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The stability of short, imperfect RNA double helices was
igtésélgated by proton magnetic resonance spectroscopy, since this

. Lol
hysical technique can give conformatic
POz T

dal information of solution
species at the individual nucleoside level. The short oligoribo-
nucledtides used in these studies were chemically synthesized by the
phosphotriester method of Neilson and associates, which is capable
of preparing a wide variety of sequences in the quantities ;equired
for NMR spectroscopic experiments. The.work reported in this Fhesis
was the first to combine chemical synghesis of oligoribonucleotides
with pmr spectzoscopic techniques to investigate systematically the
cffect of imperfcctions on the stability‘of short RNA duplexes:
1. The mechanism by which a dangling base region stabilizes an
adjacent duplex region was studied. The res;lts of this study
demonstrated, for the first time, that a dangling base.stabilizes

3 double helix by increasing favourable base stacking interactionms

without reducing fréying of terminal base pairs.

[

The duplex set AGGA:UCCU was studied as a model of the Shine-
Dalgarpo mENA-16 S rRNA binding site. The AGGA:UCCU guplex was

more stable than two other duplexes with identical base composition,
CAUG and AGCU. Unlike AGCU, the AGGA:UCCU double helix does not
fray at the terminal A-U base pairs. This result was. the first

to deménstrate that fraying is a sequence related phenomenon.

~ 1ii
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The effect of small l;ops_on the stability of short duplexes was

investigated by the pentanucleotides CAXUG (X = A,G,C,U). These

pentamers did not form double helices with a non-bonded base

-

opposition under conditions where CAUG exists as a stable duplex.
This result suggests that shor:-duplex regioés separating small -
loops may bé more susceptible to transient openiné than other
duplex regions in native RNAs. a

The study of the duplex set CAGUG;CAUUG.uas the fi;s: té iAvestigate
the formation of a G-U wobble base p;i: within:a regular Wa:soh-

Crick base paired double.helix. The use o5f' por spectroscopy

-
-

ailoupd the‘observation that the d-U base pair was leﬁs stable
than the surrourding Watson-Crick base-pairs. -
Certain sequences, for example CGCG, are capable of formiag both
a perfect helix and a staggered he%ix. The results of a pm}

study of CGGC, which can only form a staggered duplex, demonstiated
- P 4 - .

‘that the staggered dupléx formed in solution must have a special

¢onformaticn- different from the, conformation of a perfect helix.
b - .

The pmr study of CGCG waéFBtg?ably complicated by the existence

of a complex series of equilibria between random coil, perfect

double helix and staggered duplex, Sequences which can only form

a perfect duplex should be chosen for study td keep the helgx-cbil

transition under study relatively simple.

Some of the results presented in this thesis have appeared im

»
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pmr . proton nuclear magnetic resonance

N

-pPm  _ - parts per‘millionA
Rp i o ' .ratio of'distance travelled by solute to thar of
’ solvent ) - '
RNA ribonucleic acid
"TRNA ribosomal RNA . . ] ~
T thymidine
t ’ trans -
. L !
thp ' tetrahydropyranyl )
tlc thin layer chroméﬁogtaphy o
Tp melting temperature of a duplex at which 50X of
the strands exist in the duplex form
— .
trac i . trityloxacetyl .
_ tRNA transfer RNA -
SRR ' ‘uridine
uv . ultraviolet

a mgﬁonucleotides and oligoribonucleotides’ are abbreviated in the

standard format (IUPAC-IUB Commission on Biochgmical Nomenclature,

1970). lpA represent-s'—adénylic acid, Cp represents 3'-c¢ytidylic
acid .and CpA represents cytidylyl (3'-5') adenosine. Uunless otherwise
noted, oligoribonucleotides are numbered sequemtially from the
‘ ® :

5' terminus. .
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INTRODUCTION

1.1. Conformational Properties of Single Stranded Oligo- and Polvribo-
nucleotides

Elucidation of the conformational properties of single stranded

~

-polynucleotides has resuicad from sol{é state (X-ray crystallography),
semiempiricalenergy‘caleulations aq@ solution state studies empleoying
uv, Cﬁ, fluoréﬁcendé aﬁ¢ NMR techni&ues. Figure one shows the seven
dihédr;llporsion angles uithfro:ational freedom in a nucleo:id&l unit.
By comparison,-polysacéharides and polypeptiaéé have only ruwo bonds

with rotational freedom in their backbone structures.

1.1.1. Sclid State Structure of Qiigoribonucleotides

The dsé of X-ray cr&s:allography in the determination of the
conformational’éroperties of si;gle and multistranded nucleic acids is
divided ingo two branches on the basis of sample ﬁreparation: single
crystals or fibres. If the molecules within the single crystal form a
three dimensional array.fmathematical analysis of the diffraction .
_ pattern vields the unfq poéition of each atom in the crystal. The
resoluéion of this technique’'is dependent upon the size of tﬁe molecule:
The resolution for a dinucleoside ﬁonéphosphate may reach 0.01 3, and
resolutian decréases as the size of the molecules increases (Kallenbach
and Berman, 1977),_ -

Long chain oligo- and polynucleotides do not form single

crystals, but rather fibres. The fibres may be highly ordered

1
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TIZURE 1.

The seven dihedral torsion angles of rota.t.:.on in
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structures, which will give reSults similar in

.

'-crys:als, or :be fibres may be less ordered. In most cases,

mum amount of information realized from f}bre crystallography defines
helical pafameters of pitch, radius, rlse per  residue, and helical
ro:a:loq. By combining this data with the ‘morée intimate details \\
derived from studies on dinucleotides, it is often possible to generate
a mofe detailed conformation from tpe polymer, using model buii&ing and
éohricr transform techniques (K;llenbach and BerMan, 1977).

