317.7±0.1

-11.51

3.15x10 3

54

315.3±0.2

-12.13

3.17x10 3

2.4

310.6±0.4

-12.94

3.22x10 3

conc [.tmol/l]

Best slope = -3.2923x1 O' 5
Error in slope = 5.8726x10 7
Best intercept = 2.7711 x j 0-3
Error in intercept = 6.5525x10 6
D65 [d(TAITATA)]2.
lflCt

i/Tm

25

J
305.5±0.3

-10.60

3.27x10 3

19

304.5±0.1

-10.87

3.28x10 3

8.3

301.6±0.1

-11.70

3.32x10 3

2.3

296±0.7

-12.98

3.38x10 3

52

308.0±0.2

-9.86

3.25x10 3

1 307.0±0.2

-10.32

3.26x10 3

conc [pmol/l]

1 33

Tm

Best slope = -4.3183x10 5
Error in slope = 2.2398x1 0-6
Best intercept = 2.8159x10 3
Error in intercept = 2.4868x10 5
[d(GCIGCAGC)]2 [D66]
conc [imol/l]

Tm jçj

lflCt

1/Tm

49

338.7±0.1

-9.92

2.95x10 3

25

336±0.6

-10.60

2.98x10 3

8.4

333.9±0.2

-11.69

3.00x10 3

5.0

331.9±0.1

-12.21

3.01x10 3

2.5

329.7±0.1

-12.90

3.03x10 3
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Best slope=-2.5004x1 O 5
Error in slope=2.3251x10 6
Best intercept=2.7074x1
Error in intercept=2.6773x1 0-5
d) [r(UAaUUAAUA)]2 [R78]
conc [pmoI/I]

Tm (J

IflCt

i/Tm

40

316.7±0.1

-10.13

3.16x10 3

21

314.6±0.2

-10.77

3.18x10 3

12

312.8±0.2

-11.33

3.20x10 3

4.3

310.3±0.1

-12.36

3.25x10 3

1.8

307.6±0.1

-13.23

3.25x10 3

1

Best sIope=2.8039x1
Error in slope=1.5509x10 6
Best intercept=2.8778x1 0
Error in intercept= 1.801 6xl0 -5
Sequence

AH° [kcal

AS0 [kcal

AG (298 K)

moI 1 1

moI 1 K 1 1

[kcal mol 1 ]

Tm [K]
(1pmoI/I)

D52

[dIGA)12

-60.4

-167.3

-10.5

310

D65

[d(TAITAATA)]2

-46.0

-129.6

-7.4

293

D66

[d(GCIGCAGC)]2

-79.5

215.2

-15.4

328

R78 Jr(UAUUAAUA)L

J0.9

-204.0

-10.1

306

R76

Sequence
[r(GAaUGAAGz)]2

R75

[r(

Code

D51

AQA)]2

[d(II)]2

D46
D52

[dIAQG)12

234

conc [pM]

Tm [K]

34

291.5±0.2

30

290.3±0.3

17

(287)

17.4

297.2±0.1

17.5

321.4±0.1

16.9

319.0±0.1

Apahz 7
Melting temperatures of d(XA)n sequences(X=dT, dG or dl).
D67 [d(GAGAGAGAGAGA)]2 (n=6)
Tm [conc. =34 pM] = 291±0.5 K (Buffer A)

D76 [d(GAGAGAGAGAGAGAGAGAGAGAGA)]2 (n=12)
Tm (lOjiIW) = 307.4±0.1 K (Buffer A)

D76 [d(GAGAGAGAGAGAGAGAGAGAGAGA)]2/1 Oeq distamycin
Tm (lO.tM, lOeq distamycin) = 308.8 K (measured in duplicate, Buffer A)
D77 [d(tAGAGAGAGAGAGAGAGAGAGAA)]2 (n=12)
Tm(1O.tM = 301 ± 0.5K (Buffer A)

D78 [d(GAAlAOAlAOAlAlAOMAlAGA)]2
T(10pM = (312 K) (Buffer A)
*on ly one of four melting curves had a point of inflexion
D68 [d(GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA)]2
(n=18)
T(10p.M) =311.4±0.1K (Buffer A)
Tm(10p.M = 328.9 ± 0.1K (Buffer D)

1/Tm

lnCt

conc [jiM]

Tm [K]

0.4

323.5±0.1

14.73

3.09x10 3

0.6

324.2±0.1

14.33

3.08x10 3

2.1
4.1
10

326.2±0.1
327.4±0.1
328.9±0.1

13.08
12.41
-11.51

3.06x10 3
3.05x10 3
3.04x10 3

AHO = -132.0 kcal mol 1
Aso = -378.4 cal moll K- 1
G (298 K) = -19.23 kcal mo1 1
Tm (1jiM = 325.2 K

235

1) D69 [d(TATATATATATATATATATATATATATATATATATA)]2 (n=18)
Tm (3.7pM = 340±0.4 K
(1 M sodium chloride concentration in UV melting-buffer, at pH7)
g) pH dependence of the melting behaviour of [d(GA)18]2
(Buffer B adjusted to pH5, 6, 7 and 8, respectively)
PH

Tm [K]

5

311.9±0.1 (10.5pi1%)

6

310.9±0.1 (10.1.tM)

7

311.4±0.1 (10.3pM)

8

1313.1±0.1 (10.4p.M

236

r.ir4.
Capillary Electrophoresis Elution Profile of Ribozyme-S ubstrate [R44].
CHANNEL A

INJECT 08/02/92 07:57:30

STflRFfl Ifl RIN

DATA SAVED TO BIN It 39

270A-HT JEF
FILE
PEAKS

1.

08102192 07:57:30
METHOD

AREA>
26.306
73.694

TOTAL

0.

RUN 168
PT

INDEX 168

AREA BC

12.54
12.73

I JjU ('
I

H...

35125 03

100.

47663

237

CH= A" PS= I
BIN 39

rf1IiliF.

Capillary Electrophoresis Elution Profile of Hexaethyleneglycol-Ribozyme
[R54].
INJECT 08/02/92 07:35:55 STORED TO BIN 1 38

CHANNEL A

DATA SAVED TO BIN 4 38

270A-HT IEF
FILE 1.
PEAKU
2
3
TOTAL

08/02/92 07:35:55
METHOD 0.

AREAZ.
2.852
15.429
81.718
100.

RUN 167
RT

AREA BC

12.21
12.41
13.45

1870 02
10115 02
53572 03
65557

238

INDEX 167

CH= "A' P5= 1.
BIN 38
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]3arnase Has Subsites That Give Rise to Large Rate Enhancementst

Anthony G. Day, 1 Derek Farsonage,tJ Susanne Ebel, 1 Tom Brown, 1 and Alan R. ]F ershto,*
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Cambridge, Lensfield Road, Cambridge, CB2 JEW England, and Department of Chemistry, The Kings Building, University of
Edinburgh, West Mains Road, Edinburgh, EH9 3JJ England
Received November 1, 1991; Revised Manuscript Received March 19, 1992

Barnase is found to have a series of subsites for binding its substrates that confers large rate
enhancements. Ribonucleotide substrates of the type Zp0Gp,Xp2 Y have been synthesized, where p is
phosphate, X, Y, and Z are nucleosides, and G is guanosine. G occupies the primary specificity site. The
most important subsite is for P2, followed by that for Y. There appears to be no subsite for the Z or Po
positions. Occupation of the subsite for P2 gives rise to a 1000-fold increase in k,/K m , composed of a 100-fold
increase in k, and a 10-fold decrease in Km . The Y subsite gives rise to further 20-fold increase in k,/K m
Rates approaching diffusion control for k,/K m are observed. k, for the dinucleotide monophosphate GpU
= 0.55 s_I , and Km = 240 tiM; this compares with 53 s' and 20 MM for GpUp, and 3.3X iO s and 17
MM for GpApA (the best substrate tested). Cleavage occurs at the 3'-phosphate of guanosine in all cases.
There are differences in base specificity at the two subsites for X and Y downstream of the scissile bond.
The binding energies of different substrates have been analyzed using thermodynamic cycles. These show
that the contributions of the X and Y sites are nonadditive.
ABSTRACT:

.

ribonuclease from
D arnase is a smallandextracellular
is a member of a family of homologous

Bacillus

amyloliquefaciens

microbial nucleases (Hill et al., 1983), of which the best
characterized is RNase' Ti. Barnase consists of a single
polypeptide chain of 110 amino acids, M, = 12382, with no
disulfide bridges (Hartley & Baker, 1972). The small size
has facilitated structural and physical studies. The crystal
structure has been solved at 2-A resolution (Mauguen et al.,
1982). More recently, a complex with the deoxydinucleotide
d(GpC) at 1.9-A resolution has also been solved (Baudet &
Janin, 1991), but the binding of the dinucleotide is a nonproductive mode for a substrate. The sequence-specific 2D
'H NMR spectrum of barnase has been assigned (Bycroft et
tThis work was supported, in part, by a grant from the Science and
Engineering Research Council (SERC) as part of the Molecular Recognition Centre Initiative,
° Author to whom correspondence should be addressed.
tUniversity of Cambridge.
Present address: Department of Biochemistry, Bowman Gray School
of Medicine, Wake Forest University, 300 South Hawthorne Road,
Winston-Salem, NC 27103.
0 University of Edinburgh.

al., 1990) and the solution structure determined (Bycroft
al., 1991). Barnase has also been extensively studied as
paradigm for protein folding and stability [e.g., Matouschc
et al. (1990) and Serrano et al. (1991)].
The mechanism of action of barnase is similar to that
pancreatic ribonuclease in that a 2',3'-cyclic nucleotide ii
termediate is formed in the first step (i.e., transesterificatioi
of the reaction, followed by a much slower hydrolysis of th
intermediate to give a 3' nucleotide (Figure 1). On the bas
of chemical modification, site-directed mutagenesis, ar
primary sequence homologies between members of the fam.i
of microbial ribonucleases, three important catalytic residu
have been identified in barnase: His-102 (putative gener
acid), Glu-73 (putative general base), and Arg-87 (Arata
'Abbreviations: RNase, ribonuclease; d(GpC), 2'-deoxyguanyI
(31 —'5')-21-deoxycytidine; 2',3'-cGMP, guanosine 2',3'-cyclic moe
phosphate; 2',3 1-cAMP, adenosine 2',3'-cyclic monophosphate; CpC
2',3'-p, cytosyl(3 1—'51 )guanosine 2',3'-cyclic monophosphate; N, a
nucleoside. For other nucleoside and nucleotide abbreviations, see Ii
PAC—IUB Commission on Biochemical Nomenclature (1970), for
ample, GpUp, guanylyl(3'5')uridine 3'-monophosphate.

0006-2960/92/0431-6390$03.00/0 0 1992 American Chemical Society
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ubstrate-Binding Sites in Barnase
a (ThH-

Base 0 (Guanine)

HN

Sugar 0

I

NL,J_—PO (0)
-

-

P +1
Bond Cleavage -

I

N +1

G

R0

N-I (0)

:C

--

H 2N'N
H

01H\

P0

~

6391

RO

+2

(++)

+2

(+)

FIGURE 2: Schematic of ribonucleotide substrate of barnase. N is

nucleoside; P is phosphate. The importance of subsites is indicated
in parentheses; 0 indicates no binding observed.
H

.0—

I

0 0—H

B

P0

G

R0

1: Classical mechanism proposed for ribonucleases. The first
•ep is the cyclization reaction where the general base is proposed
be Glu-73 and the general acid to be His-102 in barnase. The role
the residues is reversed in the subsequent hydrolysis step.
[GURE

1, 1979; Egami et al., 1980; Inagahi et al., 1981; Takahashi
c Moore, 1982; Mossakowska et al., 1989; Steyaert et al.,
990; Meiering et al., 1991).
There is a variation in the specificity of ribonucleases. Some,
sch as RNase T2, are not base-specific, whereas others such
s ]RNases A, Ti, and U2 show a strong specificity for pyLmidine, guanine, and purine, respectively (Uchida & Egami,
971). Barnase lies between these two extremes and shows
more relaxed specificity. Barnase will cleave after only
uanosine when catalyzing the hydrolysis of dinucleotide
abstrates GpN (Rushizky et al., 1963). With longer subrates, however, it preferentially cleaves after guanosine, but
will also cleave after other bases yielding a mixture of monond dinucleotides in a total RNA digest (Rushizsky et al.,
963). Barnase is also different from the homologous guaosine-specific RNase Ti in its preference for the nucleoside,
I in GpN; RNase Ti shows a preference in the order C>
> G> U, whereas barnase shows the preference order A
G> C U (Osterman & Walz, 1978; Mossakowska et al.,
989). (The subsite nomenclature is shown in Figure 2.)
A further important difference between barnase and RNase
'1 lies in their kinetic parameters for reaction with RNA and
inucleotide monophosphates. i3arnase has a1033-fold lower
alue of k .,,/Km for transesterification of GpA than does
Nase Ti but hydrolyzes a NA at twice the rate of RNase
'1 (Walz et al., 1978; Mossakowsha et al., 1989). The latter
bee,ation sugms that barnase has a very strclg pufereca
S2hChF.eC. W
:: Cchst?ates oee:
sport here an investigation into this prefereece and also i nto
e subsite specificity for grcuss 3' to the N of CN.
.

rATERIALS AND METHODS

Chemicals. Tn- and tetranucleotides were synthesized as
llows from RNA monomers supplied by Milligen T9icsearch:
(a) RNA Synthesis. RNA synthesis was performed on an
U31 381A automated synthesizer (Usman et al., 1987). The
ynthesis cycles used were modified DNA coupling cycles (AIBI
8 1A instruction manual): the coupling time was increased

to 10 min and iodine oxidation was followed by a second
capping procedure. RNA cyanoethyl phosphoramidites were
diluted with anhydrous acetonitrile to a concentration of 0.1
M. The syntheses were monitored by the spectrophotometric
quantitation of released dirnethoxytrityl cation at 498 urn. The
functionalized solid support was synthesized by the method
of Masada et al. (1991).
Cleavage and Base Deprotection. Cleavage of the assembled oligonucleotide from the support was carried out on
the synthesizer using a mixture of ethanol/ammonia solution
(1:3). The four 15-min wait times of the standard DNA end
procedure were increased to 30 min to give a total cleavage
time of 2 h; this was followed by heating to 55 °C for 6 h.
Alternatively, cleavage was carried out by heating the resin
in 3 mL of the ethanol/ammonia mixture at 55 °C for 6 h
in a sealed glass vial and filtering off the glass beads. In either
case, the solution was then lyophilized.
2' Deprosection. The tert-butyldimethylsilyl protecting
groups on the 2'-hydroxyl groups of the ribose sugars were
removed with an excess of 1 M tetrabutylammonium fluoride
(50 equiv). After at least 8 h, an equal amount of 1 M ammonium acetate was added to quench the reaction. The solution was applied to a Dowex 50W X8 column (10 mL, Na
form) and eluted with 6 X 20 mL of distilled water. The
combined eluates were evaporated to dryness, redissolved in
a few milliliters of distilled water, and lyophilized. The lyophilization was repeated several times to remove the volatile
buffer.
Purification. The oligoribonucleotides were purified by
reversed-phase HPLC [Brownlee Aquapore reverse-phase octyl
(C8); 25 cm X 10 mm; buffer A = 0.1 M ammonium acetate,
pH 7.0; buffer B = ammonium acetate, pH 7.0, with 20%
acetonitrile]. The purified oligomers were desalted on a
Sephadex G-10 column, eluted with distilled water, and lyophilized to dryness.
All other chemicals were purchased from Sigma Chemical
Co. Ltd.
Recombinant l3arrease. Barniase was expressed and purified
from Escberlcbia coil strain TG2 harboring plasmid pMT41C
(L(ehs at aL, 1989).
SflcOtIO /cffi)191 US?VJ' Oil/5502 Uf!0?523e iT
gonuckotides. All experiments were performed at 25 °C and
PH, 5.80 in 0.1 M ionic strength sodium acetate/acetic acid
buffer containing 100 ng/mL molecular hio1ogy grade (acetyiated) SSA. The total volume was 1 mL in 1-cm path-length
cuvettes in a Perkin-Elmer Lambda 5 UV/visible spectrophotometer with a 4-nm band-pass. Background absorbance
at high substrate concentrations necessitated the use of 0.2-cm
path-length cuvettes, and the assay volume was reduced to 0.5
mL. The concentration of barnase was determined spectrephotometrically at 280 am where E01% = 2.2 (Loewenthal et

Table I: Molar Extinction Coefficients, Analytical Wavelengths, and
Differences in Molar Extinction Coefficients between Oligonucleotide
Substrates and Cleavage Products Obtained with Barnase
At
(mM' cm) analytical wavelength
(M' cm')
for A (nm)
at 260 nm
substrate
1280
275
GpU
206b
1150
275
GpUp
306b
2690
255
GpApC
36.8C
3430
255
CpGpApC
37•2d
3640
255
GpApA
285d
1720
275
GpUpC
'All measurements were made at pH 5.80 and 25 'C at 0.1 M ionic
strength in sodium acetate buffer. bTaken from the measurements of
Stanley and Bock (1965). CCa lculated using the semiempirical nearest
neighbor approach of Cantor and Tinoco (1965) using dinucleotide and
trinucleotide molar extinction coefficients from Aoyagi and Inoue (1968)
and Stanley and Bock (1965). dTaken from the calculated values of Cantor
and Tinoco (1967).

al., 1991). The concentrations of stock oligonucleotide solutions were determined spectrophotometrically on the basis of
either extinction coefficients at 280 nm (Zabinski & Walz,
1976; Osterman & Walz, 1978) or extinction coefficients at
260 nm allowing for hypochromicity (see Table I for values
and references).
For GpA, GpC, and GpG, the values of Km and V were
determined from initial velocities by following the increase in
absorbance at 280 nm (Zabinski & Walz, 1976). For other
substrates, the wavelengths of maximal change in absorbance
upon transesterification were determined by measuring difference spectra. Substrates containing the linkage GpU have
nearly equal maximal changes at 257 and 275 nm; 275 nm
was used to follow transesterification because of the lower
background absorbance. Substrates not containing a GpU
linkage have maximal changes at 255-257 nm, and transesterification was followed at 255 nm. The difference in molar
extinction coefficients on total cleavage of the substrates by
barnase was determined by observing the increase in absorbance at the appropriate wavelength (Table I).
Reaction was initiated by the addition of 5-10 zL of barnase
solution in the assay buffer at a concentration such that the
initial rate could be measured in 1-2 mm. The same batch
of enzyme was used for all substrates with the exception of
the GpN dinucleotides; kinetic constants determined for GpA
and GpUp are identical within experimental error between
different batches of enzyme. The data were analyzed by
nonlinear regression analysis with the program ENZFITER
(Leatherbarrow, 1987) from which values of Km and V,,, were
obtained.
Product Analysis. Reactions from all non-GpN substrates
were allowed to continue for 30-60 mm, and the products then
frozen and lyophilized. The solid residue was dissolved in at
least twice the initial volume of water and the pH adjusted
to Z7 with a minimum volume of 1 M triethylammonium
hydrogen carbonate before application to a Mono Q 10/10
column on a FPLC system. The column was eluted with a
0.05-1.0 M triethylammonium hydrogen carbonate, pH 8.5,
gradient. Fractions containing material which absorbed at 260
nm were collected and lyophilized repeatedly to remove the
buffer. The residues were dissolved in D 20 and NMR spectra
measured on a Bruker AMX 500 NMR spectrometer. The
samples (21,31-cGMP, 3'-UMP, CpGc-2',3'-p, UpC) were then
lyophilized again and mass spectra measured on a Kratos
Instruments MS 890 mass spectrometer.
A number of fragments (ApC and ApA) did not bind to
the Mono Q column. The products were analyzed by HPLC
as follows: known standards (ApA, ApC, 2',3'-cGMP, and
2',31 -cAMP from Sigma Chemical Co. Ltd.) were separated