Both sxngle strand and double scranded nucleic acid helices
beiong to one of two classes: A or B. Although most of the torsion
angle differences between the helical classes are smaLl, the two helix
types are in fact quite different. The base tilt and base overlaps,
lmportant components of the base stacking, are different for A and B.
Ihe A helix contains the C3'-endo sugar pucker and the B helix the
C2'-endo pucker (Figure 2}. The glycosyl torsioi’?ngle is a;so'quite.
different for the fwo helices.

Studies on double stranded RNAs showe& that the ribose ring is
in the C3'-endo structure (Arnott et al., 1969) and in an RNA-DNA
hybrid, an A type double helix 1s also formed even though DNA can exist
in B type duplexes (Milman et al., 1967). XN-ray crystallegraphic
evidence of B type RNA heliceg has not been found, and it seems likely
that the 2'-hydroxyl is partly responsible for the observed C3'-endo
preference (Kallenbach and Berman, 1977).

X-ray studies of nucleosides and nucleotides first suggested

the idea of a rigid conformation for the nucleoside torsion angles

(Sundaralingam, 1969). The sugar pucker can exist only as C3'-endo or



C2'-endo, an; this requirement necessarily means tﬁat there is little
flexibility about the Ci;lCA‘ bona (4'). It appears that the other
torsion angles are set and show very 1ittié variance. Sugd&ralingam
(1975) has pfoposed th;t most of the different conformations for ribe-
dinuclecrides result from rotation about the P-0 bonds (w,w") and the
-Cé'-C&' (¢') bond. Studies on nucleosides and nucieotide; also

'suggested:that there were three allowable conformations about the
- -

Cé';CS' bond (Figure 3) (Sundaralingam, 1969).  Early studies on the

“.erystal structure of UpA suggested that in a'ﬁ§ngcleoside monophosphate,

the degrees of freedom about sevedal bonds were even more restricted.
4lthough there are three possible confoymations for the C4'-C5' bond,

the C5'-05', and the C3'-03' bonds, thepe bonds were found to occupy

exclusively gauche, trans, trans gonfogmations respectively (Rubin

‘e al., 1972; Sussman et al., L97).

However, the tenability of the
rigid nucleoside concept, particylArly in sclution, remains unresolved
at the present time (Kallenbach [pnd Berman,-l977).

Several crystal studies jon dinucleoside meonophosphates have
been reported (for‘early work Aee Ts'o, 1974b and references therein;
Rosenberg et al., 1976; Seemin et al., 1976; Camerman et al., 1976;
Wilson and Al-Mukhtar, 1976). The dinucleoside monophosphate A2'-p-5'U
was the first to be studied by X-ray crystallogrﬁphy (Shefter155;1£.,
1964,_1969). The bases were found to be in the anti conformation and
the sugar puckers differed between the two nucleoside moieties: the
pU moiety had a C3'-endo sugar pucker and the A2'p moiety had the

C2'-endo sugar pucker. Presumably the 2'-phosphate substituent intro-

duces steric hindrance when the sugar pucker is C3'-endo resulting in
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the (c) 0(37)=C(3*) bond, (Altona, 1575)



ihe.shift to C2'=endo.
A Two independent studies on UpA cryﬁcals showed very interesting
results (Sussman et al., 1972; Rubin et al., 1972). The unit cells of
these crystals were asymmetric and a2ctually consisted of two differeﬁt
conformations. The UpA(l) conformation (nomenclature of Rubin et al.,
1972) represents an oben conformation of helical nature with the
phosphate inside the helix (w = -900). The UpA(2) conformation
represents an interest;ng structure as well: 1if introduced into a

~

regular-right handed helix, it would effectively cause a reverse or
b Y

-

turn in the helical Airection because of the ﬁhosphate conformation
(w = 900). In the single crystal, the adenine bases are protonatéed
and lie in the same plane, forming hydrogen bonding structures. Simi-
"larly, the uracils also lie,éa*f$p same plane and form hydrogen bonded
pairs. It appears that this type of hydrogen bonding in effect leads
to these peculiar UpA(l) and UpA(2) structureS, since rotations about
the P-0 bond5°will/converc eﬁch structure intc a right-handed helix‘
which could form an antiparallel Watson-Crick Sase paired duplex (Ts'o,
1974).. This observation supported Sundaralingam’s {i975) concept of a
rigid nucleotide: that the various conformations of dinucleotides,
trinucleotides, ete. could be interconverted solely by changes in w,uw'.
Camerman and coworkers reported recently on the crystal -
structure of d(pTpT) (Camerman et al., 1976). They found that the
bases were in an anti conformation and the sﬁg;rs were C2'-endo
(B-type DNA helix). The phosphodiester conformation was gauche, trans

(w',w) which results in an extended conformaldon. Extrapolation of

this geometry to a polymer chain gives a right-Iinded helix with no



-,

E)

base stacking since thé base planes are 39° from parﬁllél and have very
little overlap.

The crystal structure of protonated ApAfﬁAf;has also ﬁeen
elucidated (Saenger et al., 1975; Suchwggngi., 1976). The trinucle sidé
diphosphate ié arranged in the crystal in a2 two molecule c&mplex wi
an antiparallel origntation. The A+pA% portion cof the complex is
hydrogen bonded to other bases, and is a looped coil conformation si;i—
lar to UpA(l) {(Rubin 55_52,; i972). The ApA+p is a regular helical
type conformafion with the uﬁprotonated adenosine not inveolved in base
pai;;ng (Saenger et al., 1975).

The two ribonucleoside monophosphates GpC and ApU when crystal-
lized from neutral solution, formed regular Watson-Crick base paired
duplexes tDay et al., 1973; Rosenbérg et al., 1973, 1976; Seeman et al.,
1976). The sugar puckers in apC are both C3'-endo (A-RNA type helix)
and the G-C base pairs are Wétson-crick wiéh three hydrogen bonds of
léngth 2.86 to 2.95 K. Although the.bases have a sligﬁt tilec, they are
overlapped in a stacking fashion, and the base planes are separated by
about 3.4 . The X-ray structure of ApU is similar to GpC, but the
excellent resclution does point out ;Bme differences (Seeman EE.ELJs
1976). The helix is slightly more compact, yith the distances between
the (J-]'. astoms slLphtly shorter In the A-U base palr. The lmscs_arc
again heavily stacked with about a 60 to 90% overlap. One interesting
feature is the difference in sodium ion binding. In GpC; each sodium
Ion binds to a phogiPate and coordinates to other phosphates, bridging

the rods of GpC and organizing them into sheets within the crystal.

In ApU, one sodium ion binds to the phosphate group but another sodium



- ion binds in the minor groove and is coordinated‘between the two uracil
carbonyls protruding into the groove.‘ This binding is specific to ApU
and perhaps‘céuld signal ApU recognition sites (Seeman et al., 1976).

The results of crystal studies on deoxy(;AprApT) are of
particular interest (Viswamitra et al., 1978). Although the sequence
is self complementary and could form a simple four base paired duplex,

it forms a splint—t&pe arrangement:

-

) 1234
5'~pApTpApT-3'

3'-TpApépAp£pAprAp—S'
The sugar puckers are C3'-endo for the purine nucleotides and C2'-endo
for the pyrimidine nucleotides, and this st?uéture belongs to neither
the A or B class of DNA heliceé. The bases.are anti, although each has
a different value for x, and the base pairs are Watson-Crick types.
The phosphodiester iinkage within the d(ApT) halves of the molecule
are gauche, gauche giving rise to a regular right-handed helix. H;w—
e;er, the T(2)-A(3) internucleotide linkage is trans—gauche, giving
- rise to an extended conformation, similar to that found in UpA
(Sussman et al., 1972; Rubin et al., 1972) and d(pTpT) (Camerman
t al., 1976). It was felt that this special conformation could play

a role in the binding of lac repressor to poly (dA-T) regions of DNA
(Viswamitra et al., 1978).
Complexes ‘between intercalative drugs and complementary -

dinucleoside monophosphates have also been the subject of several X-ray

crystallographic studies (Tsai EE.EL"‘1975§ 1977; Sakore et al., 1977;



Jain et al., 1977; Neidle et al., 1977; Wang et al., 1978). The
results of these stud;es can be briefly summarized:

1) There are to date twWo classés of intercalators: (a) pro-,
flavine, which interc;létes_Between‘the Pase pairs, and forms hydrogen _
bonds betbéen its amino groups and the phosphate oxygens. (b) com—
pounds which intercalate without forming hydrogen bonds to -the phos-—
phate: ethidium bromide, 9-amino-acridine, terpyridine platinuﬂ,
ellipricine and acridine orangéf . |

2) The base pairs are 6.8 R apart in o;der to accomodate
intercalation of the drug.

3} In order to effect separation of thé base pairs, the
glyco;idic cérsion arngles change, with the puriﬁe base adeopting a high
anti conformation at times (¥ %10093.

4) The 0-P-0 torsion angles also undergo changes to allow
greater separation of the base pairs.

5) When class b.type drugs intgrcalate. the sugar pucker isl
C3'-endo-3'p5S"-C2'-endo. When proflavine binds, the sugar pucker
remains C3'~endo in both ribonuclectidyl moieties.

6) The double heiiﬁ‘uncwists upon intercalation of class b
’drugs. The normal twist angle in DNAB is 36° and in RNA-11 it is 33°.
fﬁé twist angle is reduced to §-13° upon binding of the drug. The only
exception is #roflavine, which has no effect on the double helical
twist.

:
The changes in helix structure upon intercalation ére thought

to be involved ia the mechanism of frameshift mutation caused by these

drugs (Jain et al., 1977).
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. 1.1.2, Torsion Angle Conformations Derived from Minimum Enerpy

Calculations .

Calculations of the miniﬁum energy qonforma:ions of the sugar- -
phosphaée backBone are semiempirical in nature (Olson, 1978). The
focal potential energy is usually calculated a§.the sun of nonbonded,
electrgstatic and torgional contributdions (Thiyagarajan and Ponﬁuswamy,

1978). While the torsion angle X,¥,¥',¢,o",w,u' are varied, wvalues

-

‘for the other bond lengths, bond angles‘and atomic coordinates are

derived from X-ray and previous minimum energy calculations. The

*

minimum energy conformarions are derived from starting conformations

arrived at by using various combinations of the preferred values for

the seven dihedral angles, known from previous ‘studies (Thiyagarajan

and Ponnuswamy, 1978). The energy calculations proceed and the torsion
“

angles are varied from their starting values until a minimum energy

conformation is arrived at. g = -

In base stacking interactions, the bases should be approxi-

mately parallel and -the strength of the interactions depends upon the

interplanar distance between the bases and the degree of overlap of

Pl

their rings. Calculations have been cirried out on the most proﬁuctive

overlaps for base stacking between free purine and pyrimidine bases
P : ' o
{Gupta and S$Sasisekharan, 1978a). It was found that including hydrogen

bonding effects into the calculations demonstrated that the mest -

productive overlaps from a base stacking viewpoint would be alteréﬁ in

*

. order <o provide_the strongest possible hydrogen.bonds. Certain base-
base stacking interactions (T-T, G-G, C-C for example) are not favoured,

but in order to form base.pairs, these combinations will stack since

-

™~ >

e

¥
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the stacking interaction is stabilized by hydrogen bond formation -

(Gupta and Sasisekharan, 1978a). The strongest interactions occtur for

those minimum energy stacking geometries which -also allow for the

. T

strongeét hydfogen bonding in b§ée pair formation. A furﬁher study of
tﬁe effect sthking interactions‘had on the backbcne_confoymation showed
tﬁat sca;king can occur in either a right or left-handed helix and the

~ sequence of bases iﬁzn1oligonucleotide couid determine ﬁhich_type of a

helix is formed (Gupta and Sasisekharan, l978b).1

" Yathindra and Sundaralingam (1975) useé minimum energy calcula-
tions to demonsTrate that a correlation exists between‘thq-sugar pucker

'gnd the internucleotide P-0 bond ronformations. These calculations

4 .
neglected energy contributions from bases and, thus éxplored the

.
inherent restrictions in conformation of the sugar-phosphate backbone.
Dinucléoside monophosphates favour g_g-, g+g+ conformations about w,w’
(see Figure &) paét&cularly for conformations which have the same sugar
pucker in both rings (Yathindra and Suadaralingam, 1975). The g g
;onformation is most favourable regardless of sugar pucker, and is the
only coaformation which will easily allow base stacking. Only the
C3'-endo sufar puckers have favourable van der Waals interactions in
* the g-g" conformation and this becomes the lowest energy conformation.
Other favoured conformations include: 't,g-; c,g+; g+g— and g;t'_
(Figure 4), all being unstacked conformations. The c,g- apd c,g+
repres;nt extended conformations, and the g_,t coﬂformation could
provide bends in a nucleiclacid.