Table II: Product Analysis Determined after Reaction of
Oligonucleotide Substrates with Barnase
substrate

products found'

products founds'

GpUp
GpApC
CpGpApC
GpApA
GpUpC

2',3'-cGMP, 3'-UMP
2',3'-cGMP
CpGc-2',3'-p
2',3'-cGMP
2',3'-cGMP, UpC

2',3'-cGMP, ApC
ApCC
2',3'-cGMP,ApA

Products were separated by ion-exchange chromatography and a
alyzed by 'H NMR and Mass spectrometry (see text). bproducts we
analyzed by HPLC (see text). 'A peak consistent with CpGc-2',3'
was seen on the HPLC chromatogram (see text).

on a Gilson 715 HPLC system using an Anachem Spherisoi
S5 SAX ion-exchange column developed isocratically with 37
mM KH2PO4 , pH 3.5, for 25 mm, followed by 100 ml
KH2PO4 , pH 3.5, for 25 mm, at a flow rate of 1 mL/mF
Substrates were digested with an excess of barnase in 7.5 ml
sodium acetate, pH 5.8, adjusted to 25 mM KH 2PO4, pH 3.
and applied to the HPLC apparatus. As there were sligl
changes in retention times of the standards between runs, ti
identity of the barnase digestion products was confirmed I
adding standards (corresponding to the expected products) I
the digests and ensuring that no additional peaks were seei
RESULTS

Product Analysis. It has already been demonstrated fi
the GpN dinucleotides that transesterification and not h:
drolysis is being measured (Mossakowska et al., 1989). Ti
values of Km and kest for hydrolysis of cyclic GMP are su
ficiently poor relative to the rate of transesterification th
there is no significant competition from overall hydrolysis whc
the initial rate (-5% of reaction) of GpN transesterificatic
is followed.
The products of reaction of all the other substrates wei
analyzed by NMR and mass spectrometry after initial ra
measurements. In all cases, NMR spectra and mass ioi
consistent with the products shown in Table II were seen. ?
other nucleotide-containing material was detected. F
GpApA, GpApC, and CpGpApC, the expected ApA and Ap
products were not detected. These products probably did ni
bind to the Mono Q column under the conditions used.
Analysis by HPLC with an Anachem Spherisorb S5 SA
ion-exchange column gave baseline separation of the followis
substrates and commercial standards (average retention tim
in parentheses): 2 1,3'-cGMP (17.1 mm); 2',3'-cAMP (13
mm); ApA (8.5 mm); ApC (5.5 mm); GpApA (41.8 mm
GpApC (36.7 mm); CpGpApC (41.3 mm). The reacti
products of substrate digestion by barnase were identified 1
comparison with the retention times of the standards as
confirmed by addition of standards to the digests as shown
Table II. This was not possible for the digest of CpGpAp
as CpGc-2',3'-p is not available commercially. However, ti
digest of CpGpApC gave rise to a peak corresponding to Ap
and a peak with a retention time of 38.5 min which is co
sistent with a species having two negative charges, as expecv
for CpGc-2',3'-p under the conditions used. CpGc-2',3'-p w
conclusively identified, however, in a digest of CpGpApC 1
mass spectrometry and NMR.
Thus, it has been shown for all of the substrates used in ti
study that the primary site of transesterification is immediate
3' to the guanosine base.
Specificity of Barnase. The transesterification of 01mg
nucleotides can be followed spectrophotometrically. The a
vantage of using defined substrates over RNA is that t:
kinetic constants, Km and kest, may be measured for t
transesterification of a specific bond. The optimal pH

Biochemistry, Vol. 31, No. 28, 1992

abstrate-Binding Sites in Barnase

k.

sble III: Kinetic Constants for Transesterification of
ligonucleotide Substrates by B arnasea
kmt /K m (M s)
kmt (s)
ubstrate
Km (MM)
1.16 (±0.09) X 10
62.7 (±4.8) 0.729 (±0.017)
pA
6.30 (±0.58) )( 10'
40.0 (±3.5) 0.252 (±0.007)
pG
1.54 (±0.22) x 10'
0.338 (±0.020)
219 (±29)
PC6
2.32(±0.29) x 10'
0.547 (10.025)
236 (±28)
pU6
2.66 (±0.28) X 106
19.9 (±2.0) 53.1 (±1.7)
pUp
9.19 (±1.17) )( 10'
43.5 (±5.2) 4.0 (±0.2) )( 10'
pApC
37.9 (±3.8) 1.68 (±0.06) )( 10' 4.44 (±0.47) X 10'
pUpC
16.6 (±2.8) 3.26 (±0.23) X 10' 1.97 (10.35) X 10
pApA
pGpApC 36.3 (±6.7) 3.61 (±0.21) )( 10' 9.94 (±1.93) )( 10'
At pH 5.80, 25 °C, and 0.1 M ionic strength sodium acetate buff L' It was not possible to go to high (>>K m) substrate concentrations
ith these substrates as the background absorbance is too high.
able IV: Difference Free Energy Values Calculated from
teady-State Kinetic Constants°

&G 6 Km

substrate
GpA
GpO
GpC

GpU
GpUp

GpApC

IGC

kmt

(kcal mot')

(kcal mo1)
0.46 (10.01)
0.74 (±0.05)
1.01 (±0.06) -0.17 (±0.02)
0
0
0.28 (±0.03)
-0.05 (±0.07)
3.01 (±0.02)
1.46 (±0.06)

1.08 (±0.08)

5.58 (±0.03)

&AG' k mt /Km
(kcal mol')
1.20 (±0.05)
0.83 (±0.06)
0

0.24 (±0.08)
4.43 (±007)

6.53 (±0.08)

6.10 (*0.07)
5.06 (±0.02)
LOS (±0.06)
GpUpC
6.99 (±0.11)
5.44 (±0.04)
1.65 (±0.11)
GpApA
6.58 (±013)
5.50 (±0.04)
1.20 (±0.12)
CpGpApC
° All values are calculated relative to the "poorest" substrate, GpC.
ositive values = better binding. 6 Apparent change in binding of
,bstrate to enzyme. ' Apparent change in difference in binding energy
etween transition state to enzyme and substrate to enzyme.
Apparent change in binding energy of transition state to enzyme

Lydrolysis of RNA is 8.5 (Mossakowska et al., 1989); however,
xperiments were carried out at pH 5.8 as this has been shown
o be the optimum pH for transesterification of dinucleotide
rionophosphates, GpN (Moskowska et al., 1989).
The values of Km and k 8 for each of the substrates were
Letermined from measurements of initial rates (Table Ill).
'here are differences in absolute values of K m for GpN
rionophosphates between those found in this study and those
ôund in the study of Moskowska et al. (1989); the values of
m determined in this study are in reasonable agreement with
hose determined more recently by other workers in this labratory.
Free energy differences were calculated for each of the
inetic parameters (Fersht, 1985) (Table IV). All were
alculated relative to GpC, which is the 'poorest" substrate
)f those tested.
The greatest changes in activity are seen on going from the
tidn cntes CN to 0U2 a nd frc &Up
.0 trinucleotide substrates; no change is seen on going from
ri- to tetranuceotide substrates. We can analyze them effects
n terms of their steady-state kinetic constants. For Mihdlls-Menten kinetics, Km gives a eseasnre of the binding
ieen enzyme and snbstrate. kmt/K m is related to the
thding energy betwee enzyme and t ancticn state and fZ Cat
the difference in binding energy of the enzyme with the
:ransition state and s'~ strate (Fersht, 985).
Cur analysis assumes that we have Michaeis-Menten hietics, in which the on and off rate constants for formation
f the ES complex are much faster than the rate constants for
IEP, in which case Km K,. This is a reasonable
ES
Issumption for an enzymic reaction which has no intermediate.
However, as the reaction becomes so fast that the limiting
ractor is diffusion of the reactants (diffusion control), the
assumption breaks down and Km = (k..1 + k2)/k 1 for
-

B + SES

-
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E+ P

109 M' s 1 (Fersht,
This usually occurs at values of km/Km
1985). The substrate with the highest value of k,/K m analyzed approaches this value (GpApA, 1.97 )( 108 M s).
However, all other substrates analyzed have considerably lower
values of kmt/Km, suggesting that diffusion control has not been
reached in the reaction of these substrates.
The specificity constant, k,/K m, is 1000-fold higher for
GpUp than for GpU, corresponding to a total binding energy
difference of 4.2 kcal mol'. The binding energy is divided
between enzyme-substrate (1.5 kcal mol') and enzymetransition state (2.7 kcal mol) interactions. When the length
of the substrate is increased by an additional nucleoside to give
GpUpC, k,/K m increases by a further 20-fold, corresponding
to an additional total binding energy of 1.7 kcal moll (GpU
to GpUpC, 5.9 kcal mol'). In this case, the binding energy
is distributed more in favor of transition state binding; comparing GpU with GpUpC we now see that only 1.1 kcal molT'
of the additional binding energy is associated with binding the
substrate and 4.8 kcal molT' with binding the transition state.
We see no significant difference in the steady-state kinetic
parameters when the trinucleotide substrate GpApC is extended in a 5' direction to give the CpGpApC tetranucleotide.
-

DIscussIoN
IBarnase has very low activity toward dinucleotide monophosphates. We have shown that catalysis is greatly enhanced
by occupation of subsites that primarily affect k,,,.
The Primary Base Site, BO. The primary site in barnase,
BO, has a strong preference for 0, the enzyme cleaving only
after 0 with dinucleotide monophosphate substrates and
cleaving preferentially after C with longer substrates (Rushizky
et al., 1963).
The N +1 Site. Values of k t/K m suggest that, for the
dinucleotide monophosphate substrates GpN, barnase preferentially cleaves GpA and OpG linkages over GpC and GpU
linkages in the order of specificity GpA> GpG> CpU
GpC. This order is essentially in agreement with previous work
(Mossakowska et al., 1989). Here, the order of preference
between GpU and GpC is reversed compared with the earlier
studies. These differences are not very significant with regard
to specificity; in both studies the difference in binding energy
between GpU and GpC is small ('-'0.2 kcal molT').
The difference in specificity between CpA and GpO is not
large ('-0.4 kcal mo!'). Indeed, both k, and Km are decreased in GpG relative to CpA, and it is possible that nonproductive binding may account for some of the observed
differences in kinetic parameters (perhaps the 3' guanosine
binds in the 5' site) n!thcngh not, of course, for the difference
in specificity constant. In any case, as the difference in binding
energy between CpA and GpO is small, the second subsite
specificity of barnase may more properly be thought of as one
for purines over pyrimidines.
The P +2 Site. Ey far the largest difference in binding
energy is seen on hingthening the snbstrate to coonpy the
+2 site and not between different bases in particular subsites.
The phosphate at the P +2 site gives rise to a t000-fohi rate
enhancement worth 4.2 kcal molT' of total binding energy;
there is a 10-fold decrease in Km and a 103-fold increase in

km,.
The N +2 Site. The presence of a cytidine at the N +2
subsite leads to a further increase in total binding energy of
GpUpC). In this case, the binding
1.7 kcal molT' (GpUp
energy is manifested primarily in k; binding in the transition
state has increased by 2.1 kcal molT', and substrate binding
-

6394

Day et al.

Biochemistry, Vol. 31, No. 28, 1992

has decreased by 0.4 kcal mol. One interpretation of this
observation is as follows. There is a large binding energy
contribution from the terminal phosphate of GpUp, but the
substrate is not ideally oriented for catalysis, and too much
of the binding energy is manifested in the ground state. When
a nucleoside binds in the N +2 site, however, some of the
binding energy due to this moiety is used to orient the substrate
in a conformation that shifts the binding energy (due to P +2
and N +2) from substrate to transition state and thus to
increase the catalytic rate. Another interpretation is that some
of the binding energy is used to distort the enzyme to align
it. This is to be expected for an enzyme whose primary
function is probably the cleavage of RNA into small oligomers
rather than the cleavage of dinucleotides; subsites have evolved
to increase the catalytic efficiency of the enzyme with the
natural RNA substrate. A third interpretation is that subsite
binding energy is used to overcome nonproductive binding.
Comparison of the binding energies of GpApC and GpApA
shows that there is also a subsite specificity for the third base
position; GpApA has 0.6 kcal mol more binding energy than
GpApC with barnase, and this binding energy is manifested
mostly in Km. One could imagine that both C and A bind in
the same subsite and optimally orient the substrate for bond
cleavage. Thus, any difference in binding between C and A
in the N +2 subsite could manifest itself only in Km. The value
of kct/K m for GpApA is so high as to be approaching diffusion
control. If this is so, it is possible that the actual difference
in binding energy between A and C in the N +2 subsite is
higher than that observed. It is not possible from these data
to tell if the discrimination is only between purines and pyrimidines or if it is more specific.
It may also be seen that the increase in total binding energy
on going from U to A in the +I subsite is half as much when
the +2 site is occupied as when it is not and the binding is
distributed differently in the two cases; there is no increase
in substrate binding on going from U to A when the +2 site
is occupied, but there is an increase in transition state binding.
Clearly, A in the N +I position binds better than U in both
the ground and the transition state. When there is a C in the
N +2 subsite, however, catalysis, and not substrate binding,
is maximized. The presence of C in the N +2 position may
decrease the total interaction energy at the +I subsite such
that the difference in binding energy between A and U in this
position is also decreased. Further evidence that the binding
energy is better utilized for catalysis in the trinucleotides than
the dinucleotides comes from the observation that all of the
binding energy difference between U and A in the +I subsite
of the trinucleotide is in whereas most is in Km for the
dinucleotides.
The N-I and P 0 Subsites. There is no difference, within
experimental error, between the steady-state kinetic parameters
of GpApC and CpGpApC. This suggests either that any
binding energy due to N-i and P 0 is less than experimental
error or that there are not subsites at the N -1 or P 0 subsites.
One could also argue that as the rates observed with these
substrates are beginning to approach the values associated with
diffusion control (10 M s; Fersht, 1985), any difference
in binding energy between the two substrates would not be
seen. However, we see a doubling of km ,/Km on going from
GpApC to GpApA, which indicates that diffusion control has
not been reached in the former substrate.
Interaction between the +1 and +2 Sites. It is possible to
measure the interaction between successive groups on the
substrate (i.e., between the B +1 and +2 positions of the
substrate) by means of thermodynamic cycles [cf. Carter et

0.34
GpA

0.79

cu
GpA

0.17

ç,4

0.95

0.03

1.10
5.12

kcat

4.78

GpA

GpApC

GPAPC

0.52

Gpt.0

5.33_GPAPC

kt/KM

0.43

5.86

FIGURE 3: Thermodynamic cycles for changes in binding energy of
substrate to enzyme on permutation of subsite occupancy: (top)
apparent substrate binding (calculated from K,,,); (middle) relative
binding of transition state and substrate (calculated from kmt);
(bottom) binding of transition state to enzyme (calculated from
kcat/K m). The energy changes in the direction of the arrows are in
kilocalories per mole. A, iG1,,, = -0.82; B, AGint = 0.28; C,
= -0.53. 1Gmt values are calculated by subtraction of the right-hand
side from the left-hand side of the cycle and thus are a measure of
the influence of the P +1/N +2 positions on the N +1 position. Values
in kilocalories per mole are taken from Table III.

al. (1984) and Horowitz (1987)]. These interactions may be
direct or mediated via the enzyme.
In Figure 3 are three cycles related to free energies calculated from Km, km,, and kmt/K m for the substrates GpU, GpA,
GpApC, and GpUpC. An interaction energy, AGin, may be
calculated: IG•mt = rhs of cycle - lhs of cycle (Carter et al.,
1984). If the binding due to a group at a particular position
(e.g., N +1) is not influenced by a group at another position
(e.g., P +2, N +2), then IGmt = 0 and the binding due to the
two groups is additive. If AGin, ;6 0, then the binding is
nonadditive and one group is affecting the way the other binds.
In all cases looked at for K,,,, k mt, and kmt/K m, binding is
nonadditive. In addition to interaction between the groups
bound to the enzyme, nonadditivity in binding energies calculated from Km and km ,/Km could result from different
conformations of the substrate in solution. We also see nonadditivity in kmt, however, suggesting that site-site interactions
do occur when the substrate is bound. By comparing AGint
values calculated from Km and kmt, it is possible to see how
this interaction varies between the Michaelis complex and the
transition state. The value of AGin, changes sign on going from
the Michaelis complex (-0.76 kcal mot') to the transition state
(0.35 kcal mol). This implies that a favorable interaction
in the Michaelis complex becomes unfavorable in the transition
state. It is also clear from these cycles that most of the enhancement of catalysis on going from dinucleotide monophosphates to longer substrates is manifested as an increase

in k mt.
Comparison with Other Ribonucleases. Crystallographic
data suggest that barnase and RNase Ti are members of the
same structural family (Mauguen et al., 1982), and the primary sequence of RNase U2 suggests that it is also a member
of this family (Yasuda & Inoue, 1982). However, there are
structural differences between these enzymes. For example,
RNase Ti is acidic and barnase is basic. Barnase has a
catalytically important lysine (27) on the second a-helix.