Yathindra and Sundaralingam (1975) also found that pNpNp type

. - - . + + .
backbones were restricted to g g conformations and g g conformations.
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were unlikely because of a steric interactio: bolving the terminal’
phosphate. When the base energies are included in the calculations,
it is found that the NpN backbone becomes restricted in its abiiity to
adopt §+,g+ conformations (Broyde er al., 1978).

Recently a thorough conformational study of ApA was carried
out (Thiyagarajan and annuswamy,~i§78). When both sugars adopt the
C3'-end sugar pucker, minimum energy calculé;ions generaté seventeen |
low energy conformations, differing by S kcal?mole in energy between

the lowest and highest energy conformers. ~ The lowest energy form was
r

an unstacked extended structure which would Be.capable of forming
loops in polynucleotides. The two conformations which showed stacking
interactions were the A-RNA conformer (fouéth lowest in ener fid
Watson-Crick type helix conformer (f£ifth lowest in energy, 0.5 kecal/
mole higher than A-RNA). The calculations also verified earlier
findings that_conformations with C3'-endo sugars have less backbone
flexibilicy than the more extended conforﬁations containing C2'-endo
sugars. The authors found that several of the caﬁformations generated
by their calculations are components of the tRNA crystal structure
(Thiyagarajan and POnnuswamy,~£978), demonstrating the utility éf.this
theoretical approach. -

Minimum energy_calculations of the conformations of ApA,_CpC,-
GpG, Upl, GpC and UpA show that helical geometric parameters are base
sequence dependent {Broyde and Hingerty, 1978). Genérally, the single
stranded helices generated from the stacked conformation oé each

dinucleoside monophosphate are narrower and more tightly wound in

comparison to the RNA-11 duplex. The stacking enthalpies in a RNA-11

.
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duplex are about 30% of the st;cking enthalpies found for the single
strand helice$. Therefore it ;equires energy to generate a double
helix from single stranded helices (from 9 to 12 kecal/mole). The
helical parameters of the single strands vary from sequence :o'sequeﬁce:
significant differenceg exist in the numbéf of residues per turm, rise
per residue and helix radius. Althougé the torsion angies calculated
for the A forms of the single stranded sequences are very similar to
those for RNA-ll, the small changes in torsion angles leads to overail
gecmetrié conformations which differ laégely in energy (Broyde and
Hingerty, 1978}. A sim%lar result was obtained fof-calculations on
déox&d%nucleoside monophosphates (Hingerty and Broyde,.1978).

. JAnother minimum energy study'also démonscrates that a variety
of conformations are possible for both single and double stranded
helices (Olson, 1978). In agreement with Broyde and Hingerty (1978)?_
this scud§ shows that single stranded helicés have increased base
stacking interactions and arc more tightly'wound in comparison to
double straqded structures. There are maﬁy possible duplex conforma-
tions, including duplexes which have bases in the high anti conforma-
tion (anti, x = 300; high anti, x = 1200). Chains with intermediate
base anti conformations (30O < y < 120°)~can form duplexes with from
ten to twenty-five bases per turn. Since the entire helix structure
responds to base dependeng changes in ¥, this suggests that similar
structural changes in a double helix could act as a recognition site
(Olson, 1978; Viswamitra et al., 1978).

It is apparent then that varying the sugar pucker and all the

dihedral angles in minimum energy calculations gives rise to a variety
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_of possible conformations. The range of angles generated by these
caleulations illustrates the potential flexibility of the oligonucle-
otides in solution. Some of these generated conformatioms can be

related back to known crystal structures (Thiyagarajan and Ponnuswamy,

1978).

1.1.3. NMR Studies on the Solution Conformations of Oligonucleotides

- -

Although it had been expected that the orientation state about
the seven dihedral angles in a nucleotidyl unit would be quite
flexible, data from X-ray studies on nicleosides, ﬁucleotides and
dinucleotides led to the concept of the "rigid nucleoside"
(Sundarélingam, 1975}: kl) the sugar pucker must be C2'-endo or
C3'-endo, (2) the bases are oriented.in aﬁ anti fashion, (3) the
C3'=-03" and C5'-05' bonds (&',8) are in a trans conformation, (4) the
C4°-C3' bond }s in either a gauche (C3'—éndo) or trans (C2'-enao)
conformation depending upon the sugar pucker, and (5) the highest
degrees of flexibili;f reside in the C4'-C5' bond and the P-0 bonds,
with rotation about these bonds responsible for the generation of a
variety of conformations. |

Minimum energy calculations suggest that a variefy of stacked
and unstacked conformations may exist in solution (Thiyagarajan and
Ponnuswamy, 1978) and that helical parameters and stacking will vary
according to sequence (Gupta and Sasisekharan, 1978a & E; Broyde and
Hingerty, 1978) and whether a single or double stranded helix is
formed (Broyde and Hingerty, 1978; Olson, 1978). Of the various

techniques available to study the conformation of oligonucleotides,'

NMR speccroscopy has perhaps been the most useful (Ts'o, 1974). The



magnetic résqpanée ofH, 13C, 31? aq& associated ‘chemical shift and

coupling constant daga allow the researcher to monifor changes in the
sugar—-phosphate backbone and}base stacking under various conditions.
Since the variou; solution equilibria are in a rapid state of exchange
in comparison to the NMR time scale, the data;from an NMR experiment
represent an average of.the various existing conformaéions.