Mutation of this residue leads to a 3500-fold decrease in k,1
for GpA transesterification (Mossakowska et al., 1989); this
residue is at the N-terminal end of a helix that is not present
in RNase Ti or RNase U2 (Hill et al., 1983). These differences are reflected in kinetic differences in both subsite
specificity and also activity toward substrates of varying length.
RNase Ti is less discriminatory between dinucleotide monophosphate substrates and RNA than is barnase. The value
of k 1 for the transesterification of GpA catalyzed by barnase
is 190-fold lower than that of RNase Ti; but barnase is twice
as effective at RNA hydrolysis (Walz et al., 1978; Mossakowska et al., 1989). In addition, there is evidence for a subsite
in the N —1 position in 1Nase Ti (Osterman & Walz, 1979).
RNase U2 shows a completely different specificity to barnase,
cleaving after A. There is a similar propensity for increase
in kcat/Km as the length of the substrates increases, albeit less
pronounced: about 20-fold on adding a terminal phosphate
to ApN and a further 10-fold on adding a cytidine to give
ApNpC. However, RNase U2 appears to have a "negative"
N —1 subsite; addition of a nucleotide 5' to ApGp to give
NpApGp leads to between a 2- and 20-fold decrease in k/K m
(Yasuda & Inoue, 1982).
In summary, barnase has a specificity for G in the BO
subsite, which is very high in small substrates but is relaxed
in RNA. There is a preference for purities over pyrimidines
in the +1 subsite. There is also discrimination between C and
A in the 13 +2 site. There is a very large gain in catalytic
efficiency on increasing substrate length from dinucleotide
monophosphates to dinucleotide diphosphates and a further
significant gain on addition of another nucleoside at the 3'position.
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ABSTRACT: We have used 31 P and 'H NMR spectroscopy and circular dichroism to define the solution
conformation of d(GTGAACTT)2 which contains tandem G.A mismatched base pairs and 3'-overhanging
TT ends. Measurements of coupling constants and NOE intensities show that the sugar puckers of the
nucleotides are predominantly in the south domain (i.e., near C2'-endo) and that the glycosidic torsion
angles are anti. The sequential NOE intensities indicate the presence of a right-handed helix. Analysis
of the 31P and 'H NMR spectra of the duplex shows that the tandem mismatch forms a block in which
there are unusual backbone torsion angles (i.e., in the lBn state), within an otherwise B-like structure. The
chemical shift of the Ni H of the mismatched guanosine and NOEs between the mismatched base pairs
and their nearest neighbors are inconsistent with the imino pairing present in single A.G mismatches or
in the X-ray structure of a tandem mismatch [Privé, G. G., et al. (1987) Science 238, 498-503] but the
data are consistent with the amino pairing found by Li et al. (199 1) [Li, Y., et al. (199 1) Proc. Natl. Acad.
Sd. U.S.A. 88, 26-30]. The strong base—base stacking both within the tandem GA block and between
the G.A mismatches and their other nearest neighbors offsets the intrinsic destabilizing effects of the
mismatch. Further, the 3'-TT overhangs stack onto the ends of the helix and stabilize the duplex against
fraying, which accounts for the observed increase in the melting temperature compared with the flush-ended
duplex.

Isolated mismatched A.G base pairs generally destabilize
DNA duplexes. For example, the melting temperature of
d(CGCAAATTGGCG)2 is about 25 °C lower than in the
parent dodecamer d(CGCGAATTCGCG)2 at pH 7 (Brown
et al., 1990; Leonard et al., 1990). Several such A.G
mismatches have been examined in detail both in the crystal
state (Webster et al., 1990) and in solution (Brown et al.,
1990; Leonard et al., 1990; Gao & Patel, 1988; Carbonnaux
et al., 1991; Lane et al., 1991). The conformation of this
mismatch is sensitive to the local sequence context and the
solution conditions, such that A(anti).G(anti), A(anti).G(syn), and A(syn).G(anti) pairings have been observed
(Webster et al., 1990). The A(anti).G(syn) state is stabilized
by protonation on adenine NI (Gao & Patel, 1988; Brown et
al., 1990), and a slow transition between the G(anti) and
G(syn) states occurs with an apparent pK of approximately
6 (Carbonnaux et al., 1991; Lane et al., 1991). The protonated
state is thermodynamically more stable than the neutral state
(Brown et al., 1990).
In contrast, the thermodynamics and conformational properties of tandem A.G mismatches are less well characterized.
However, both in the crystal state and in solution, tandem
AG mismatches have been shown to adopt the A(anti).G(anti) conformation, and the phosphate backbone adjacent to
and within the mismatched sites has been reported to be in
the less common B,, conformation (Kan et al., 1983; Privé et
al., 1987; Nikonowicz & Gorenstein, 1990; Nikonowicz et al.,
This work was supported by the MRC and the SERC under the
Molecular Recognition Initiative.
Laboratory for Molecular Structure, National Institute for Medical
Research.
Division of Physical Biochemistry, National Institute for Medical
Research.
I University of Edinburgh.

1991). These studies also showed that the A.G base pairing
was in the "imino" form. More recently, Li et al. (1991) have
shown that an alternative pairing can exist, in which the aminc
protons are involved in the hydrogen bonding. This pairing
leads to a surprisingly compact B-like structure in which
purities of one strand stack on purines of the complementary
strand. The amino pairing has recently been confirmed in a
different sequence, where it was shown that only the phosphate
connecting the mismatched bases is in the B 11 conformation
(Chou et al., 1992).
In the preceding paper in this issue (Ebel et al., 1992), we
have shown that tandem G.A mismatches adopt the iminc
pairing scheme when flanked by a 5' purine and a 3' pyrimidine,
i.e., 5' RGAY, whereas the amino pairing scheme is favored
in sequences such as YGAR. Also, tandem G.A mismatches,
unlike isolated mismatches, stabilize DNA duplexes compared
with ones containing normal Watson—Crick base pairs. We
report here a detailed analysis of the conformational features
of d(GTGAACTT) 2 which contains a tandem G.A mismatch
and single-stranded 3'-overhanging TT ends. These overhangs
significantly stabilize the duplex compared with one that
contains only flush ends.

The oligonucleotides d(GTGAACTT), d(CCAAGAT.
TGG) 2, and d(CCAAIATTGG) 2 were synthesized by the
solid-phase phosphoramidite method and purified by reversedphase HPLC as previously described (Brown & Brown, 1991),
The duplexes for NMR analysis were formed by dissolving
1-2 imol in 1 mL of 0.1 M KC1 and 0.01 M sodium phosphate,
pH 7, containing 0.1 mM EDTA and annealing slowly from
70 °C. The solutions were lyophilized and redissolved in 0.
mL of 100% D20.

0006-2960/92/0431-12087$03.00/0 © 1992 American Chemical Society

'H NMR spectra were recorded at 9.4 T and 11.75 Ton
&uker AM spectrometers and at 14.1 T on a Varian Unity
600 spectrometer. Chemical shifts were referenced to internal
2,2'-dimethylsilapentane-5-sulfonate. 31 P NMR spectra were
recorded at 4.7 T on a Bruker WM200 spectrometer and at
9.4 T on a Bruker AM400 spectrometer. 31 P NMR spectra
were referenced to external methylene diphosphonate at 15
°C. At other temperatures, the spectra were referenced to
the internal inorganic phosphate resonance. The 'H spectra
were assigned by NOESY' and two-quantum filtered COSY
and the 31 P spectra by heteronuclear correlation spectroscopy
as previously described (Forster & Lane, 1990). Spectra in
'H20 were recorded using the 1331 composite pulse (Hore,
1983). Three-bond 'H-'H coupling constants were determined from resolution-enhanced one-dimensional spectra and
by comparison of the cross-sections of a long mixing time
NOESY spectrum recorded with a digital resolution of 1 Hz
per point in F2 and the DQF-COSY (0.8 Hz per point in F2).
The overall correlation time of the duplex was determined by
measuring the cross-relaxation rate constant for the Cyt H6H5 vector as previously described (Lane et al., 1986; Birchall
& Lane, 1990). One-dimensional NOEs were measured using
the method of Wagner and Wüthrich (1979). Recycle times
of 8-10 s were used for Ade H2 protons to allow adequate
time for relaxation.
Circular dichroism spectra were recorded on a JASCO
Model J-600 spectropolarimeter using 2-mm cuvettes, at 10
°C. The DNA solutions were approximately 40 zM duplex
in buffer containing 0.5 M KC1 and 20 m sodium phosphate,
pH 7.4. Under these conditions, the oligonucleotides are in
the duplex state. Measured intensities were converted to molar
circular dichroic extinction coefficients using the concentration
of base pairs.
Simulations of NOES for given structures and optimizations
A nucleotide conformations were performed using the program
NUC FIT (Lane, 1990). Initial models were generated either
within NUCF][T or using QUANTA (Polygen). No attempt
has been made to model the detailed conformation of the
phosphate backbone in the absence of sufficient information.
'SULTS
WMR Assignments
'H NMR. The nonexchangeable protons of d(CCAAGATTGG) 2 and d(CCAAJIATTGG) 2 were assigned using
NOESY (data not shown). The assignments of the former
agree with those reported by Nikonowicz and Gorenstein
(1990). Similar chemical shifts were obtained for the inosine;ubstituted oligonucleotide, except for the modified base itself.
However, although the melting temnerature, T, for the TA
)ligonucleotide is similar to that of the GA decamer, both the
I and the 'P NMR spectra of the inosine derivative indicate
that there is a mixture of species present (see the preceding
paper in this issue). We have not analyzed this coznnlication
ther. We note, however, that the 'P NlV1 spectra of the
oeformations at low temperatzes (Nikcnowicz & Gerenstein,
The oligonucleotide d(GTGAAC77)2 shows a cooperative
nelting transition at 313 K under the conditions of the NMR
xperiments (see below). In principle, there are two duplexes,
Abbreviations: NOE, nuclear Overhauser enhancement; DQFOSY, double-quantum filtered correlated spectroscopy; CD, circular
lichroism.
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FIGURE 1: Imino proton spectrum of d(GTCAACTF) 2. Spectra in
'H2 0 were recorded at 14.1 T and 5°C as described under Materials

and Methods. (Lower spectrum) Relaxed spectrum showing the
imino proton resonances. (Upper spectrum) NOE difference spectrum for 300-ms irradiation time. The irradiated peak is 006 NH
at 12.7 ppm.

each containing four Watson-Crick base pairs, that could
form at low temperatures, namely
(1)

GTGESACU
1TCAGTG

(Ii) GTGAACTT
UCAAGTG

These two possibilities can be readily distinguished by the
NMR spectra of the imino protons, as duplex If will have two
imino resonances corresponding to the AT and GC base pairs,
whereas duplex II should have resonances for AT base pairs
only. Figure 1 shows the 'H NMR spectrum of the annealed
oligonucleotide dissolved in 1 H20 at 278 K. There are two
resonances of equal intensity in the imino proton region of the
spectrum corresponding to GC and AT base pairs. Onedimensional NOJE spectroscopy gave NOES from the peak at
12.7 ppm to the peak at 13.8 ppm, whereas irradiation of the
peak at 13.8 ppm gave NOES to the peaks at 12.7 ppm and
aahat 7.f 5 (t siatterpeahheongs
to the 11-112 resonance of an adenine and must be A5. Hence,
the pechs at t2.8 ad 13.8 pp are the iino protons of C06
and AT5, respectively. Further, cress-strand NOES (sec
be!cw) are asc ccsistent cny with pairing 11. The CC
does not broaden ci icanty between ano 25
cc:- dccc its intensity decrease cc satcratioc of the ccvect
signa, indicating the presence of a stnb; hydrogen-bonded
base pair. Finally, the meiting temperature of the dnpex
determined by ultraviolet absorbance is independent of pH in
the range 5.5-8 (see the preceding paper), indicating that the
duplex is not stabilized by protonation. This is in contrast to
CC base pairs which are stabilized by protonation (Brown et
al., 1990) and also to isolated G-A mismatches (Gao & Patel,
1988; Brown et al., 1990; Carbonnaux et al., 1991; Lane et
al., 1991).

Table I: NMR Assignments 0 for d(GTGAACT1)2
chemical shift (ppm)
base

H8/H6

GI
T2
G3
A4
AS
C6
T7
T8

7.99
7.11
8.28
7.54
8.30
7.29
7.41
7.53

H2/115 Me
1.10
7.97
7.65
5.17
1.72
1.67

HI'

112'

112"

H3'

H4'

H5'/H5"

6.01
6.22
6.17
5.61
5.97
5.93
6.03
5.99

2.51
1.47
3.01
0.83
2.77
2.10
2.08
2.18

2.73
2.20
2.77
2.25
2.77
2.34
2.33
2.18

4.76
4.82
5.14
4.79
4.99
4.73
4.67
4.40

4.20
4.32
4.62
4.42

3.82
4.06

4.45

4.24
4.14
3.93

NH

P1

4.25/14

12.7
13.8
10.9

4.11
4.10
4.13
4.01
nd

10.7/10.8
10.8/10.7

° Protons were assigned from NOESY and DQF-COSY spectra as described in the text. The phosphates were assigned using the
correlation experiment. The 'H chemical shifts are given for 283 K, whereas the 31 P shifts are given for 288 K.

There are three resonances between 10.5 and 11 ppm, which
must arise from G3N 1 Hand T7N3H, T8N3H, or very downfield shifted amino protons. Imino protons resonate in this
region when they are not hydrogen bonded (Li et al., 1991;
Williamson & Boxer, 1989) or when they participate in
hydrogen bonds with carbonyl oxygen atoms (Cognet et al.,
1991). In addition, there is a resonance of unit relative intensity
at 9.3 ppm, which is from an amino proton (see below).
Irradiation of the most downfield of the group of three
resonances gives an NOE at 13.8 ppm (AT5 NH) and to
resonances between 7 and 7.3 ppm. Irradiation of the other
two resonances gave NOEs only through spillover of power.
This suggests that the most downfield resonance, which is
also the sharpest and least prone to exchange at higher
temperatures, can be assigned to G3N 1 H, and the other two
are the N3H of Ti and T8. The observation of the two
thymidine imino protons is consistent with their being stacked
on the end of the duplex (see below). Irradiation of the
resonance at 9.3 ppm gave NOEs to AT5N3H and to a sharp
resonance at 7.65 ppm, which is also obtained on irradiation
of AT5N3H. Irradiation at 7.67 ppm gave NOEs at 13.8,
9.3, and 12.8 ppm (weak). The resonance at 7.67 ppm can
therefore be assigned to the H2 of AS (and see below). The
proton resonating at 9.3 ppm has an NOE to a broad resonance
at 6.6 ppm and is therefore an amino proton either of AS or
from the neighboring A.G mismatch. The assignments of the
exchangeable proton resonances are given in Table I.
The nonexchangeable protons of d(GTGAACTT) 2 were
assigned using a combination of NOESY and DQF-COSY.
Figure 2 shows portions of a NOESY spectrum recorded in
D20 with a mixing time of 200 ms. Complete connectivities
for the nucleotides could be obtained via the H8/6-H1'H8/6 pathway and via the H2" pathway (Reid, 1987;
Wüthrich, 1986). This indicates that the molecule adopts a
right-handed helical conformation. The assignments of the
sugar resonances were confirmed by DQF-COSY (Figure 3),
showing that 03 H2' is downfield of G3112" and that 112' of
A4 is shifted unusually upfield. The' H assignments are given
in Table I.
The chemical shifts given in Table I show some anomalies
compared with normal duplex DNA. The H8 and H2' of 03
are shifted unusually far downfield; indeed, the H2' of 03 is
downfield of its H2", which is usually only found at the 3'
terminus of B-DNA (van de Ven & Hilbers, 1988). In
contrast, the H8 and 112' of A4 are shifted unusually far
upfield. As 03 and A4 are the tandem mismatched bases, it
is perhaps not surprising that their chemical shifts are unusual,
as their stacking with the 5' and 3' base pairs is likely to be
different from that in normal DNA. This pattern of shifts is
distinctly different from that observed in single A.G mismatches such as d(GCCACAAGCTC).d(GAGCTGTGGC)
(Carbonnaux et al., 1991) and for the imino pairing in the
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FIGURE 2: NOESY spectra of d(GTGAAC'TT) 2. The NOES"
spectrum was recorded at 11.75 Tat 10 ° C using a mixing time o,
200 ms. The data matrix was zero-filled from 2048 by 512 to 409
by 2048 points and apodized by a 60 ° -shifted sine-squared functioi
in both dimensions. (A, top) Base proton to Hi' connectivities. Th
dashed line shows the A5H8-C6H5 interaction. (B, bottom) Bas
proton to H2'/H2" connectivities.

tandem G.A mismatch in d(CCAACATTGG) 2 (Nikonowic
& Gorenstein, 1990).
A rotational correlation time of 3.6 ± 0.3 ns has beer
determined at 10°C for the G.A tandem mismatched octamer
from time-dependent NOES for the Cyt 6 116-H5 pair (Lan(
et al., 1986). This value is comparable to that obtained foi
a DNA hexamer (Lane & Forster, 1989) and a DNA octamei
(Lane, 1991) under similar conditions, indicating that th
molecule behaves hydrodynamically as a compact duplex anc
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IGURE 3: DQF-COSY spectrum of d(GTCAACTF) 2. The specurn was recorded at 15 °C at 9.4 T. The data matrix was zerolied from 4096 by 512 to 8192 by 2048 points and apodized with
sine-squared function shifted by 45 °C in F2 and 60° in F1. The
,ectral width was 3600 Hz in both dimensions. (A, top) Hl'-H2'/
[2" region. (B, bottom) H3'-114' region. Note that no cross-peaks
re present for T2, G3, A4, and AS.

ces not aggregate significantly under these conditions.
One-dimensional NOEs were measured at irradiation times
25
75
'cyc
c
laxation of the adenine }112 protons. NOEs are observed
etween the resonances at 7.65 and 7.97 ppn. The f'ner
sonance was assigned to A5 1R12 (see above); hence, A4 1S12
tmt be at 7.97 pp=. A3 i2 tho
a ctcn N013 to
$ Cy
es 5' ctd
©tC
ing
aso a si
cent IO to
5 HS, which iniies an
staching a
rent of
CA it©
41HI1' resonance gave NOEs to A4IHI, ASIHIC, A41HI2, and
3 iHt2. The first two NOEs are normally found in E-]lihe
)NA, and the last is found in DNA in which there is a
gaificant base-pair roll angle or propdllor twist (Priv6 at aL,
87; Kintanar at al., 1987). The reverse experiment in which
41HI 1' was irradiated confirmed the A4H 1 '-A41H12 NO]E and
rees with the NOTESY data (Figure 2). From the cross-

T2
-16.5

-17.0
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-18.0

FIGURE 4: 31 P NMR spectra. NMR spectra were recorded at 4.7
T and 283 K with proton decoupling provided by WALTZ 16. (A,
top) One-dimensional spectra. The spectra were recorded with an
acquisition time of 2.024 s and a relaxation delay of 1 s. The free
induction decays were zero-filled once and apodized with a 0.5-Hz
line-broadening exponential. (I) d(CTACTF) 2 . ( H) d(CCAAGATFGG) 2 . ( B, bottom) 31 P-1 H shift correlation spectrum of
d(GTGACTF) 2. The acquisition times t2, and e 1 ,,, were 0.5 and
0.051 s, respectively. The data table was filled with zeros to 2048
by 1024 points and apodized with a 60°-shifted sine-squared function
in both dimensions before Fourier transformation.

relaxation rate constant ti, determined from the build-up rate
of the one-dimensional NOES and the rotational correlation
time r, (see above), we calculate a distance r of approximately
4 A using the formula r =
56.92r/or) 1 /6. Clearly, the
stacking of the tandem mismatch is of an unusual nature.
31 P NM]I. 31P NMR spectra are reporters of the phosphodiester backbone, and Gorenstein and co-workers have
established correlations between 3IJ) chemical shifts, 3 JpH3',
(-

NMI spectra of d(GTGAACF) 2 and d(CCAAGATTGG) 2
are ccepared in Figure 4A. The osphorus spectrum of the
den at low temperature has seven resonances, two
CT which are shfted greaty from the usua position found
for 331NA. in contrast, the truru oft decsuner shows
a osuch sneser dispersion. The atter spectruru agrees with
that repo'ted by Nihcncwicz and Gorenstein (1 ), who
have assigned 6 1 of the 311P NMEZ signails for the deesoser.
The 31 F HMEZ spectrum of the cotamer was assigned using
the 31 P'J} shift correlation experiment (Figure 4I1). Each
of the seven phosphodiester resonances correlates with two
sugar proton resonances, corresponding to 1H13'(1) and either
11114' or 1H15'/1H15" (1+ 1), which have been assigned (Table 1]).
By matching the shifts of the JH[3' and H4', each phosphate
can be assigned. For example, the phosphorus resonance at

—220°, respectively. These angles also correlate with t
chemical shifts and are consistent with the B,, and B1 stat
respectively. We conclude that G3pA4 is in the B11 state,
agreement with the results reported recently by Chou et
(1992) for a different DNA sequence containing a tande
G.A mismatch. As discussed in some detail by Privé et
(1987), the B 1 and B11 states differ in the torsion angles e
which are (t,gj for B1 and (g,g) for B11.
For the decamer d(CCAAGATFGG) 2, both the 5'-adjace
phosphodiester and the intervening phosphodiester resonanc
were downfield of the remaining resonances (Nikonowicz
Gorenstein, 1990). The magnitude of the shift was, howevc
substantially smaller than in the present octamer and in ti
sequence reported by Chou et al. (1992). This confirms th
the backbone conformation adjacent to the mismatch site
dependent on the sequence context. It is notable that, in ti
tandem A.G mismatch studied by Privé et al. (1987), both tI
5'-adjacent phosphate and the connecting phosphate were
the B,, conformation.
I

jill

11iT1

liii

Ii
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FIGURE 5: Proton—phosphorus coupling in d(GTGAACTF) 2. Spectra
were recorded at 4.7 T and 15 °C. The spectral width was 700 Hz,
and the acquisition time was 1.7 s. Free induction decays were

apodized using a Lorentz—Gauss transformation (LB = —1, GB =
0.15). Selective proton decoupling was applied at 1, 4.38 ppm
(A4114'); 2, 4.67 ppm (Ti H3'); 3, 5.14 ppm (G3 H3').

—15.8 ppm shows an intense cross-peak at 5.14 ppm, which
has been assigned to G4113', and a weaker cross-peak at 4.42
ppm, which has been assigned to A4114' (Table I). Hence,
the phosphorus resonance at —15.8 ppm is assigned to G3pA,
the phosphate that connects the tandem A.G mismatches.
Similarly, the resonance at —18.33 ppm can be assigned to
T2pG, the phosphate immediately 5' adjacent of the mismatches (cf. Table I). These unusual shifts are probably
related to uncommon backbone torsion angles (Roongta et
al., 1990). Further, the relative intensity of the P—H3' crosspeaks suggests that there are also differences in the values of
3 JH3'P.

We have used selective 'H- 3 ' P decoupling experiments to
obtain estimates of 3JH3'P for the two anomalously shifted
phosphates. Figure 5 compares the 'H-coupled and uncoupled
31 P NMR spectra. Clearly the apparent width of G3pA is
greater than that of T2pG in the 'H-coupled spectrum. By
stepping through the frequencies corresponding to H3', 114',
and H5'/H5" (see Table I), it was found that decoupling the
H3' leads to only a modest simplification of the coupled
spectrum, whereas decoupling the H4' leads to the appearance
of a clear doublet for G3pA, whose splitting is approximately
equal to 3JH3'P = 7.50 Hz. Irradiation of H4' will also cause
partial decoupling from H5' and H5" by spillover of power,
as these resonances are close to H4' at 200 MHz (see Table
I). 3JH3'P for T2pG found by this procedure was <3 Hz. We
note that 3JH3'P determined in a similar way and also by twodimensional NMR methods on a nogalomycin—DNA hexamer
in which there is a distorted backbone due to intercalation of
the antibiotic (Searle & Lane, 1992) showed that the most
downfield-shifted phosphate has a coupling constant significantly larger than the others and was attributed to the presence
of the B,, phosphate conformation. The present result also
qualitatively supports the correlation of chemical shift and
coupling constant made by Roongta et al. (1990). Using the
parameterization of the Karplus equation given by Roongta
et al. (1990), the coupling constants of 7.5 and 3 Hz are
consistent with torsion angles e = —90°/-150° and —180° to

Melting Behavior
While the 'H NMR spectra consist of narrow resonanc
at 15 °C or below, increasing the temperature to 25 °C
above leads to extensive broadening of many of the resonanc
(not shown), indicating the onset of melting. We have ma
use of the resolved T2pG and G3pA 3 ' P resonances to monit
the melting of the duplex under the conditions of the NM
experiments.
Figure 6A shows 3 'P NMR spectra at several temperature
The two highly shifted 31 P resonances of T2pG and Op
first broaden and move toward the center of the spectrum
increasing the temperature, showing the onset of melting. TI
resonances become sharp again at high temperatures, behavi
that is typical of intermediate exchange, with a dissociati
rate constant at 40 °C comparable to the chemical shi
difference, i.e., in the range 300-400 s. The dependence
the shifts on temperature is presented in Figure 6B and sho
a strongly cooperative transition for both T2pG and G3p
The Tm under these conditions is about 40°C, which is high
than that observed optically (see the preceding paper) ar
reflects the much higher concentration of strands used in ti
NMR experiments.
DNA Conformation
Circular Dichroism. Near ultraviolet circular dichroisi
is sensitive to the relative orientations and separations of ti
dipoles of the bases and therefore to the conformatio:
Average B-DNA typically shows a conservative CD spectrui
with extrema at 278 and 245 nm. We have recorded C
spectra of several oligonucleotides that contain mismatchc
base pairs. Typical spectra are presented in Figure 7. Ti
parameters that describe these and other spectra are sun
marized in Table II.
d(GTGAACTT) 2 has a conservative CD spectrum in ti
near UV. However, in comparison to the octamer d(CA(
TAGTG) 2 known from NMR studies to be in the B-confo
mation (Lane, 1991), the intensity per base pair of the C.
is about a factor of 4 higher (see Figure 7 and Table II). Th
is additional evidence for strong base stacking in an orientatic
that maximizes the excitation coupling between the bases. I
contrast, the CD spectrum of the decamer is inverted (Figui
7), despite being in the B-family of conformations in solutic
(Nikonowicz et al., 1991). Regardless of the origin of th
effect, it is clear that the conformation of the decamer G.
mismatch is significantly different from that of the octam
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Table II: Circular Di chroisma of Oligonucleotides
sequence
B-DNM