Much of the early effort involved the stgdy of the properties,
intgraccion and conformation of bases, nucleosides and nuclectides
“(for reviews see Ts'o et Ei" 1969a; Ts'o, 1974a). Ts'o and coworkers
demonstrated the ﬁagnetic anisotropic shielding effect exerted by
neighbouring bases on the various base protons within cthe vertical

stack formed by purine bases (Ts'o, 1974a). The main driving force

-
A"

for stacking appears to be a preference of the aromatic bases to form
a relatively nonaqueous environment via a vertical stack {(Kallembach
and Berﬁan, 1577 and references therein). The work £y Schweizer and
coworkers (1968) resulted in the elucidarion of the conformation of
the base in nucleoside monophosphates. They showgd that phosphoryla-
tion at the 3' or 5' position tends to decrease the amouat of stacking
to about 30 to 40% of that for the corresponding nucleoside. Studying
the effect of pi upon the NMR spectra of nucleotides showed that a
S'-phosphoryl group had a specific deshiclding cffect only on the H-8
proton of purine bases and the H-6 proton of pyrimidine bases -
(Schweizer et al., 1968; Danyluk and Hruska, 1968). This deshielding
effect was greatest when phosphate was dianionic, less wheén phosphate

was monoanionic, and least for the monomethyl ester (Schyeizer EE.El'v'

1968). Such a pH effect was net observed for 3'-nuclebtides and
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demonstrated that the bases had adopted the anti conformation as
described by Donchue and Trueblood (1960).
Dinucleoside mono and diphosphates halznbecn particularly

useful compounds for studies on the conformatid¥nal backbone of single

scraéded oligon;cieotides in solution. The appFoach used to sqlve the
solution conformational dynamics of the dinucleotide has relied upon
careful compafison with the appropriate moncnucleotides. This giﬁés
some ind%cation of the manner by which a neighbouring unit exerts an
influgnce on its linked phr;ner. A dinucleotide may be consldered to
be the building block of a polymer in the sense éhac a trinucleotide
consists of two dinucleotidés sbaring a common neighbouring group,
and so on. This approach will only be valid if th; properties observed
are the resugt of interactions mainly between neighbouring mononucle-
otidyl moieties (Ts'o et al., 1969b). Calculations of ring currents
fdr the bases'aqd shift effects as a function of interplanar distance
between b§se5 confirm that shielding effects aré a neareﬁt neighbour
phenomenoﬁl(Giessner~Prettre and Pullman, 1976; Giessner-Prettre

et al., 1976, 77). An observation of small end to end shielding
,
effeCCS’;n trinucleoside diphosphates (Kan et al., 1973) has been
explained as the result of a looped out conformation which brings the
terminal bases clsse together and slightly overlapped (Cheng et al.,
l§78). Only a small percent population of this conformation, within
the conformational blend, is required to explain the observed shielding.
Ts'o's group was the first to undertake a définitive NMR study

of the solution conformation of dinucleoside mono- and diphosphates

(Ts'o et al., 196%b). This large work contains the high resolution
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pmr data for fifteen nhcleoéides and ﬁunleotidest and twenty-five
dinucleoside mono- and diphosphaﬁes. The spectra ok the compounds were
studied for temperature and concentration dependence and data were
obtained for all the base-and anomeric-protons. A general conforma-
tional model, which included all the dinucleotides studied, was
constructed. In this model, the nucleoside units ére in the anti
conformation and the turn‘of the 3'-5' screw axis of.the stack is

-

right~handed.

Through lH, 13C and 31? NMR spectréscopy one can measure
various coupling constants, whose magnitude vary with the conformation
about a covalent bond. It is possiﬁle to use coupling constant values
to calculate, in eichef a direct or indirect fashioﬁ, the population
of various conformations about all the torsion angles except those
aboqt the P-0 bounds (w,w'). In the years following Ts'o's initial
study of the dinucleotides, there was an intensive effort to under-—
stand the solution conformational properties of the dinucleoside
mordéphosphates. Various 14 (Altona, 1975; Evans et al., 1975; Wood
et al., 1975; Lee et al., 1975, 19765 Ezra et al., 1977), 13¢ (Lapper

t al., 1973; Govil and Smith, 1973; Schleich et al., 1975, 1976;

Alderfer and Ts'o, 1977) and 3L

P (Evans et al., 1975; Lee et al.,
1975; Gorenstein et al., 1976) NMR approaches were used, and th?
culmination of this research came when Sarma's group reported the
complete pmr spectral details for all therprotons of all the dinucle-
oside monophosphates except GpG. . |

The results from all this work can be summarized in rhe

following model for a dinucleoside monophosphate in solutioen:
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1) The molecule has a flexible backbone in solution.

2) There is a preference for the ribose ring to adopt the
C3'-endo pucker. A rapid C2'-endo : C3'-endo equilibrium exists and the
equilibriua shifts towards C3'-endo with decreasing‘temperature.

3) The C4'-C5' torsion angle (¥) exhibits a preference for the
g,g conformation. -

4) The dominant conformation about the ES'-OS' (¢) is g',g8’.

5) The conformations of C4'-C5' and C5'-05" are not coupled
to changes in the ribose‘éugar pucker.

6) The dinucleoside miondbphosphates can form right-handed
(w,w' = g ,8 ) or left-handed (w,u' = g+,g+) base stacked helices
depending upon their sequence. This has been confirmed by a minimum .
energy study (Gupta and Sasisekharan, 1978b) .