X. (nm) Ae (M' cm') helix type
278
245

A-DNA"
d(CACTAGTG)2

10
25
30

dGTGAACTF
dCCAAGATfGG
dCGCAAATrGGCGC
dCGCAAATFGGCGd

40
55
-17.00

-16.00

-

18.00

PPM

-15
G3pA

-16
-17
.18
[:
3 B!
f

~~~

T2pG

-19

15

25

45

35

55

temp/°C

6: Melting of d(GTGAACTT) 2 monitored by 31p NMR.
(A, top) Dependence of the spectra on temperature. (B, bottom)
Variation of the shifts of T2pG and G3pA with temperature.
FIGURE

0

240 260 280
Wavelength (nm)
FIGURE 7: Circular dichroism spectra of oligonuclectides. Spectra
vere recorded at 15 °C as d screed uede: Materllalls and Metcds.
llntensities are normalized p ar base pair. Note that, for d(07-

0AAC) 2, the nnber of bece z vice to be Cllgbt, ce the
3'-overhanging nucleotides appear to be stace (see text). (I)
d(GT0AACTL)2, (:) d(CACA3'G) 2, (::) C— /2.
.

GA mismatch. n addition, we have recorded the CD
spectrum of the dcdecamer d(CGCAAATT(GGCG)2, which
contains two isolated AG mismatches (Lane at all., 1991)
(not shown). The shape of the spectrum is similar to that of
13-DNA, though with some differences in the normalized
intensities (cf. Table H). It is notable that, according to the
NMIR data, all of these oligonucleotides are right-handed

260
240
210
245
272
275
247
280
260
245
280
250
282
250

5
—

B

6

19
—1
—14
—2.5
4.5
17.5
—10
—3.5
5
—5
2.1
—7.8
3.1
—7.7

A
B
B/LZW
B/PD

B/PD
B

OD spectra were recorded as described under Materials and Methods.
Helix type is taken from the literature. LZW, Li—Zon—Wilson base
pairing; PD Privé—Dickerson base pairing. The parameters for B- and
A-DNA are taken from Ivanov etal. (1974). b From Ivanov et al. (1974).
G(anti)-A(anti). d G(syn)-A(anti).

double helices, with all glycosidic torsion angles anti and sugar
conformations in the C2'-endo domain (except for the AG
mismatched dodecamer at low pH, see Table H).
Nucleotide Conformations from 'H NMR. Three-bond
coupling constants were determined in some cases from onedimensional NMR spectra, and from cross-sections of NOESY
and IDQF-COSY spectra, as shown in Table 111111. The coupling
constants are expected to be overestimated from the twoquantum COSY data (Wüthrich, 1986) and to be underestimated from the NOESY spectrum. A comparison of the
results from the two experiments then leads to better
determination of the coupling constants (Lane, 1991). Generally, the values of Z' determined from the NOIESY and
COSY experiments are very similar, indicating that the
resonance line widths are not dominating the apparent
splittings. The coupling constants
' for the terminal 01
and C6 are smaller than for the internal residues, consistent
either with significant averaging between C2'-endo and C3'endo states (Rinkel & Altona, 1987) or with a conformation
nearer to C3'-exo. Further, it was found that the H2"—]H13'
and H3'—H4' cross-peaks in the DQF-COSY spectrum were
absent for residues T2, 03, A4, and A5. These cross-peaks
are observed only when the coupling constants exceed Ca. 2
Hz. Only if the sugar conformation exists for a significant
fraction of the time (Ca. >25%) near C3'-endo (Rinkel &
Altona, 1987) do the coupling constants become this large.
Conformational flexibility in oligomers of this size is perhaps
tc he nbrd. Arz±; th the eci as a
of north (near C3'-endo) and south (near C2'-endo) conformers,
the values of 7, 1 , one be used to caoedate the fraction of the
c sou th conformation,f, (iakd! & Alteun, ! 987). Residues

Gi, A4, C6, T7, and 78 hnvef < 0.75, vthe:ens the other
nucectides e:: -, a of ©nti: enrity.
vaues of 3 J2"3' and 3J3'4' fcc T2, 03, and AS wcud be
2-3 :-:, onoednted assuming the two-state e iihriu and
the data given in Table 111111, whereas the coup?ng censtsils
calculated for the other residues are 3-4 Hz (of. Table lilIf)
and would be expected to give rise to significant cross-peak
intensity in the DQF-COSY experiment, as observed (see
above and Figure 313). The data are consistent with a
conformational mix of C3'-endo with C2'-endo, in which the
fractions of the C3'-endo state are greatest for residues at the
ends of the duplex, especially the unpaired T7 and T8.

Table III: Coupling Constants and Glycosidic Torsion Angles in d(GTGAAC1'T)2
nucleotide

1'(N) (Hz)

G
T2
G3
A4
AS
C6

13.5
15
15
14
14.6
13.7

13.5
14.7
15
14.5
15
13.6

27
29.5
29
28
nd
28

Ti
18

14
14

14
nd

28
nd

1'(C) (Hz)

2(C) (Hz)

J

P, (deg)

nd
nd
nd
22.5
nd
23

0.62
0.84
0.88
0.74
0.84
0.63

170
135
162
170
(S)
144

4
4
2.2
2.7
(2.5)
4.3

24
nd

0.71
0.71

155

3.6
4

2(C) (Hz)

3 Jy4'ç

(Hz)

-x (deg)
125
110
95
130
(anti)5
110
114'
120

o Coupling constants were determined from one- and two-dimensional spectra. N refers to NOESY and C to DQF-COSY.
J (fraction of the south
conformation) was calculated according to Rinkel and Altona (1987). Glycosidic torsion angles (x) were determined using measurements of cross-peah
intensities as described in the text. 3 J3'4', is the coupling calculated using the values off; and P, in the table, and FN = 9*. b Not all NOES were observed
owing to overlap. c Value determined from one-dimensional NOEs. d Probable averaging about X.

The intensities of the NOEs between the H8/H6 of the
bases and sugar protons are all in the order H2'> H2"> Hi'
H3', which is characteristic of nucleotides in which the
dominant sugar pucker is in the south domain and the glycosidic
torsion angle is anti. From one-dimensional NOE build-up
curves, the glycosidic torsion angle for Cyt 6 was found to be
-114 4°. The glycosidic torsion angle determined from the
NOESY spectra was -110 5° for this residue. The glycosidic
torsion angles for the other residues, based on NO]ESY crosspeak intensities, are also given in Table III. All values are
in the anti range, though there is greater variation than is
commonly observed for Watson-Crick duplexes. The angles
determined for the overhanging nucleotides in particular are
probably subject to significant error owing to the likely greater
conformational flexibility of these nucleotides (see above).
Nevertheless, both Ti and T8 must spend a substantial fraction
of the time with x near -110° to produce such relatively
large intranucleotide NOES (Lane, 1990). The H8-H2' NOE
for A4 is weaker than for the other nucleotides (cf. Figure
2B). Fitting the data indicates that the glycosidic torsion
angle of A4 is more negative than is typical of purines.
Although both G3 and A4 are anti, the conformations of the
nucleotides in this mismatched base pair are somewhat
different from typical B-DNA structures found in solution.
Structure of the Mismatched Base Pairs. The chemical
shift of G3N 1 H is typical of imino protons that do not
participate in a hydrogen bond with a nitrogen acceptor (Li
et al., 1991; Cognet et al., 1991). This would argue against
the G(anti)A(anti) Structure found in the crystal state (Privé
et al., 1987) and by NMR (Kan et al., 1983; Gao & Patel,
1988; Carbonnaux et al., 1991; Lane et al., 1991; Nikonowicz
& Gorenstein, 1990; Nikonowicz et al., 1991). Further, any
structures involving a syn conformation of either mismatched
nucleotide can be ruled out on the considerations given above.
The structure of the mismatch site is clearly different from
the usual B structure, even though the nucleotides are each
in the B range of conformations. The chemical shifts of both
03 and A4 are unusual; the H8 of G3 is shifted downfield,
and its H2' resonance is downfield of its H2". This is
commonly observed for 3'-terminal bases and indicates that
the sugar moiety of G3 lies farther out of the ring-current
field of the 3' neighbor than in typical B-DNA (van de Yen
& Hilbers, 1988). In contrast, the H8 of A4 is unusually
upfield shifted, as are the Hi', H2', and H2" resonances. This
suggests that A4 has moved into the ring-current field of its
nearest neighbors. The presence of an NOE between A4H2
and AS H2 indicates that A4H2 is in the minor groove and
stacks onto AS. This is confirmed by the presence of significant
NOES A4H1', H2', and H2" to A5 H8. Similarly, 03 stacks
onto T2 in a right-handed helical sense as there are significant
NOEs between G3H8 and T2H6, Hi', H2', and H2" (see

Figure 2]B). In contrast, the NOES from G3H2'/H2" to A4H
are weak, while that between G3H1' and A4H8 is strong
(Figure 2). A significant NOE between A5NH 2 and G3 Hi'
and a weak NOE between G3N1H and 03 H8 are not expected
in B-like structures. Many of these observations are similar
to those made by Li et al. (1991). The detailed consideration
of all of the data leads us to conclude that the mismatches
adopt the amino pairing scheme as first shown by Li et al.
(1991).
Molecular Conformation. Although continuous sequential
NOEs are observed along the base proton-Hi'pathway, there
are two steps at which the base-H2'/H2" pathway produces
only weak NOEs. These are the G3-A4 and T7-T8 steps (cf.
Figure 2). However, the T2-G3 and A4-A5 steps have
substantial sequential NOEs, indicating the presence of helical
stacking, whereas the NOEs from one mismatched base pair
to the next are weak. The weak NOEs connecting Ti and T8
can probably be attributed to significant fraying of T8, though
the connectivities from C6 to T7 indicate that Ti must be
stacked on C6 most of the time. This conclusion is supported
by the observation that the Gi-C6 imino proton shows nc
evidence of fraying as the temperature is raised from 10 tc
20 °C or on saturation of the solvent resonance. This is in
contrast to the NH resonance of terminal base pairs in
oligonucleotides containing flush ends, where the imino proton
is frequently very broad or not observable (Patel & Hilbers,
1975).
We have therefore undertaken a modeling study of the gross
conformation of the tandem mismatch starting from the
structure observed in the crystal state (]Privé et al., 1987) and
from that proposed by Li et al. (1991).

Imino Base Pairing (Privé et al., 1987)

Using the nucleotide parameters given in Table III, we
have calculated the expected NOES in the mismatched duples
as a function of the helical parameters. In addition, the
distance C3'(i)-CS'(i+ 1) and the Lenñard-Jones energies are
calculated, which can be used to filter out "impossible'
structures. Consideration of the G.A/G.A block has showr
that both the 0 and A residues each need to slide (D)
(Dieckmann, 1989) about 1 A from the helix axis to achieve
an acceptable stereochemistry. Similarly any shift (Di) neech
to be the same for both bases and relatively small (<1 A)
Steric clashes are then avoided by significant propellor twist
of the base pairs. This model predicts essentially normal helica
NOEs, including those for 0-A. On detailed analysis of the
observed NOE intensities and the patterns of chemical shifts
we find that the imino pairing model is not present in thi
case. This conclusion agrees with that made on the basis 01
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FIGURE 8: Comparison of base-pair overlaps in the amino and imino base pairings. Structures were generated as described in the text, using
the nucleotide conformations given in Table III for the amino- and imino-paired mismatches. The positions of the phosphates are arbitrary.
Protons have been omitted. (A, left) GA/AG stack: upper, imino-paired bases; lower, amino-paired bases. (B, right) TG/AA stack: top,
B-DNA (with GC base pair); center, imino pairing; bottom, amino pairing.

the effect of inosine substitution on helix stability (see the
preceding paper).
Amino Pairing (Li et al., 1991)
The amino pairing of G to A can be achieved from a Watson—
Crick conformation by translation along the x-axis (Di) of
the adenosine nucleotide by about 7 A and a translation along
the y-axis (Di) of about 4 A. The stacking of the next base
pair A on A and 0 on 0 requires a small negative twist angle
of the 3' nucleotide and a shift in the opposite direction. To
place the 0A/A.0 block inside a normal B helix requires a
positive shift and a small positive slide with respect to the axis
of the surrounding 13-helix. A large twist (approximately twice
the normal value found in 13-DNA) has to be incorporated to
connect the GA block to the base pairs above and below.
Note that if the helical twist angle is taken as the ange between
vectors connecting the Cl' of the mismatched base, then the
an!e fcr C- —A is In ned a 2siive n cxi zi-s.edy 70°),
as described by Chou et al. (i2). Structxres of this hind
were built such that the distance between C3'(i) and CS'(1+1) did not exceed 5 A, the tandem &A block was
symmetrically placed within the normal 13-helix, and negative
Lennard-Jones energies were similar to those calculated for
a 13-DNA helix. Further, the tandem GA block was
constructed to retain symmetry of the two strands, as required
for this sequence. Under these conditions, all of the NOEs
can be qualitatively satisfied, which is not true for the Privé
structure. For example, the NOEs predicted for A4H8 to G3

H2', H2", and H3' are very weak, in contrast to the IPrivé
structure. Similarly, the NOEs predicted for G31H18 to T2JH[2'
and H2" are relatively large (comparable to those expected
in B-DNA), as is observed (cf. Figure 2). However, because
of the symmetry of the sequence and spectral overlap, we
have insufficient independent data to determine all of the
backbone and helical parameters reliably. Nevertheless, the
approximate stacking of successive base pairs can be deter mined. The stacking of the base pairs for B-DNA, the
structure of Privé et al. (1987), and the amino-paired structure
are shown in Figure 8. Remaining base pairs are essentially
normal B-type stacks. Particularly noticeable is not only the
GA C11A avay A cLn1g of tehs ooc
onto the adjacent base pairs. This stacking is more extensive
than in canonical 13-DNA.

in an optimal geometry wouhi be expected to he more favorable
than the stacking of pnnine—yrimidine tease enirs (Baenger,
1984; Ririlcel et al., 1987). While the stacking of cxc GA
mismatch with its neighbor is strong in both the amino and
imino pairing, it is notable that the stacking of the tandem
GA block with its nearest neighbors is actually more extensive
than ordinary base pair stacking in B-DNA (Figure 8A).
Further, the bulging in the amino pairing is less pronounced
than in the imino-paired mismatch (cf. Figure 813), in which
conformational rearrangements are propagated two base pairs

from the mismatch sites (Privé et al., 1987; Nikonowicz &
Gorenstein, 1990). The improved stacking may overcome
the unfavorable effects of the bulge created by any mismatched
purines and partly explain why the amino pairing gives the
most stable duplexes. The tandem amino-paired G.A mismatches appear to act as quasi-independent blocks, as they
can easily be slotted into a normal B-like duplex. This may
account for the observed stability of a dodecamer containing
6 G.A mismatches of this kind (see the preceding paper).
Further, the 2-amino group of guanine can hydrogen bond to
two water molecules in the single-stranded slate, but in the
imino-paired structure only one of the protons can hydrogen
bond to water, resulting in a net loss of one hydrogen bond.
In contrast, in the amino-paired structure, one amino proton
is involved in a hydrogen bond with the adenine base, and the
other is free to hydrogen bond to water, with no net change
in the number of hydrogen bonds.
The 3'-overhanging ends significantly stabilize the duplex
state; the melting temperature increases about 5 °C (see the
preceding paper). According to Senior et al. (1988), 5'
overhangs are more stabilizing than 3' overhangs. The
stabilization was attributed to an enthalpic effect from the
overhanging bases stacking on the helix. This stacking of the
single-stranded overhangs would decrease the fraying or
tendency to melt from the ends, as observed in the spectra of
the imino protons (see above). It may also account in part
for the high frequency of pairing of "sticky" ends of restriction
fragments. A similar result was obtained recently in RNA
duplexes, where a single 3'-overhanging base caused a
substantial stabilization of the duplex (Santa Lucia et al.,
1990); the stabilization clearly depends on the overall structure
of the helix.

We thank Dr. K. Borden for helpful comments on the
manuscript.
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ABSTRACT: We have used ultraviolet melting techniques to compare the stability of several DNA duplexes
containing tandem G.A mismatches to similar duplexes containing tandem AG, IA, and T.A base pairs.
We have found that tandem G.A mismatches in 5'-Y-G-A-R-3' duplexes are more stable than their I'A
counterparts and that they are sometimes more stable than tandem 5'-Y-T-A-R-3' sequences. This is not
the case for tandem G.A mismatches in other base stacking environments, and it suggests that tandem G'A
mismatches in 5'-Y-G-A-R-3' sequences have a unique configuration. In contrast to tandem 5'-G-A-3'
mismatches, tandem 5'-A-G-3' mismatches were found to be unstable in all cases examined.

Base-pair mismatches are occasionally incorporated into
DNA during replication, and if they are not removed by
proofreading and repair enzymes, they can give rise to
substitution mutations (Friedberg, 1985). Isolated mismatches in synthetic oligonucleotide duplexes have been
studied by a variety of methods such as NMR spectroscopy
(Patel et al., 1987), X-ray crystallography (Kennard, 1987),
and ultraviolet duplex melting techniques (Werntges et al.,
1986; Tibanyenda et al., 1984; Gralla et al., 1973; Aboul-ela
et al., 1985), but there is little information on multiple
misinsertions at a single locus. G.A mispairs are particularly
significant as they are removed from genomic DNA less
efficiently than other mismatches (Fersht et al., 1982). The
enzymic recognition of mispaired bases in DNA depends upon
structural and thermodynamic factors (Steitz et al., 1987),
and in the case of G'A mismatches the situation is complex
as stability and conformation vary according to the base
stacking environment (Brown et al., 1989; 1990a,b; Gao et
al., 1988; Leonard et al., 1990; Lane et al., 1991). As part
of a long-term study on the characteristics of base-pair
mismatches in DNA, we now report the results of detailed
studies on tandem and multiple G.A mismatches in DNA
duplexes.
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DNA Synthesis and Purification. Oligonucleotides were
synthesized and purified by standard methods (Beaucage &
Caruthers, 1981; Brown & Brown, 1991). Synthesis was
carried out on an ABI 380B DNA synthesizer, and HPLC
purification was performed on a Gilson HPLC system using
a Brownlee Aquapore reversed-phase octyl (C8) column (25
cm)( 10 mm) and a gradient of 0% to 20% acetonitrile in 0.1
M ammonium acetate buffer over a period of 30 mm.
Melting Curves. Absorbance vs temperature melting curves
were measured at 260 nm on a Perkin-Elmer Lambda 15
ultraviolet spectrophotometer equipped with a Peltier block
and controlled by an IBM PS2 microcomputer. A heating
rate of 0.9 °C mint was used, and all melting curves were
measured in triplicate. Data were collected and processed
0
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285

290

295

300

305

310

315

320

JZ

T(K)

Ultraviolet melting curves. (A, top) Melting curve am
first derivative for the d(CCAGTACTGG)2 duplex. The meltini
temperature (323 K) is defined as the maximum point of the firs
derivative curve. (B, bottom) Superposition of the ultraviolet meltin
curves of (duplex A) cI(CCACGAATGG).d(CCATGAGTGG)
(duplex B) d(CCACIAATGG).d(CCATIAGTGG). The tandee
G.A mismatch (duplex A) is significantly more stable (Tm = 316 K
than the tandem l.A mismatch (duplex B) (Tm = 309 K).
FIGURE 1:

using the PECSS2 software package (Perkin-Elmer Ltd.)
Absorbance versus temperature data were converted to th
© 1992 American Chemical Society

12084

Biochemistry, Vol. 31, No. 48, 1992

first derivative, and the melting temperature was defined as
the temperature at which the curve attained its maximum
point (Figure 1A). Almost all the melting temperatures
determined in this way were reproducible to within 0.15 K,
and the remainder were reproducible within 0.4 K. The
concentrations of certain samples were determined as follows: the oligonucleotides were converted to free nucleosides
by enzymic digestion using phosphodiesterase 1 (type VII,
Crotalus atrox venom, 1 unit/mg) and alkaline phosphatase
(type III, Escherichia coli, 31 units/mg). The concentrations
of the original single strands were then calculated using the
known base compositions of the oligonucleotides and the
published extinction coefficients of the individual nucleosides
at 260 nm (Gait & Sproat, 1984). The hypochromicity factor
(F) was defined as the ratio of the absorbance of the
oligonucleotide single strand at 70 °C to that of the fully
thgested oligonucleotide at 37 °C, giving the following
results: d(GTGAACTT) F = 0.9; d(GTTAACTT) F = 0.9;
i(GTFAAC)F= 0.7;d(GTGAAC)F= 0.7. Hypochromicity
Factors of other samples were estimated to be F = 0.8.
Fhermodynamic data for d(GTGAACTT) and d(GTTAACTF) were obtained from concentration-dependent melting
;tudies. The melting curves and first derivatives for the above
ompounds showed a single transition (Figure 1A,B). This
tnd the detailed NMR study in the following paper strongly
upport a two-state model for the melting transitions. One
,articular sequence, d(CCACIAGTGG), produced a biphasic
nelting curve. At present, we have no explanation for this
,articular anomaly, but the sequence is currently being
nvestigated in detail by high-field NMR methods. The data
oints for d(GTGAACTF) 2 and d(GTTAACT7) 2 were fitted
o a van't Hoff plot of TM1 vs in CT, and thermodynamic
)arameters were calculated using the following equations
Santa Lucia et al., 1991a):
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Table I
(a) Duplex Stability
5'-seq-3'

type

GTGAACTF
GTAGACTT
GTIAACTF
GTTAACTr
GT.AC
GTFAAC

Y-G.A-R
Y-A-G-R
Y-1-A-R
Y-T-A-R
Y-G-A-R
Y-T-A-R

Tm

(K)

298.5
279.0
282.0
301.0
293.0
288.0

GTGAACTT
at same concn

concn
(UM)

298.5
298.5
300.5
300.5
301.5

28
28
25
42
45
53

(6) Thermodynamic Parameters for GTGAACTT and GTTAACTF
JfO (kJ/mol)
SO (J/mol.K)
G° (kJ/mol)
GTFAACTF
-188.6
-543.1
-26.7
GTGAACTF
-189.8
-547.9
-26.5
Table II a
5'-seq-3'

type

Tm

CCACGAGTGG
CCACAGGTGG
CCACIAGTGG
CCACTAGTGG

Y-G-A-R
Y-A-G-R
Y-1-A-R
Y-T-A-R

CCAGGACTGG
CCAGAGCTGG
CCAGIACTGG
CCAGTACTGG

R-G-A-Y
R-A-G-Y
R-I-A-Y
R-T-A-Y

319.5
308.5
322.5
323.0

CCAAGATTGG
CCAAAGTrGG
CCAAIATfGG
CCAATATFGG

R-G-A-Y
R-A-G-Y
R-1-A-Y
R-T-A-Y

305.5
<283
305.5
314.5

CCATGAATGG
CCATAGATGG
CCATLAATGG
CCATFAATGG

Y-G-A-R
Y-A-G-R
Y-1-A-R
Y-T-A-R

308.0
<278
<283
313.5

CCAAGAATGG/
CCATGATrGG

R-G-A-R/
Y-G-A-Y

298.0

CCAALAATGG/
CCATIATrGG

R-1-A-R/
Y-I-A-Y

301.5

CCAAGAGTGG/
CCACGATFGG

R-G-A-R/
Y-G-A-Y

310.0

G°(298 K) = A!! 0 - T5S°

CCAAIAGTGG/
CCACIATFGG

R-1-A-R/
Y-I-A-Y

310.5

Melting temperatures of all octamers and hexamers were
letermined in a buffer consisting of 0.1 M NaCl, 0.1 M
JaH2PO4, 20 mM sodium cacodylate, and 1.0 mM EDTA
djusted to pH 7 by addition of sodium hydroxide. The pHLependent ultraviolet melting studies on d(GTGAACTT) 2
ere carried out in buffers of the same salt composition
•djustedto pH 5.6,6.0,6.5, 7.0,or 7.9asaprc:ir.t.
emperatures of decamers were determined in 0.1 M NaCl,
.01 M NaIHI2 PO4 20 mM sodium cacodylate, and 1.0 mM
DTA at pH 7.

CCAATAGTGG/
CCACTATFGG

R-T-A-R/
Y-T-A-Y

317.5

CCACGAATGG/
CCATGAGTGG

Y-G-A-R/
Y-G-A-R

316.0

CCACIAATGG/
CCATIAGTGG

Y-1-A-R/
Y-1-A-R

309.0

CCACTAA7GG/
CCATTAGTGG

Y-T-A-R/
Y-T-A-R

317.0

i/TM = (R/iH°) In CT + S/H
(CT = total concentration of single strands)
R/iH° = slope

5O/JJO = intercept

G°(298 K) = RT1n CT and

,

ZZUIM NIDCJCN
We have carried out ultravicet mc!!ing etpe:iuients and
ihfied NML str.dies (see the ccwing paper in this isse)
,hich indicate that in certain cases tandem GA mismatches
re as stable as tandem Watson-Crick TA base pairs. We
irst observed this in an NMJR study of the sequence
(GTGAAC'fl'), which forms a very stable self-complemenary hexamer duplex d(GTGAACT')2 (paired bases underned), with 3' single-stranded dTT ends (Table It) Tm values
'ere measured over a 20-fold concentration range in order to
etermine thermodynamic parameters (Aboul-ela, 1985) for

a Oligonucleotide

(K)

325
<278
<305 (biphasic)
323.0

concentrations were 16-18 p.M throughout.

this nnzsnal mismatched dnn!en and its Watson-Crieh
cc tern rt d(GTTAAC'T) 2. The nxoten
stability is not due to the 3'-TT extensions as it asc occurs
in the hexamer d(07GC) 2 (Tab!e II).
Studies on a series of decamer dupexes with central 5'N-0-A-N-3' sequences established that the phenomenon is
sequence-dependent and predictable. if the tetramer 5'-YG-A-R-3' is inserted into a palindromic DNA sequence, the
resulting duplex has a much higher melting temperature than
that of 5'-Y-A-G-R-3' sequence (Tables I and lla,d), and in
all but one case the Tm is comparable to that of the equivalent
Watson-Crick 5'-Y-T-A-IR-3' sequence (Tables Ita,b and
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Table III
5'-seq-3'

type

Tm (K)

concn
(tiM)

CGAGTGAACGAG
CGAGTGAGTGAG
GAGTGAACGA
CCTGAGAAGG

(Y-G-A-R)3
(G-A.G-T)
terminal 0-A
Y-G-A-G-A-R

321.5
297.0
319.0
<278

17
17
17
16

A(anti).G(syn) mismatch

FIGURE 2: Structures of G•A mismatches in the imino pairing form.

(Top) A(anti).G(anti) base pair as observed in the crystal state (Privé
et al., 1987) and in solution at neutral pH (Gao & Patel, 1988; Lane
et al, 1991). (Center) A(syn).G(anti). (Bottom) A(anti).G(syn)
observed at low pH with protonation of Adenine N (Gao & Patel,
1988; Lane et al., 1991). Wavy lines represent connection to the
remainder of the molecule.
Ha,d,g). Other flanking base sequences, 5'-R-G-A-Y-3' or
5'-R-G-A-R-3'/5'-Y-G-A-Y-3', yield tandem GA mismatches
which are generally less stable than their Watson—Crick
counterparts (Table IIb,c,e,f). Tandem A.G mismatches are
always very unstable (Tables la and IIa—d), regardless of the
base stacking environment.
Deoxyinosine is an analogue of deoxyguanosine that lacks
the 2-amino group and as such is a useful structural probe.
It has been used frequently in DNA to evaluate the importance
of minor groove interactions of G.0 base pairs with proteins
and drug molecules. Substitution of deoxyinosine for deoxyguanosine in 5'-Y-G-A-R-3' sequences produces relatively
unstable tandem I-A mismatches (Tables la and IIa,d,g and
Figure 113), indicating that the 2-amino group of guanine is
crucial to the stability of tandem G.A base pairs in DNA
duplexes in this base stacking environment. In contrast,
deoxyinosine substitution in 5'-R-G-A-Y-3' sequences is not
destabilizing (Table IIb,c,e,f), and it is therefore clear from
these inosine substitution experiments that 5 1-Y-G-A-R-3'
duplexes differ from 5'-R-G-A-Y-3' duplexes in the structural
properties of the G.A mispairs.
Three forms of the GA mismatch have been identified
(Figure 2) in X—ray crystal structures and NMR studies of
DNA duplexes (Gao & Patel, 1988; Leonard et al., 1990;
Lane et al., 1991; Brown et al., 1986; Prive et al., 1987; Kan
et al., 1983), and none of these requires direct participation
of the guanine 2-amino group in interbase hydrogen bonds.
Thus, all three base pairs can be formed between inosine and
adenine, and they are all consistent with the melting results
for the GA mismatches found in 5'-R-G-A-Y-3' sequences.

None of the base pairs in Figure 2 can be invoked to explai
the destabilizing effect of deoxyinosine substitution in 5 1-'
G-A-R-3' duplexes. The protonated G(syn).AH (anti) bas
pair (Figure 2C) can be discounted on additional grounds, a
we have shown that the stability of the 5'-Y-G-A-R-3' sequenc
in the d(GTGAACTT) 2 duplex is invariant in the pH rang
5.5-8.0. However, the destabilization caused by inosin
substitution is consistent with the tandem G.A mismatc
(Figure 3) which has recently been proposed (Li et al., 1991;
In this case, the guanine 2-amino group is involved in direc
interbase hydrogen bonding and is therefore absolutel
required for the formation of a stable base pair. The instabilit
of IA base pairs relative to G.A base pairs under certai
conditions has been observed previously (Wilson et al., 1988'
The above observations led us to investigate the possibilit
of incorporating large numbers of mismatches in DN1
duplexes (Table III). Longer tracts of alternating G.A bas
pairs are strongly destabilizing, but it is possible to construc
a stable 12-mer duplex containing six G.A mismatchc
provided that they are of the form 5'-Y-G-A-R-3'. A stab]
duplex forms even when the tandem GA mismatches at
separated by tandem G.T mismatches. Terminal tandem G.A
mismatches are also quite stable, and this is illustrated by th
surprisingly high Tm (46 °C) of the sequence GAGTGAA(
GA, which can form a duplex with a 60% GA mismatc
content!
The stability of tandem mismatches in RNA duplexes ha
recently been examined (Santa Lucia et al., 1990, 1991b
and in some cases a slight increase in stability for G.A verst
A.G mispairs and certain structural differences were observe(
However, substitution of inosine for guanine had the effe
of increasing duplex stability, even for 5'-Y-G-A-R-3' s
quences (Santa Lucia et al., 1991b). The authors measure
melting transitions at a salt concentration (1.0 M) much high
than in our studies (0.1-0.2 M). The relatively low sa
concentrations in our work were chosen to mimic physiologic
conditions, as it has been noted previously (Leonard et al
1990) that buffer concentration can influence GA mismatc
configuration. One explanation for the different trends in ti
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wo studies is that a direct comparison between mismatch
onfiguration in RNA and DNA duplexes may not be possible
s the former generally adopt the A-conformation and the
tter the B-form. It has been shown that tandem I.A.
riismatches in RNA can adopt a different hydrogen-bonding
attern to tandem G.A mismatches in the same base-stacking
nvironment (Santa-Lucia et al., 1992).
Stable G.A mismatches of the type shown in Figure 3 may
ccur in duplex regions of ribozymes, ribosomes, and messenger
NA molecules. If so, this would permit the N( 1) and 0(6)
toms of guanine and the N( 1) atom of adenine to participate
,i non-base-pairing interactions that might stabilize tertiary
tructures.
In the following paper, we present NMR and CD data to
westigate the structure of tandem GA mismatches in DNA.
he effects of unpaired terminal T'T bases on DNA duplex
Lability are also discussed.
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Nearly complete assignments of the 'H-NMR spectrum of the DNA RNA hybrid
d(GTGAACTT) r(AAGUUCAC) have been obtained by two-dimensional methods. Three-bond
coupling constants measured from cross-sections of two-dimensional NOE spectra and double
quantum-filtered correlation spectra showed that the sugars in the DNA strand are predominantly in
the S domain of puckers, whereas the ribofuranoses are mainly C3'-endo. Analysis of time-dependent NOE intensities from one- and two-dimensional experiments showed that the glycosidic torsion
angles in the DNA strand are near —120°, whereas those in the RNA strand are in the range —140°
to —160°. These nucleotide conformations correspond to those typically found in B-DNA and ARNA, respectively.
The circular dichroism of the duplex is similar to that of A-form RNA, consistent with a global
A-like conformation. A large number of duplex structures was generated in which the nucleotides
were fixed in the experimentally determined conformations. A subset of these structures was found
that satisfied the iriternucleotide NOE intensities, backbone constraints and had acceptable LennardJones energies. The base pairs in the duplex were found to have positive inclinations, a translation
(Dx) of about 0.4 nm from the helix axis, and more than 10 bp/turn on average. This implies a
helical structure in the A family of conformations.

DNA RNA hybrids are generated by RNA polymerase
luring transcription, and by retroviral reverse transcriptases
making a DNA copy of the viral RNA. Transcription is initiated by RNA polymerase recognising and binding to the prornoter, unwinding about 10 bp of the DNA duplex ahead of
:he start site and forming a DNA. RNA hybrid of some 610 bp (Hansen and McClure, 1980). The formation of the
DNA RNA hybrid, and the presumed change in conformaLion of the nucleic acid from double-stranded DNA, is associated with a large change in the affinity of the RNA polymerise core enzyme for the promoter-recognition factor, a. The
factor remains an integral part of the transcription complex,
and contacts the nascent RNA (Bernhard and Meares, 1986),
until approximately one turn of a DNA RNA hybrid has
been synthesised. The a factor then dissociates from the
polymerase/nucleic-acid complex, and transcription continues in the elongation phase (Hansen and McClure, 1980).
The generation of the 3'-OH RNA primer in DNA replication
may also require a special ribonuclease (RNAse H) that recognises and hydrolyses the RNA strand of DNA RNA hybrids. This enzyme, however, is inactive toward doublestranded RNA (Stein and Hausen, 1969) and apparently is
not sequence specific, suggesting that the conformation of
Correspondence to A. N. Lane, National Institute for Medical
Research, The Ridgeway, Mill Hill, London NW7 IAA, England
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Abbreviations. TOCSY, total correlation spectroscopy; DQF-

COSY, double quantum filtered correlation spectroscopy; NOESY
nuclear Overhauser enhancement spectroscopy; MD, molecular dynamics.
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the hybrid may be important for recognition by the enzyme.
RNAse H is also an integral part of retroviral reverse transcriptases, and is involved in the removal of the viral RNA
from the initial DNA RNA hybrid copy (Varmus, 1988).
Although the crystal structures of RNAse H from both Escherichia coli (Katayanagi et al., 1990, Yang et al., 1990) and
human immunodeficiency virus (Davies et al., 1991; Kohlstaedt et al., 1992) have been determined, no experimental
structure of the enzyme/substrate complex has been reported.
Models of the enzyme/nucleic-acid complexes have been
constructed assuming a standard A conformation for the
DNA RNA hybrid (Yang et al., 1990; Nakamura et al.,
1991; Kohlstaedt et al., 1992). These models have been used
for making inferences about mechanism. It is therefore important to know the conformation of DNA RNA hybrids
to understand the interactions with enzymes such as RNA
polymerase and RNAse H, which could be of value in the
design of specific inhibitors of the enzymes.
Until recently, relatively little was known about the conformation of DNA RNA hybrids in solution. It has now
been shown by NMR and Raman spectroscopy that the conformations of the sugars in the RNA strand is C3'-endo,
whereas that in the DNA strand is nearer C1'-exo to C2'endo (Chou et al., 1989b; Katahira et al., 1990; Salazar et
al., 1993), consistent with a heteronomous structure. Circular
dichroism spectroscopy and NMR spectroscopy also indicate
that the overall conformation of DNA RNA hybrids is Alike (Hall and McLaughlin, 1991) and resembles duplex
RNA more closely than DNA.
.

.

.

.

298
We have used high-resolution NMR to determine the
conformational properties of the hybrid d(GTGAACTT)
r(AAGUUCAC) in solution. The assignment of the 1 HNMR spectrum of RNA is relatively difficult, because with
the exception of Hi', the sugar protons resonate in a narrow
range of frequencies (Chou et al., 1989a, b; Varani and
Tinoco, 1991 a, b). Further, if RNA is in an A-like conformation, intraresidue base-sugar proton NOE are rather small,
which makes a detailed conformational analysis based on
NOE more difficult than for double-stranded DNA. Most of
'H-NMR spectrum of the hybrid duplex has been assigned,
and coupling constants and NOE intensities, in conjunction
with molecular modelling, have been used to determine the
principal conformational features of the duplex.

MATERIALS AND METHODS
Materials
The deoxynucleotide strand was synthesised and purified
as previously described (Brown and Brown, 1991). The ribonucleotide strand was synthesised using Chemgene 2'-O-silyl
protected phosphoramidites. The support for the solid-phase
synthesis was prepared according to Damha et al. (1990)
using long-chain-alkyl-amino controlled-pore glass (poresize 50 nm), which was obtained from Pierce. The RNA was
synthesised on an ABI 394 automated DNA/RNA synthesiser. The oligomer was cleaved from the solid support using
an ethanol/water mixture (1:3) then heated at 55°C in a
sealed vial for 6 h. The sample was treated with a 1 M solution of tetrabutylammonium fluoride in tetrahydrofuran (Aldrich) for 20 h at room temperature to remove the 2'-0-silyl
groups. After ion-exchange treatment (Dowex 50 WX8,
100-200 mesh, Na form, Fluka) and desalting on a Sephadex GlO column (Pharmacia), the fully deprotected oligomer
was purified by ion-exchange (Partisil P10SAX, Hichrom)
and reverse-phase HPLC.
The DNA RNA duplex was formed by mixing equal
concentrations of strands dissolved in 0.2 M KC1, 0.01 M
sodium phosphate, pH 7, containing 0.1 niM EDTA, and annealing slowly from 70°C.
Methods
'H-NMR spectra were recorded at 9.4 T and 11.75 T on
Bruker AM spectrometers, and at 14.1 T on a Varian Unity
600 spectrometer. 'H spectra were referenced to internal 2,2'dimethylsilapentane-5-sulphonate. 31 P-NMR spectra were recorded at 4.7 1 on a Bruker WM200 spectrometer and were
referenced to external methylene diphosphonate as in previous work (Lane, 1991, Lane et al., 1992). This standard is
at —13.18 ppm with respect to trimethylphosphate.
Phase-sensitive two-dimensional NOE (NOESY) spectra
were recorded at 293 K and 298 K at several mixing times
in the range 25-300 ms. Total correlation spectroscopy
(TOCSY) experiments were recorded using MLEV17 (Bax
and Davis, 1985) to provide spin-lock field strengths of 812 kHz for durations of 25-60 ms. Double quantum-filtered
correlation spectra (DQF-COSY) were recorded at 14.1 T
and 298 K. All two-dimensional experiments were recorded
with an acquisition time t2 of 0.4 s. Data matrices were zerofilled once in t2 and twice in t, before Fourier transformation,
to give final digital resolutions of about 1.2 Hz/point in F2
and 2.4 Hz/point in F,. Free induction decays in NOESY

experiments were apodised using a sine-squared function
shifted by 90°.
Spectra of exchangeable protons were recorded in 'H 20
at 14.1 T using the 1331 composite pulse for solvent suppression (Hore, 1983) or presaturation of the solvent resonance.
Apparent spin-lattice relaxation times, T,, were measured
using FIRFF (Gupta et al., 1980), and the data were analysed
by non-linear regression to
M(t)

= a+b exp(—R 1 t)

(1)

where a and b are constants, and R, = 11T1 . Rotational correlation times were determined from time-dependent NOE
measurements on the cytosine H6-H5 and uridine 1 16-115
spin pairs as previously described (Wagner and Wüthrich,
1979; Lane et al., 1986).
CD spectra were recorded at 10°C in 0.5 M KC1, 20 mlVl
sodium phosphate, pH 7.4, on a Jasco model J-600 spectropolarimeter. The concentration of the nucleic acid was calculated from the coefficients given in the CRC handbook of
molecular biology.
Structural models of the DNA . RNA hybrid were calculated using the program NUCFIT (Lane, 1990a,b), which
specifically accounts for spin diffusion and motional averaging, and allows the experimental and calculated NOE to be
compared directly. The program has been extended to treat
riboses and take into account the slow relaxation of some of
the protons (Wang et al., 1992). Incomplete relaxation was
allowed for by setting the initial magnetization equal to
M°[1 - exp (—R 1 D)] where M° is the equilibrium magnetization, R, is the effective spin-lattice relaxation rate constant
and D is the recycle time. Coupling constants were calculated
with reparameterisation of the Karplus equation using the
data tabulated by Rinkel and Altona (1987). Molecular models were built in which the positions of the phosphates were
initially not explicitly defined. Stereochemically possible positions were then found by least squares regression, using
standard bond lengths and bond angles, and with the backbone angle y maintained at 40° (Saenger, 1984). Minor
groove widths were calculated from the coordinates of H4'(i)
on one strand to H5'(i+3) on the complementary strand
(Neidle, 1992).
Models were also generated using the restrained molecular dynamics (MD) and energy-minimisation routines within
the program Discover (Biosym), using the Amber forcefield.
The Coulomb term was attenuated using a dielectric constant
equal to the distance. 1,4 interactions were scaled by 0.5. The
starting structure for these calculations was A-form DNA
RNA hybrid. Restraints were derived from the NOESY and
DQF-COSY data and analysed further with NUCFIT. Restraints for the DNA strand were derived for the major conformer. To drive the conformation of the deoxyriboses toward the south domain, limits were supplied for the HI'H4' and H2"-H4' distances. For the latter, this amount to
specification of a lower limit of 0.35 rim, which is consistent
with the very weak NOE observed for these interactions. The
bases in the terminal bp were fixed in their initial positions
to prevent excessive buckling during the dynamics runs. The
molecule was first subjected to 500 cycles of steepest descent
energy minimisation followed by 10-ps restrained MD at
600 K. After this period, the deoxyriboses had converted to
the south domain. Structures were energy minimised (500
cycles of conjugate gradient refinement). The temperature
was then reduced to 300 K and restrained MD run for 5 Ps,
during which only relatively small fluctuations were observed about a mean structure. The final trajectory was then
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Fig. 1. Assignments of non exchangeable protons. Spectra were recorded at 14.1 T at 298 K. The NOE spectra were recorded with a
mixing time of 100 ms. (A) NOE spectrum showing base to HI' connectivities of both strands. Deoxynucleotides are connected by dashed
-

lines, and ribonucleotides by continuous lines. (B) NOE spectrum showing the base to H2'/H2" connectivities for the DNA strand. (C)
DQF-COSY data showing H3-H4' connectivities in the DNA strand (upper half) and H2'-H3' connectivities in the RNA strand (lower
half). Owing to crowding near the diagonal, not all peaks have been labelled. Positive and negative levels are plotted as black and grey.

energy minimised using 1000 cycles of conjugated gradient

hybrid. Fig. 1A and B show the base-proton/Hl' and base-