7) The stacking, unstacking process occurs primarily as a
rotation about the 03'-P-05' bonds. As stacking decreases and X
increa;es, the ribose pucker cquiiibrium shifts towards the C2'-endo
conformation. ’ -

- Lee and Tinoco {1977) have studied the solution conformations
of modifieé dinucleo;ide monophosphates containing either l,EF-etheno—
adenosine or 2'-0-methylcytidine. In order to rationalize the
selective shielding effects they observed, it was neccessary to propose
two conformations which differed in w,w' values from the seven known
possible conformations of ribodinucleoside monophosphates (Kim et al.,
l1973; Yathindra and Sundaralingam, 1975). Sarma, Pullman and coworkers

(Dhingra et al., 1978) used a variety of techniques to analyze these

conformations. These rechniques included computer simulation of the
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threeldimensional arrays of a variety of Qackbone conforma;ions,
analyses of unallowed steric interactions, computatiocn of new ring
current shielding maps fo: l;gé-ethenoadenosine and analyses of the
various expécted shielding effects. They concluded that the two new
conformations proposed by Lee and Tinoco (1977) were unlikely to exist
in solution because.of steric irnteractions and also that éhes? two
conformations were not base stacked, as had been suggested. The
predicted shielding t?ends for these conformations did not match the
experimentally observed trends, which were in much better agreement
with shieldiné effects predicted by a mixture of several of the
accepted ribodinucleoside monophosphate conformations. In some cases,
the dimerization data of Lee and Tinoco (1977) was best represented
by a blend of conformations which varied by only +5% in w,m',xl,xz.
This result illustrates the fact that only small angle changes are
necessary in érder to observe a difference in the pmr chemical shift
data, and also points out the degree of sophistication available for
analyzing the solution conformations of the sugar phosphate béckbone
in oligonucleotides.

Dhingra and Sarma (1978) have further used this technique in
conjunction with experimental data, to propose that ﬁature specifically
chosé 3'-5' phosphodiester linkages for RNA. Several groups have
studied the effect a 2'-5' phosphodiester linkage has on base stéckiﬁg
in dinucleoside monophosphates (Brahms et al., 1967; Kondo et al.,

"1970; Schle}ch et al., 1976; Ezra et al., 1976) using a variety of
physical techniques. Apparently a kz'pS'Y dinucleotide can only stack

when the X base adoéts a syn conformation, and will not base stack

flo
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at all if both bases adopt an anti conformation. A X3'p5'Y dinucle-
otide however can always form a right-handed, stacked helix for all
-anti Va%ues'of x (Dhingra and Sarma, 1978). éince-the storage and
trénsfer.of genetic information appears to require polynucleotide
helical conformers, a 3‘-5"phosphodiéster linkage  1s a more versatile
choice.

1.2. Model Studies on the Factors Which Affect the Stability of an RNA

_Double Helix

Many BNAs have secondary and tertiary structures (Fiers et 2l.,
1975 & 1976; Gross et al., 1978; Sitz et al., 1978; Rich, 1977
Rordorf gg_gi.,.1976;‘for examples). Secondary structure is usually
composed of short duplex éegions separated by hairpin and bulge 1oops..

The dﬁplex sections may not be perfectly double stranded, but may also

- -

have several small looped out regions. In or?er to evalﬁate proposed
secondary structures based on a known primary sequence, it will be
necessary to understand how tne sequence of duplex regions, the place-
ment and size of loops within a‘double helix, and the presence of
neighbouring looped regions contribpte to the overall stability of an
RNA secondary structure (Tinoco Jr. et al., 1971 & 1973).

1.2.1, Studies on Short, Perfect RNA Double Helices

The coil to helix transition in the duplex formation of qucleic
acids requires nucleation initially, followed by propagation of base
pair formation to complete the double helical structure. A nucleus
duplex must necessarily form at a faster rate than it dissociates in

order for propagation to become possible. It is estimated that two

or three base pairs must form a nucleus between complementary strands
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(Craig et al., 1971). Prbpagation is simply the sequential closing of base
pairs immediately adjacent to the duplex region. The sﬁability con;

stants for the formation of base pairs differ for nucleation and -
propagation. For nucleation the base pairs are formed in a concentra-

tion dependent précéss'and are not stabilized £y extensive base

sﬁacking. Once a stable nucleus is formed, the closing of the helix
quickly occurs, since base pair formation-is stabilized by the forma-

tion of favourable stacking interactions.

1.2.1.1, Studies Employing Qptical Methods -

The presence of purine and pyrimidine base chromophores acqount
fof the UV absorption properties of nucleic acids. Optical studie;
on the duplexes formed between oligonucleotides of defined sequence
have been carried Sut us;ng UV hypochromicity, CD spectroscopy and
temperature jump methods. Derivation of kinetic and thermodynamic
parameters is possible using a combination of these techniques.

)

Initial studies on duplex formation used homopolynucleotides
(for review, see Ts'o, 1974b). The field was considerably advanced
once oligoribonucleotides synthesized by enzymatic techniques were
used to study the helix to coil tramsition. Although less stable
than homopolymer duplexes, the oligomers could be prepared in a

greater variety of sequences. )

The first study to employ complementary sets of trinucleoside
diphosphates was not particularly encouraging (Jaskunas et al., 1968).
Of the many complementary sets studied, only the GGC:GCC set showed

evidence of association. The ORD spectrum for the mixture was

different from 2 calculated spectrum for a non-interacting 1l:1 mixture
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of the.sequences. The stoichiometry of the compiex formed was found

L

to be 2GGC:1GCC. The trinucleoside diphosphates AGC and GGC showed -.

- evidence of self aggregation, with as many as forty molecules forming

a2 GGC complex. No simple double helix formation was cbserved (Jaskunas

t al., 1968).

&
Sequences of the type A U were found to form double helices

when m = o (Martin et al., 1971).. These sequences are self-

complementary, and complications from forming multi—mo;ecular

aggregates do not arise. Duplex formgtioh by these sequences (6 to 14

base pairg\QSIflEzi: initially studied by UV hypochromicity (Martin
et al., 1971). T¥as concluded that for m = n, the oligomers formed

double stranded.duplexes and not hairpin loops, since theiﬁaIms were

' concentration dependent. The heat of singleJaasﬁ;ééiz_formation,_AHi,

was calculated from the slope at the midpoint of the melting curve,

‘and from the slope of a plot of the reciprocal of T, versus log

concentration. < It was observed that AHi increased slightly as chain
length increased, and that AH; values were lower than those determined
from polypgr studies. It was proposed that-&ﬁese-results could be
explainéd by fraying (a transient opening) of terminal base pairs,

since this effect would be proportionately more important in short

duplexes.