refinement. A further cycle of 10-ps restrained MD and 500
cycles of conjugate gradient energy minimisation produced
the final structures that satisfied the input restraints, gave a

proton/H2', H2" regions, respectively, of a NOE spectrum of
the duplex recorded with a mixing time of 100 ms. The oxygen atom on C2' in ribofuranoses causes the H2' in these
sugars to resonate in the range 4-5 ppm, compared with 23 ppm for H2' and H2" in deoxyriboses. Hence, cross-peaks
in the 8.5-7 ppm to 3-2 ppm regions can be assigned
uniquely to the DNA strand. Anchor points for the sequential
assignments (Reid, 1987) were found by noting the crosspeaks for H8/H6(i) to TMe(i+1) in XT steps, and H81H6(i)H5(i+1) in XC or XU steps. The H6 and H5 resonances of
Cyt and Ura were identified from their mutual scalar cou-

low global potential energy and a mean energy gradient of
less than 0.4 kJ/mol.

RESULTS
Assignment of non-exchangeable protons
We have used a combination of NOESY, TOCSY and
DQF-COSY to assign the NMR spectrum of the DNA. RNA
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Table 1. 'H NMR assignments of the DNA strand in the DNA•
RNA duplex at 293 K. Resonances were assigned using NOESY,

Table 2. 1H NMR assignments of the RNA strand in the DNA
RDNA duplex at 293 K. Protons were assigned as described in

DQF-COSY and TOCSY experiments as described in the text.
Chemical shifts are given with respect to internal 2,2'-dimethylsilapentane-5-sulphonate.

Table 1. n.d., not determined.

Base

H2/H5
Me

Hi'

H2'

112"

113'

-

1.28
-

7.16
7.62
5.07
1.46
1.65

1121115
Me

HI'

112'

H3'

114'

7.21
7.71

5.52
5.83
5.50
5.48
5.64
5.52
5.87
5.66

4.68
4.77
4.48
4.44
4.47
4.42
4.38
3.9

4.48
4.68
4.38
4.58
4.55
4.57
4.72
4.08

4.18
n.d.
4.09
4.09
4.43
n.d.
4.14
4.34

114'
ppm

ppm
7.87
7.54
7.71
7.96
7.95
7.15
7.47
7.53

Chemical shift of
H8/H6

Chemical shift of
H8/H6

GI
T2
G3
A4
A5
C6
T7
T8

Base

5.87
6.12
5.81
6.03
6.08
5.74
6.12
6.34

2.68
2.39
2.55
2.61
2.60
2.04
2.22
2.27

2.68
2.68
2.75
2.83
2.73
2.50
2.62
2.27

4.75
4.93
5.00
5.02
4.94
4.57
4.86
4.61

4.08
4.30
4.34
4.40
4.39
4.20
4.22
4.07

pling in the DQF-COSY and TOCSY data. Hence, the crosspeak at (7.87 ppm, 1.27 ppm) arises from the sequential interaction 01 H8 to T2 Me (Fig. 1B). The cross-peak at
(7.15 ppm, 5.0 ppm; Fig. 1A) arises from C or U H6-H5 interactions, as it is present also in the DQF-COSY data (not
shown). As there are also NOE cross-peaks at (7.15 ppm,
2.04 ppm) and (7.15 ppm, 2.50 ppm), the resonance at
7.15 ppm can be assigned to the H6 of the unique cytosine
in the DNA strand, i.e. to Cyt 6. Using these anchor points,
the base protons in the DNA strand were connected to the
Hi' resonances as shown in Fig. 1A. The sequential base
proton to H2'/H2" resonances were then connected as shown
by the lines as indicated in Fig. lB. The assignments of the
sugar resonances were confirmed using DQF-COSY
(Fig. IC) and TOCSY (data not shown). For example,
Fig. 1C shows the H3'-H4' cross-peaks for the deoxyriboses.
The assignments of the non-exchangeable protons are given
in Table 1.
The anchor points for the riboses were the cytosine and
uridine H6-H5 resonances, which were found in both the
TOCSY and DQF-COSY experiments. The significant NOE
cross-peaks connecting base H6/H8(i) to C/U H5C(i+I)
were particularly useful for establishing several sequential
assignments of the base protons. NOE cross-peaks connecting base protons and Hi' in the RNA strand are shown by
the lines in Fig. 1A.
In appropriate cross-sections of the NOE spectrum (data
not shown), the HI' resonances are uniformly narrower for
the riboses than for the deoxyriboses (see also Fig. 1A). This
can be attributed to the lack of couplings to Hi' in ribose
(3J,.2 . =z 2 Hz), compared with deoxyribose (E ' . 14-15 Hz).
Indeed, the sharpness of the HI' resonances in the riboses,
and the weak or absent HI'-H2' cross-peaks in the DQFCOSY experiment is clear evidence that the sugar puckers of
the riboses are in the C3'-endo domain.
There are strong NOE cross-peaks connecting resonances
of ribosyl base protons to resonances 4-5 ppm (data not
shown), where except for Hi', the ribose protons resonate.
In nucleotides having C3'-endo sugar puckers (see above),
the 1181146(i) to H3'(i) NOE is expected to be relatively
strong, while the H8/H6(i) to H2'(i) NOE will be relatively
weak. Further, the HT(i) to H8/6(i+ 1) NOE would be expected to be strong in a right-handed helix containing C3'-

A9
AlO
Gil
U12
U13
C14
A15
C16

8.15
7.99
7.29
7.74
8.11
8.02
8.19
7.44

-

5.01
5.59
5.75
7.52
5.36

endo sugars. The strong H8/6 to sugar proton NOE are therefore sequential H2'(i) to H8/H6(i+1). The assignments of the
H2' resonances can be confirmed by relatively intense Hl'(i)H2'(i) NOESY cross-peak. In addition, moderately strong
cross-peaks connect H8/6(i) to H3'(i) and H3'(i-I). The
H3'(i) resonances show cross-peaks to H2'(i) (identified by
the intense NOE to a base proton) in both NOESY and DQFCOSY data (Fig. IC). Hence, the H81H6(i)-H3'(i) and H8/
H6(i)-H3'(i- 1) cross-peaks can be discriminated, and the
H2' and H3' resonances assigned (Table 2). An additional
means of distinguishing H2' from H3' and H4' in the riboses
is to make use of the apparent width of the resonances, which
can be estimated from cross-sections of the NOE spectrum.
As 142' is spin-coupled to only two protons, namely Hi'
(3J,.2. 2 Hz) and H3 1 (3J2 .3 . 8 Hz), it will have a relatively
narrow resonance. In contrast, both H3' and H4' have several
significant couplings, including to the phosphate. For example, assuming J,,p is approximately 5 Hz the values of E. and
Z, are expected to be about 23 Hz, compared with Z2, of
approximately 10 Hz. These (largely unresolved) couplings
dominate the apparent line-width in molecules of this size
(Mr = 4800). While the H2' resonances can be distinguished
from H3' and H4', the assignments of these latter protons are
more difficult. Due to overlap, not all of the scalar connectivities can be reliably observed, so that assignments are based
also on relative NUE intensities to the H2' and Hi'. As
Table 2 shows, not all of the H4' could be assigned. Nevertheless, the available information from both scalar coupling
and NOE is sufficient to determine the ribonucleotide conformations.
Both strands contain an AA subsequence. The C2 protons
of the Adenine residues are expected to be approximately
0.4-nm apart, and therefore give rise to measurable NUE at
moderate mixing times in a NOESY experiment. In addition,
NOE may be observed between 112(i) and H1'(i+I) within
one strand, and H1'(i+l) across the strands. All of these
possible NOE are present in the NOE spectrum recorded with
a mixing time of 300 ms, from which the adenine H2 resonances could be uniquely assigned (Tables 1 and 2). At
shorter mixing times, the sequential Ade H2(i) -H1'(i+l)
cross-peaks are generally much weaker than the cross-strand
cross-peaks, which indicates significantly different distances
for the intra and cross-strand adenine pairs.
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Table 3. Resonance assignments of the exchangeable protons and
adenine C2H in d(GTGAACTT) . r(AAGTTCAC) at 10°C. Ex-

NO

changeable protons were assigned by one-dimensional and two-dimensional NOE experiments at 10°C and 20°C as described in the
text. n.d., not determined.
Base pair

14.4

14.0

13.5

13.2

12.8

12.4

GC1
TA2
GC3
AU4
AU5
CG6
TA7
TA8

12.0

chemic3ll ohift (PP-)

14.0

13.6

13.2

12.8

12.4

12.0

5(ppm
Fig. 2. NMR spectra of the exchangeable protons. Spectra were

recorded at 14.1 T. (A) One-dimensional NMR spectra - at 293 K.
Upper, one-dimensional spectrum recorded using a 1331 pulse.
Lower, one-dimensional spectrum recorded using presaturation. (B)
NOE spectrum at 283 K. The spectrum was recorded with a mixing
time of 250 ms, an acquisition time t2 of 0.2 s, and 400 complex t1
increments of 192 acquisitions. The resonances of GCINH, TA7 and
TA8 have been bleached by magnetization transfer from the saturated water.

Assignments of the exchangeable protons
Fig. 2A shows the low-field part of the one-dimensional
NMR spectrum of the DNA. RNA hybrid in 90% H 20:10%
D20 at 20°C. There are two groups of resonances, one at
12-13 ppm and the other at 13.8-14.1 ppm. The group of
three resonances at higher field can be assigned to imino
protons of GC base pairs, and the group at lower field to
AT(U) base pairs. Irradiation of the H 20 resonance leads to
a simpler spectrum (Fig. 2A), in which the broad resonance
at 12.84 ppm has disappeared, and some of the overlapping
peaks at 13.8 ppm have also greatly reduced intensity. This
can be attributed to transfer of saturation from the solvent,
which will be most effective for readily exchanging imino
protons, i.e. those in terminal base pairs. Hence, the resonance at 12.84 ppm can be assigned to GCINH. At lower
temperatures, the relative area of the peaks near 14 ppm increases to approximately 5 protons (data not shown). Saturation of the solvent lead to a partial bleaching of a resonance

Chemical shifts
Ade C2H

NH

NH2

12.84
13.95
11.98
13.95
14.08
13.22
14.01
n.d.

8.3, n.d.

-

-

7.5

8.6, 7.15
-

8.0, 6.65
-

-

7.15
7.6
-

7.7
7.2

at 14 ppm. We conclude that all five AT(U) NH resonate
between 13.8 ppm and 14.1 ppm, and that the iminoproton
of T8 exchanges readily with solvent. There are also no resonances between 9 and 11 ppm, indicating the absence of
amino-paired structures that were observed for the DNA
strand, which forms a stable duplex containing tandem G
A mismatched base pairs (Ebel et al., 1992; Lane et al.,
1992). This indicates that the octameric DNA . RNA hybrid
is more stable than the mismatched DNA duplex.
The exchangeable protons were further assigned by onedimensional and two-dimensional NOE experiments. Saturation of the resonance at 11.98 ppm gave an NOE to the peak
at 13.95 ppm, whereas saturation of the peak at 13.22 ppm
gave an NOE to the peak at 14.08 ppm. These NOE define
the shifts of N3H resonances of AT(U) base pairs neighbouring GC3 and CG6. In the NOESY experiment (Fig. 2B),
these same NOE were observed. In addition, there are crosspeaks connecting the resonance at 11.98 pm with resonances
at 8.6 and 7.15 ppm, which also show a strong mutual crosspeak; these arise from the amino group of the cytosine pair.
The amino proton at 8.6 ppm shows a substantial NOE to a
peak at 5.75 ppm, which is the H5 resonance of C14
(Table 2, and see above) (c.f. Heus and Pardi, 1991). Hence,
these resonances belong to G3-C14. These amino resonances
also show interactions with the imino proton(s) at 13.95 ppm,
which shows an NOE to a sharp resonance at 7.5 ppm. This
resonance also has a cross-peak to the G imino proton at
11.98 ppm. The other GC base pair shows similar kinds of
NOE to amino protons and imino protons, but has two NOE
to sharper resonances at 7.6 ppm and 7.7 ppm, which can be
assigned to adenine H2 resonances. As GC1 was identified
by its exchange properties, the resonance at 13.22 ppm must
arise from base pair CG6. The imino-imino proton crosspeaks and NOE to the adenine H2 resonances then identify
the AT(U) base pairs, as shown in Table 3.

Conformational properties
Spin-lattice relaxation-rate constants
To allow at least semi-quantitative analysis of NOE intensities, it is important to know the relative degree of saturation of different protons due to incomplete relaxation. We
have therefore determined the apparent (non-selective) T1
values using inversion recovery, as a measure of the half time for the approach to equilibrium. The values of T mea,
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Table 4. Apparent spin-lattice relaxation times of resolved protons. Non-selective R 1 , values at 298 K and 9.4 T determined as
described in Materials and Methods.
Proton

R1
s _I

GIH8
A4H8 + A5118
A4H1'
A5H2
C6H2'
T7H2'
T7Me
T8HI'
A9H8
AIOH8
G11H8
U13H6
UI411I'
A15H8
C16HS

0.63
0.64
0.6
0.24
0.76
1.1
0.66
0.71
0.43
0.45
0.37
0.39
0.27
0.44
0.4

sured in this way are complex mixtures of intrinsic autorelaxation-rate and cross-relaxation-rate constants, and will
be larger than the intrinsic T. R 1 values for selected resolved
resonances are given in Table 4. In general the H8/H6 in the
DNA strand relax about twice as rapidly as those in the RNA
strand. A similar ratio is found for the Ff1' resonances. This
behaviour mirrors the relative values of the intrinsic relaxation-rate constants calculated for DNA and RNA, and reflects the different geometry and proton density of the two
kinds of nucleotides, as recently reported by Wang et al.
(1992). Specifically, H2" is an efficient source of dipolar relaxation for both H8/H6 and Hi'. The relatively slow relaxation of the RNA HI' requires that relatively long recycle
times may be necessary to quantify NOE involving these
protons (Wang et al., 1992).
p NMR
Fig. 3 shows the 3 P-NMR spectrum of the hybrid duplex,
compared with that of the free RNA strand. The chemicalshift dispersion in the duplex is relatively wide (0.87 ppm)
compared with DNA duplexes (approximately 0.50.6 ppm), or with the isolated RNA strand (0.21 ppm, data
not shown). This may indicate a relatively wide distribution
of backbone torsion angles (Roongta et al., 1990), or be because intrinsic shifts of phosphates in RNA and DNA differ.
Further, there is no significant intensity at -15.8 ppm where
the G3pA phosphate resonates in the mismatched DNA duplex (Lane et al., 1992). This indicates that the relative population of the DNA . DNA mismatched duplex is low, and is
additional evidence that the octameric DNA-RNA duplex is
more stable than the DNA mismatch. A heteronuclear-shiftcorrelation experiment (data not shown) indicates that the
phosphodiesters in the DNA strand are clustered in a region
of about 0.5 ppm in the centre of the phosphorus shift range,
suggesting that the RNA phosphodiesters resonate over a
broader range. However, peak overlap and missing crosspeaks for some phosphates prevented complete assignment
of the 3 P-NMR spectrum.
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Nuiidlleotklle conformations
The DQF-COSY and NOESY experiments can be used
to place limits on certain coupling constants and sums of

-12.0

-18.0
chnntcci1 oli2t (ppm)

Fig. 3. 3 P-NMR spectrum of the DNA
RNA duplex. The
spectrum was recorded (acquisition time = 4 s) at 4.7 T with
WALTZ decoupling of the protons. The temperature was 293 K. The
spectral reference was external methylene diphosphonate (13.18 ppm, from tnmethylphosphate). The free induction decay was
zero-filled once, and apodised with the Lorentz-Gauss window function (LB = -1.5, GB = 0.25).
Table 5. Spin-spin coupling constants in the DNA RNA hybrid.
Sums of coupling constants were obtained from NOESY and DQFCOSY experiments. First entry from DQF-COSY, second from
NOESY.
= 3J1 + 3J1 .2.., 3J1 .2. < 2-3 Hz in the RNA strand. f,
calculated according to Rinkel and Altona (1987) assuming a mixture of pucker states with PN = 90 p = 126-180°. n.d., not determined.
..

Base

.2.

E.

f

HZ
T2
03
A4
AS
C6
T7
T8

14/14.5
14/14
14/14.5
14/14.5
14/14
14/14.5
15/15

29
27
29
29
28
28
n.d.

0.75
0.7
0.75
0.75
0.7
0.75
0.86

coupling constants measured from cross-sections through the
H1'-H2' and Hi'-H2" cross-peaks (Lane, 1991). Table 5
shows the values of E. and E 2, determined from these two
experiments. In general there is reasonably good agreement
between the two estimates. The values measured from DQFCOSY are slightly larger than those determined from the
NOESY experiment, as expected for the splittings measured
from anti-phase cross-peaks compared with ones in-phase. A
further check on the values of Z. was obtained by measuring
the splittings for three resolved Hi' resonances in one-dimensional spectra, which gave results within 0.5 Hz of those
measured from the two-dimensional spectra. In addition, the
splitting for the Cyt H6-H5 and Ura H6-H5 cross-peaks gave
apparent coupling constants of 7.5 ± 0.5 Hz. Hence, the measured coupling constants are not greatly affected by the linewidths and are probably accurate to ± 0.5 Hz. The coupling
constants for the deoxyriboses given in Table 5 are inconsistent with pure C2'-endo (P = 162°) or C3'-endo (P = 18 ° )
conformations, but can be accounted for either by a mixture
of these conformations, or by a unique conformation having
the pseudorotation angle, P, near 54° (C4'-exo) or P near

juj
198° (C3'-exo). According to Rinkel and Altona (1987), 3J1 .2.
< 3J1 .2 for P of 54°, which does not agree with the observed
relative strengths of the coupling. The NOE intensities of the
HI'-H4' cross-peaks are much smaller than the corresponding H1'-H2" or Cyt H6-H5 cross-peaks; by comparing NOE
intensities obtained from NOE spectra recorded with mixing
times of 25 ms and 50 ms, the apparent distances for HI' to
H4' are 0.29 to 0.30 nm for all residues except GI and T2,
for which the calculated distances are larger (approximately
0.32 nm). These distances are also significantly larger than
expected for a unique conformation in the region 54 < P
< 108°. Hence, unique conformations having P near 54° can
be excluded. All of the H3'-H4' connectivities were present
in the DQF-COSY data (Fig. IC), which indicates that 3J-,.4
must be significant. However, for conformations with P of
approximately 198°, this coupling constant should be only
about 1 Hz; unique conformations with P greater than 198°
can also be disregarded. Further, the fine structure of the
cross-peaks is inconsistent with puckers in this domain
(Schmitz et al., 1990). Similarly, only C6 showed significant
coupling between H2' and H3'. The simplest interpretation
of the data therefore is a mixture of S-domain sugar puckers
(i.e. C1'-exo to C2'-endo) and C3'-endo conformations. The
mole fraction of S-conformer, f, can be calculated from the
observed sums of coupling constants assuming a two-state
conformational mixture for the deoxyriboses (Rinkel and Altona, 1987). The calculated values off, are given in Table 5,
and are in the range 0.7-0.8. For P. of 144°, and PN of 9°,
the coupling constants calculated forJ of approximately 0.7
are .. of 14 Hz, L'. of 29 Hz and 3J3 .4 of 4Hz. The apparent
value of the distance H1'-H4', assuming a simple weighted
average of the cross-relaxation-rate constants for the two
states is then 0.29 nm. These values account for all of the
data better than the unique conformations, though the twostate approximation may be a simplification (Schmitz et al.,
1990).
The Hi' resonances of the riboses are very narrow (apparent width at half height < 3 Hz) and show at most weak
coupling to H2' in the DQF-COSY experiment. An upper
limit to the Hl'-H2' coupling constant can therefore be estimated as about 2 Hz, which is consistent with a conformation
close to C3'-endo, and with only a small fraction (<10%) of
C2'-endo conformations. Significant cross-peaks were observed, moreover, for the H2'-H3' and H3'-H4' resonances,
which would be expected for a conformation in the C3'-endo
domain, for which the coupling constants are approximately
7 Hz and 8 Hz, respectively (Rinkel and Altona, 1987).
The free RNA strand showed no evidence of stable secondary structure, in contrast to the DNA strand (Ebel et al.,
1992; Lane et al., 1992). Further, the HI' resonances are all
less than 2 Hz wide at half-height, indicating that 3J1 .2, is less
than 2 Hz. This implies that the riboses in the free RNA
strand are all near C3'-endo.
The sugar puckering of the riboses and deoxyriboses determined for the present hybrid duplex is in substantial
agreement with those recently reported for a DNA . RNA
hybrid chimaera, where the riboses were near C3'-endo, and
the deoxyriboses not adjacent to the DNA . RNA junction
had pseudorotation phase angles in the range 100-144 0 (Salazar et al., 1993). Our data support a heteronomous structure
for DNA RNA hybrids, which is distinct from the results
of an X-ray structure where both ribose and deoxyribose
sugars were near C3'-endo (Egli et al., 1992).
The effective rotational correlation time was calculated
from cross-relaxation rate constants determined from NOE

time-courses measured for the Cyt6, CytI4 and the Ura12
H6-H5 vectors. The mean rotational correlation time was
found to be 3.2 ±0.3 ns at 298 K, which is similar to that
found for the DNA octamer d(CACTAGTG) 2 under similar
conditions (Lane, 1991), and confirms that the DNA . RNA
hybrid behaves as a compact duplex under these solution
conditions.
Detailed one-dimensional NOE time urses were also obtained for saturation of Cyt6 H6. The NOE to HI', H2', H2"
and H3' were then used to determine the conformation of
the nucleotide using the combined search and optimization
routines within NUCFIT (Lane, 1990a). Using the NOE data
alone, reasonable fits were found for unique of conformations having a pseudorotation angle of 194° and x of
—120±3°, and for P of 70°, x of 118±3°. A fit of similar
quality was obtained for P. of 144° with f of 0.7 and x of
—118°. As discussed above, this last possibility accounts for
the observed coupling constants better than either unique
conformation; incorporating the coupling constant data directly into the least-squares fitting procedure gave a fit that
is consistent only with the conformational mixture. The quality of the fit for the two-state pucker model was further improved when the glycosidic torsion angle in the C3'-endo