Studies on the AnU, oligomers were extended using temperature
jump techniques (Craig et al., 1971). Experiments of this type allow
derivation of thermodynamic and kinetic¢“parameters of the helix-coil

transition. Although the results are in agreement with an 'all or

nene’ equilibrium model, the kinetic model must include both nucleation

\
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and propagation. It was determined that nucleation requires fpreg
consecutive base pairs be forme&, since the rate of association for
this intermediate will be faster than the rate 6f dissociation, thereby
allowing prdﬁagation;_,The propagation is so fast that it cann;ﬁ be
observed. by temperature jump, implyi;g ;hat an equilibrium exists
between a.fugly base paired double helix and single strands. Somé
evidence for fraying terminal ﬂase pairs also existed in ‘these studies.
The helix to coil transition of A7U7 was gktensively'st?died
by UV temperature jump'and calorimetry (Breslauver et al., 1975).
Comparisen of the Tm determined by calorimetry and'UV hypochromicity
demonstrated for.the first time that accurate T, measurements can be
made by UV. The total enthalpy of the helix to coil tramsition was
determined by calorimetry and compared to ‘van't Hoff AH values
calculated using several different treatments of the UV and temperature
jump data. Calcuiacions which depend upon the integrated melting
curve of UV hypochromicity nad l#rge associated errors because of the
uncertainty in determining the fﬁlly duple;ed state. The AH values
calculated from a log concentration vs. inverse Em plot was found to
be the most reliable. The van't Hoff AH values differed by as much
. -
as 20% depending upon -the analysis used, and all of the calculated &H
values were much lower than the calorimetric value. ~This reSu%t
implies that a two state, '211 or none' model is not a valid represent-
ation of the helix-coil equilibrium for A;Us, and that fraying ends
and intermediate states must also contribute.to the equilibrium

{Breslauer et al., 1973).

Doty's group also studied the effect one or two G°C base pairs
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has on the stability of‘short oligomers (Uhienbecﬁ et al., 1971).
This studj was carried out using complemeﬁtary sets AmGUn;AnCUm and
sélf—complementary AnGCU, seauences as model compounds and UV hypo-
chromicity to follow the helix-coil transition. They determined that
one G-C pair was about equivaleant to two AU pairs in stability
contribucted to a double helix.‘ In these sho?t oligomers, there was
about a 0.9°C increase in Tg per a4 increase in G + C content. This
value was greater than that found for RNA (0.75°C/%2 G + ©) ana the
authors suggested that there were greater stacking interactgons for
internal base pairs compared to terminal base pairs as a result of

fraying. Tﬂis would mean that the stabilizing effect 6f G-C pairs in

‘these oligomers is anomalously large (cf. RNA) because, they occupy

central positions in the duplex.

The effect of sequence on‘Tm was studied using a series of AU
b1SEkreiigggg;srecntaining G-C pairs in various positions along the
duplex (Poérscﬁke et al., 1973). The T,s determined by UV hypochrom-
icity melting studies demonstrated that sequenée effects can be quite

*

large. It was demonstrated using temperature jump that nucleation
occurs pr;ferentially at G-C pairs. Calculations of the activation
enthalpy suggested that one or two G-C pairs could ;ucleate a double
helix. {Eﬁrmodynamic data for sequences of the type ALGCU, cou;d be
evaluated by an all or none model, but sequences with loné A-U'blocks
{e.g- A&GCU& vs. ASCG:CGUs) had an appreciable population of intér-
mediate bonded.stages. The rate of recombination alsc depended upon

sequence and chain length: the rate of recombination decreased with

increasing chain leﬁgth, and sequences with G-C pairs in the middle



recombined a2t much slower rates.
The ARGCU, (n = 1 - 4) were studied further b§ téemperature -
jump (Ravetch et al., 1974). Observable T values could be determined

only for the n = 2,3,4 oligomers. The -free energy lost upon decreasing

-1

the chain length of the duplex was calculated from log C vs. T

plots. The results for AoGCU, were found to be anoéalously large.

The rate constants for association and dissociation were significantly

different for the n' = 2 helix in comparison to expected values extra-

"polated from data for the n = 3,4 duplexes. These anomalies were

explained either és the result of a unique conf&rmatgon for very short
duplexes or as the result of a peculiar conformation for blocks of A-U
base pairs (Raveéch et al., 1974). This was an important point, since ‘
many of the model sequences that had been studied contained blocks of
A-U base pairs. )
Analysis of the temperature jump data for the duplex formed by

GGGC:GCCC was best fit to the 'all or none' model (Podder, 1971).

Nucleation involves the formation of a single G+-C base paif, and the

.rate of helix closure depends only on the rate of forming the second

base pair. The GGGC single strand formed multistranded .aggregates
jrreversibly at low temperatures. _ . . .
A cogpreheﬁsive study of fifteen AU, and AnGCU, type duplexes
demonstrated the sensitivity of CD to the geometry and geqﬁence of
bases in an oligonucleotide (Borer et al., 1973). > The sequences
contained, between them, all of the ten nearest neighbour interactions
of two bage pairs. By using statistical methods, the contribution of

each nearest neighbour pair to a.CD spectrum was calculated. Although
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the qalculated-oligomer spéctra agreed well with corresponding
experimental spectra, calculated polymer spectra did not reasonably
- agree with the experiméntal spectra. This failing was.though:.to
result for at least two reasons. The first drawback was primarily
assigned to the presence of a.high perbentage of A-U base paired
blocks in the sequences. Other nearest-neighbours were not very
highlf‘represented, and the errors associated in calculating their

spectral contributions would be high. The other major explanation

~ ’

may rest in the inherent difference in conformation of the polfmer’“/\ E_S
- 1n comparison to é short oligomer dupléx with fraying ends.” The
experimental polymer spectra exhibiéed nuch less ébsorption than

predicted (Borer et al., 1973).