state was set nearer —150° than to —120° (compare Lane,
I990b). Nevertheless, the glycosidic torsion angle determined for Cyt6 was found to be close to —120° regardless
of the exact sugar puckering mode. A similar result was obtained from analysis of the NOESY cross-peak intensities,
which were in the order H8/H6 to H2''H2" > H3'>Hl' for
all eight deoxynucleotides and the intensity to H2' slightly
larger than for H6-H5. This is consistent only with glycosidic
torsion angles in the anti range (i.e. near —120°). Detailed
analysis of the NOESY cross-peak intensities, and taking into
account the considerations of the sugar puckering, leads to
the conclusion that the glycosidic torsion angles of the deoxyribonucleotides are all in the range —120° to —130°
(Table 6). The agreement between the observed NOEs and
those calculated for the 'best' structures is shown by the R
factor in Table 6. These R factors are about what would be
expected for the experimental signal-to-noise ratios (Lane,
1990a), indicating that the NOE intensities are adequately
accounted for by these structures.
In contrast, the intranucleotide NOE intensities in the ribose strand were in the order H8/6 to H3'>112'rH1', with
the largest intensity much smaller than the uridine H6-H5
cross-peak intensity. Given the small value of the Hl'-H2'
coupling constant (<2 Hz), and the observation that the intraresidue Hl'-H2' NOE is generally larger in the RNA
strand than in the DNA strand (at short mixing times), we
conclude that the sugars in the RNA strand are close to C3'endo (i.e. N). Assuming the sugar pucker is C3'-endo, the
observed intranucleotide NOE could be accounted for by gly cosidic torsion angles near - 150° to - 160°, which is significantly different from the nucleotides in the DNA strand.
Hence, the nucleotides in the DNA strand are near the conformation typical of the B family, whereas those in the RNA
strand are typical of the A family of conformations.
Global conformation
Information about global conformation can be obtained
from circular dichroism. As Fig. 4 shows, the near-ultraviolet
CD spectrum of the DNA RNA duplex is non-conservative,
and has a maximum at 270 nm and a minimum at 242 nm.
This is in contrast to spectra of DNA duplexes known to be
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Table 6. Nucleotide conformations in the DNA RNA hybrid.

14-Hz coupling to 112", or significant coupling to Hi' in the

Nucleotide conformations were found using NOESY data recorded
with mixing times of 25 ms and 50 ms, and the program NUCF1T.
Z is the glycosidic torsion angle, P, is the pseudorotation phase angle
and R is the mean fractional error R = (1 /N)XIINOE(obs) - NOE( calc)JINOE(calc). The estimated error on P is ±200, and ±5° on
Z . The value of P, in column 3 is that found assuming a unique sugar
conformation, whereas the value off, (fraction of the S conformer) is
given for fixed values of P, = 144° and PN = 9°. For Cyt6, the first
row refers to NOESY data, and the second row to one-dimensional
NOE time-courses. For residues A5 and T8 fewer NOE were available, so the sugar pucker was set at 144°, and to 0.75 (A5) or 0.86
(T8) (compare Table 5).

C3'-endo conformation. In this case, it is important to quan-

Base

Fits for unique sugar pucker

Fits for mixture of puckers

x

x

P,(f =l)

R

-122
-119
-120

198
192
198

0.11
0.16
0.14

-124
-121
-120

212
194
198

0.17
0.13
0.18

deg
T2
G3
A4
AS
C6
T7
T8

P(f =144) R

deg
-122
-114
-116
-121
-124
-118
-122
-122

0.75
0.75
0.8

(0.75)
0.66
0.7
0.9
(0.86)

0.11
0.19
0.2
0.09
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0.07
0.14
0.12
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Fig. 4. Circular dichroism spectra of the DNA RNA duplex. The
CD spectrum was recorded in 0.5 M KCI, 0.02 M sodium phosphate,
pH 7.5 at 10°C as described in Materials and Methods. The intensity
is the molar ellipticity/bp.

in the B conformation, which have conservative spectra with
extrema at about 280 nm and 245 nm. The observed CD
spectrum is more similar to that of polynucleotides in the A
family of conformations (Ivanov et al., 1974), and also to
short duplexes of RNA and DNA RNA hybrids (Hall and
McLaughlin, 1991). Hence, the DNA . RNA duplex appears
by CD to have features associated with the A family of conformations, such as a positive inclination of the base-pairs.
The NOE intensity H2"(i)-H8(i+ 1) is smaller than H8(i)H2'(i) in the DNA strand. This is generally observed for
DNA fragments in solution, and indicates the presence of
helical conformations slightly different from the canonical B
structure, where these NOE are predicted to be very similar.
In the RNA strand, by far the most intense NOE arises from
H2'(i) to H8(i+ 1). This cross-peak appears very strong in
contour plots of NOESY experiments partly because the linewidth of H2' is relatively narrow owing to the absence of a

tify the cross-peak volumes adequately, specifically accounting for the very different line-shapes for different protons
found in the DNA . RNA hybrid. For example, instead of a
volume corresponding to an NOE expected for a distance of
0.17 nm for the canonical A structure (which is smaller than
the sum of the van der Waals' radii), we find a volume that
is similar to that for H6-H2' for the DNA strand, in which
the distance is closer to 0.21 nm to 0.22 nm.
Using the estimates of the nucleotide conformations
given in Table 6, we have built double-helices and searched
for sets of parameters that are both consistent with the observed NOE and are stereochemically reasonable. Models
constructed using the helical parameters of the B family (i.e.
10.4 bp/turn, inclination, Dx and Dy near zero, Dieckmann,
1989) give large positive Lennard-Jones energies, and fail to
account even qualitatively for the observed NOE. The steric
clashes can be relieved by simultaneously tilting the bases
up to about 20° and shifting the helix axis about 0.40.45 nm into the major groove. Helical twists are accommodated in the range 30° to 36°, i.e. from 10-12 bp/turn.
Systematic calculations of the NOE intensities as a function of mixing time in response to variations of helical
parameters (Lane, 1990a) showed that the observed inter nucleotide NOE are most sensitive to the x-displacement,
Dx, and the helical twist. Although there are some variations
in the relative intensities of internucleotide NOE along the
duplex, peak overlap and the smaller number of NOE constraints that can be reliably quantified in the RNA strand
precludes a detailed description of the global conformation
at present. Only for the A5-Ui2 :C6-G12 step is there a complete set of NOE. We have used the combined search
and least-squares refinement options within the program
NUCFIT (Lane, 1990a) to find optimal solutions consistent
with the experimental data for this step. Due to the relative
sensitivity of the NOE to different helical parameter (see
above), we have concentrated on the twist, Dx and inclination. A large number of starting configurations were generated, with the nucleotides fixed at their experimentally determined conformations (Table 6). The helical-twist angles were
optimised by non-linear regression against the experimental
NOE for each configuration, followed by global optimization
of the twist, inclination and Dx. The lowest values of R (the
mean fractional deviation between calculated and observed
NOE, R<0.2) that also gave low Lennard-Jones energies
(<-80 kJ/mol of the 2-bp unit) were all characterised by Dx
in the range -0.4 to -0.45 mm, a small value of the slide,
(<0.05 nm), significant positive inclinations (in the range
10° to 20°), and small, positive roll angles. The helical twist
optimised in the range 28° to 36°. This range of helical
parameters is similar to that observed for oligonucleotides in
the A conformation.
Further models were built using the Discover program
as described in Materials and Methods. The final energyminimised structures had a potential energy of -2441 kJ/
mol, compared with the an energy of -2132 kJ/mol for the
energy-minimised A form. Different runs with slightly dif ferent protocols produced similar final structures. The mean
values of the backbone angle ö was 126 ± 13° for the deoxy riboses and 84±7° for the riboses. The corresponding pseudorotation phase angles are 135 ± 25° and 9 ± 9°, respectively. The glycosidic torsion angles were -129:t8' and
-164±9° for the deoxyribose and ribose strands, respec-

ju
B

H

A

Fig. 5. Comparison of B, A and H forms of the hybrid duplex.

Hybrid duplexes were constructed using standard B and A parameters. The idealised H structure was generated using x = — 120°
(DNA), —160° (RNA), P = 162° (DNA), 90 (RNA), with 11 bp/
turn, helical rise of 0.32 nm, base-pair inclinations of 17°, Dx =
—0.43 nm, Dy = 0 and roll = 0.
tively. These values compare well with those obtained directly from NUCFIT (Table 6).
Fig. 5 compares the idealised model structures of the
DNA• RNA hybrid in the A, B and H(ybrid) forms. The A
and B structures were built using standard parameters. The
H structure was built using experimentally derived nucleotide
conformations, with the model-built values for the helical
parameter (see above). Clearly, the H form resembles the A
structure more than the B structure, though the major groove
width in the H form is wider than in the A conformation.
The width of the minor groove as determined from the interstrand H4'-to-H5' distance was 0.75 nm in the B structure,
1.35 nm in the A structure and 1.25 nm in the H structure.
The differences in groove widths could provide a means of
recognition by enzymes such as RNAse H.
]IMSCUSST[ON
In the hybrid duplex, the nucleotides of the RNA strand
have C3'-endo sugar puckers, and glycosidic torsion angles
in the approximate range —150° to —160°; the ribonucleotides have conformations that are typical of the A form. In
contrast, in the DNA strand the sugar puckers are predominantly in the south domain (i.e. near C1'-exo to C2'-endo)
but may spend up to 30% of their time in the C3'-endo domain. This description of the sugar puckering, while accounting for the NMR data, is not necessarily unique, as the dynamic aspects of the conformational averaging in this kind
of duplex remain to be assessed. Regardless of the precise
details of the sugar puckering, the DNA strand may spend
more time in conformations other than C3'-endo than is typically the case in DNA duplexes (Rinkel and Altona, 1987).
The glycosidic torsion angles are all anti (x
—120 to 130°). The predominant sugar puckers found for the two
strands agree with recent reports on other DNA . RNA hybrids in solution (Chou et al., 1989b; Katahira et al., 1990;
Salazar et al., 1993), but are not consistent with structures
found in the crystal state (Egli et al., 1992). It should be
noted that while there may be some ambiguity about the exact conformation or mixture of conformations of the deoxyriboses, pure C3'-endo states can be eliminated by the data
presented here and elsewhere (Chou et al., 1989b; Katahira
et al., 1990; Salazar et al., 1993).
The classification of oligonucleotides as A form or B
form in solution is confusing in the present case. If B-DNA

is characterised by C2'-endo sugar puckers and glycosidic
torsion angles near —110°, and A-RNA is characterised by
C3'-endo sugar puckers with glycosidic torsion angles
near —150°, then for the hybrid duplex, the DNA strand
would be described as B-like, and the RNA strand as A-like.
However, the large shift of the helix axis and the positive
base-pair inclinations indicates a global conformation typical
of the A double helix, which is supported by the CD
spectrum (Fig. 4). It appears overall that the DNA . RNA
hybrid has more elements in common with the A form than
with the B form though neither description is entirely satisfactory.
The conformation of DNA . RNA hybrids in solution is
clearly different from the average B-like structures typical of
DNA duplexes and different to the A structure of RNA duplexes. The conformational differences between the deoxynucleotide and ribonucleotide strands leads to a minor groove
width that is different from that found in B-DNA or A-RNA.
The change in conformation from duplex DNA to the hybrid
conformation could be a significant factor in the reduction
of the affinity of the a factor of RNA polymerase for the
core enzyme. Also, the narrower minor groove in the hybrid
form compared with the A form, could feature in in the recognition of the hybrid structure by RNAse H. RNAse H
from E. coli cleaves the RNA strand only in DNA . RNA
hybrids and is inactive against double-stranded RNA. It is
not clear, however, whether this enzyme has significant affinity for double-stranded RNA. Biochemical experiments and
molecular modelling indicate that RNAse H binds to the minor groove of DNA . RNA hybrids and has some similarity
to DNAse I (Nakamura et al., 1991; Yang et al., 1990; Katayanagi et al., 1990), which also acts in the minor groove
(Suck et al., 1988). The rate of DNAse-I cleavage is sensitive
to minor-groove width, which to some extent depends on the
local base composition or sequence (Drew and Travers,
1984). For example, the minor groove is generally narrower
in AT-rich sequences than in GC-rich sequences (Neidle,
1992). The wider minor groove in A-form double-stranded
RNA may partly account for its being a poorer substrate for
RNAse H than when it is in the narrower groove in the Hform of the DNA . RNA hybrid.
This work was supported by the Medical Research Council, and
the Science and Engineering Research Council (SERC) under the
Molecular Recognition Initiative. TB thanks the SERC for financial
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oly-labelled oligonucleotides can be synthesised using a modified
iucleoside phosphoraniidite approach (1, 2). However, the use
)f this approach for the integration of multiple labels into DNA
md RNA is expensive and labour intensive because of the high
ost of starting materials and the large number of synthetic steps
nvolved. Misiura et al. (3) have developed a non-nucleoside
)hosphoralmdite based on a 3-carbon glyceryl backbone for the
ntroduction of multiple biotin and phosphotyrosine groups. In
)oth these methods the labels are introduced by repeated
;uccessive addition during automated synthesis. Bazin et al. (4)
lescribed the use of a phosphoraniidite based on 1, 4,
7-heptanetriol which was designed to introduce two primary
ydroxyl groups onto the oligonucleotide during solid phase
;ynthesis and was used for the preparation of poly-biotinylated
)robes using a biotin phosphoramidite based on a modified
ucleoside.
Here we describe the synthesis and applications of a new simple
hosphoramidite based on commercially available 1 ,2,6-trihyiroxyhexane which can be used to add multiple hydroxyl groups
:o the 5 '-end of synthetic oligonucleotides during solid phase
synthesis. The two primary hydroxyl functions of 1 ,2,6-trihyiroxyhexane were selectively protected as their 4,4'-dimethoxyLrityl ethers, by reaction with 4,4'-dimethoxytrityl chloride (2.2
q) in pyridine to give 1 ,6-bis(4,4'-dimethoxytrityloxy)hexan2-ol (86%), which was subsequently phosphitylated on the
secondary hydroxyl using 2-cyanoethyl N,N-diisopropyl-phosphoramidochloridite (1.1 eq) in the presence of N,N-diisopropylethylamine (1 eq), to give 2-cyanoethyl[ 1 ,6-bis(4,4'limethoxytrityloxy)hex-2-yl]N,N-diisopropylamino phosphormidite (83%, 'MuOH', Figure 1). The multiple hydroxyl
monomer (MuOH) was used as a solution in acetonitrile (0.15
M) during automated solid phase synthesis on an ABI 380B
DNA/RNA synthesiser and coupled at 93% (first addition) and
95% (second addition). The wait step for the coupling reaction
of the MuOH- and the biotin phosphoramidite was 600 sec. The
addition of one MuOH-phosphoramidite to the 5'-end of
DNA/RNA during automated synthesis allows for the simultaneous addition of two biotin monomers (e.g. ref. 5) or for the
addition of another two MuOH-phosphoramidites. The latter
permits the attachment of four biotin moieties during one synthesis
cycle.

We have used the monomer for the automated synthesis of th
following polybiotinylated antisense oligoribonucleotides, ii
conjunction with a commercially available single addition biotii
phosphoramidite (5) (0.2M in acetonitrile) (Figure 2):
5' (4 xbio)(MuOH)(MuOH)r(GAGCUAAGAAAGUGUA)dT 2
[R59A] and 5' (4 x bio)(MuOH)(MuOH)r(GAUAUUAUUUIJ
UGAACAUA)dT 3' [R6OA].
For comparison, oligoribonucleotides of the same nucleotid
sequence were synthesised using the cytidine-derived bioti
phosphoramidite developed by Pieles etal. (1) (hereafter referre
to as 'CbbO'), namely:
5' rU(Cbi0)(Cbb0)r(GAGCUAAGAAAGUGUA)(Cl 0)(CtM0)dT 2
[R59] and 5' rU(Cbi0)(C 0)r(GAUAUUAUUUUUGAACA
UA)(Cbbo) (Cb0)dT 3' [R60].
Oligoribonucleotides were synthesised using 2'-O-Fpmç
protected RNA monomers (Cruachem Ltd.), and were purifie
by reversed phase HPLC.
These were used as antisense oligoribonucleotides to precipital
complementary sequences out of a mixture of RNA fragment5
This was carried out essentially as described (6, 7): 100 pm
antisense oligoribonucleotide was annealed to 1 pmol in vitr
transcribed, uniformly 32P-labelled pre-mRNA in 100 1d tot
volume including 50 IAI denatured yeast in vitro splicing reactio
(8) and 50 sl 2.5 MM MgCl2 (45 min./30°C). Subsequet
incubation (30 min./30°C) with RNAse Ti (250 U) revealed
characteristic fragment pattern of digested pre-mRNA of whic
a specific fragment, annealed to the antisense oligomer, w
precipitated by incubation (45 min.14°C) with streptavidinagarose beads (Sigma) in 0.3 M KC1 (final conc.). To momtc
the specificity of the affinity selection an aliquot of pre-mRN
was annealed with a complementary DNA oligonucleotide an
treated with RNAse H (2 U). In this way, the target RN
sequence was removed by RNAse H digestion in the presenc
of the complementary DNA oligonucleotide, while the rest
the pre-mRNA remained intact. Any fragments precipitate
following this treatment have been non-specifically selected.
Whereas precipitation using the conventionally biotinylate
oligoribonucleotides (R59, lane 1; R60, lane 5; Figure 3) resulte
in strong co-precipitation of fragments other than that of if
desired size, precipitation using the oligoribonucleotid
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aining the fork-shaped biotinylated 5 '-end recovered a single
itent (R59A, lane 3; R60A, lane 7; Figure 3). Furthermore,
Ase H control experiments confirmed that in the case of the
antisense oligoribonucleotide there was a strong co:ipitation of non-related pre-mRNA fragments (lane 6, Figure
whereas the R60A precipitation was very specific (lane 8,
ire 3). The R59 antisense oligoribonucleotide with two biotin
eties each attached to a cytidine residue on both ends of the
omer co-precipitated breakdown products of the desired preNA fragment, whereas the branched biotinylated antisense
oribonucleotide R59A did not.
be same non-specific precipitation using oligomers R59 and
was observed even in the absence of yeast in vitro splicing
act, indicating that the presence of proteins or other
ponents of the yeast splicing extract was not responsible for
poor specificity of precipitation with these oligomers (data
shown).
o demonstrate the routine use of the MuOH phosphoramidite
facilitate multiple chemical labelling of synthetic
;onucleotides, we have used it for the synthesis of inexpensive
odeoxynucleotides carrying multiple 2,4-dinitrophenyl (DNP)
ups which can be detected immunologically (9). A single
ition DNP-phosphoramidite was used instead of biotin
sphoranaidite (10).
)ligodeoxynucleotides were also synthesised which carried
Itiple amino-groups on the 5 '-end by two additions of the
Itiple hydroxyl phosphoraniidite which were followed by one
itlon of commercially available arninolink monomer (12). The
omer carrying up to four amino groups on its 5'-end was
sequently poly-labelled with fluorescein or digoxigenin using
dard methods.
n conclusion, we have demonstrated a rapid and
tightforward method for generating inexpensive biotinylated
[A and poly-labelled DNA probes. In particular, the use of
biotinylated oligoribonucleotides resulted in significantly
reased selectivity of antisense oligonucleotide hybridisation
I subsequent precipitation of the desired fragments.
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Figure 1. Multiple hydroxyl phosphoramidite used in solid phase synthesis.
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Figure 2. Schematic representation of the attachment of four biotin residues to
the 5' end of the oligoribonucleotide using the multiple hydroxyl phosphoramidite.
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Figure 3. Autoradiograph of 32 11-labelled affinity-selected RNA fragments after
separation on a 6% denaturing polyacrylainide gel. Precipitation using
conventionally biotinylated oligoribonucleotides R59 (lane I) and R60 (lane 5)
compared to the appropriate RNAse H negative control (R59, lane 2; R60, lane
6). and precipitation using oligoribonucleotides containing a fork-shaped
biotinylated 5' end (R59A, lane 3; R60A, lane 7) compared to the appropriate
RNAse H negative control (R59A. lane 4: R60A, lane 8). Arrows indicate RNA
fragments of the desired length (1159, R59A: 25 nucleotides: R60, R60A: 21
nucleotides).