The sequence dependence of duplex stability wa; thoroughly

investigated by a UV hypochromicity study of nineteen oligomer

sequences (Borer et al., 197Z). The most important factor for .
stability of a perfect double heliﬁ is ghe base stacking interaction
between nearest neighbours. The thermodynamic ﬁarameters for closing

a base pair duriﬁg propagation do reflect the importance of the

stacking interaction. Some nearest neighbodr pairs occured less

frequently in. the sequences studied than others, and the less frequent

ones were grouped together in order to provide a more accurate value

for each parameter. The total AG‘and AH values were determined for

each duplex and the AGO, 2H® and AS° values were determined for each

of the six groups of nearest neighbour pairs, in an extension of

ear?ier work (Gralla and Crothers, 1973a & b). An equation was derived

to calculate the T, of any duplex of known sequence.
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The use of the data presented and the T equation is limited

in scope (Borer EE_EL.,'1974). All ten nearest neighbouriﬁaifs were
.not evaluated individually, and next nearest neighbour effects could
not be evaluated. The sequences studied contained blocks of A-U
double helix, which could have a particular conformation. Re-evalua-
tion of the data using other, more randem sequences would be desirable.
The thermodynamic parameters are most accurate for describing Tps from
0 to 40°C. The end pairs of short helices may in some cases be 90%
frayed, and the effect of this on Ty could not be taken into account.
The results of this study were used in the development of a method to
Apredict the ;econdary structure of RNA from the primary sequence
(Tinoco Jr. et al., 1973).

1.2.1.2. NMR Studies

The considerable number of NMR studies of model duplexes have

investiga;ed both deoxy (Cross & Crothers, 1971; Crothers et al.,
1973; P%tel & Hilbers, 1975; Hilbers & Patel, 1975; Patel & Canuel,
1976; Patel, 1976, 1977, 1979; Young & Krugh, 1975; Early et al.,
1977, 1978; Kearns, 1977; Kallenbach et al., 1976; Pless & Ts'o, 1977;
Selsing et al., 1978) and ribonucleoride sequences (Arter g&_g&.;
19745 Ts'o ec al., 1975; Borer et al., 1975; Kan et al., 1975; Krugh
et al., 1976; England, 1976; ilughes et al., 1978). 1In sufficiently
simple sequences, each nucleotide is identifiaﬁle by several
_resonances, and.by the nature of an NMR experiment, the helix to coil
transition of each base pair in the duplex can be monitored. This

can be accomplished by oﬁSﬁrving the temperature dependent behaviour

of the exchangeable, hydrogen bonded ring N-H resonances, or the

) -
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nonexchangeable éromatic—r;ng protons (Figure 5).

The duplex formed between the.complementary pentadeoxynucleo—
tides d(TTGTT) :d(AACAA) was the first successfully studied by NMR
(Cross & Crothers, 1971). The helix to coil transition was monitored
by the change in chemical shift of the thymine methyl group resonance
as a function of temperature. The other resonances were Loo breoad to
assign accuwmately. In a follow-up study, the exchangeable NH reso-
rances of the base pairs were observed to broaden with increasing
temperature, and disappear at temperatures well below the Ty of the
duplex (Crothers et 2l., 1973). The dissociation rate constant was

calculated from fhe temperature dependence of che.line widchs by
assuming that the exchange rate of the proton wifh water was limited

by the dissociation of the duplex. At the Tm’ the association—
dissociation process was no longer limiting, and the exchéﬁgeable ring
nitrogen hyd;:zeds were in rapid exchange with the solvent.

The ﬁelix to coil transition of the hexaribonugleocide AZGCUE
was studied by both the exchangeable and the nonexchangeable reso-

{

nances (Ts'o et al., 19727 Borer et al., 1975; Kan et al., 1975).

Complete assignmédt of the nonexchangeable base and ribose anomeric \

proton resonances was realized through'the incremental analysis
technique (Borer et al., 1975). The pio:s of chemical shift versus
temperature were sigmoidal (similar to UV melting curves) and the’
midpointé of the curves were used as a measure of T,. The average
T, value calculated from the data agreed well with a value extra-
p;lated from previous optical studies. This result demonstrated that

the same helix to coil transition was being monitored by UV and NMR °
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techniques. Howgver, the NMR melting data was £omple£: I values
determined from different protod resonames of the same basepair
sometimes differed drastically, and a pattern could not be discerned
that explained this (Borer et al., 1975).

The temperature dependent béhaviéurof'the exchangeable NH,
resonances showed that the helix to coil transition was not best
explained by an all or none theory (Kan et al., 1975). The resonance
assigned to the terminal A-U base pairs melted sooner ?han the rest
and the data indicated thar there was extensive fraying of the terminal
gase pairs.

Studies ont a similar seduence, d (ATGCAT), also produced

evidence of sequential 'end-in' melting and fraving of the terminal
A-T base pair (Patel & Hilbers, 1975). Data from the temperature '
dependence of the NH chemical shifts suggested that ‘the T of the
terminél base pair was significantly lower than the T, of the other
base'pairs. The resonance assigned to the G+*C base pairs broadened
as temperature increased, but showed very little shift change, while
the A-T resonances broadened and shifted upfield as ﬁemperature
increased (Hilbers & Patel, 1975). The line width of the G-C reso-
nance was thought to monitor the lifetime gf the double helix and
therefore nucleation. The rate of base pair formation was consistent
with a bimolecular process, in agreement with earlier results that
nucleation will ocecur at G*C base pairs preferentially (Poerschke
et al., 1973; Borer et al., 1974).

Krugh and coworkers have used NMR to monitor complementary

association of both deoxyribo and ribodinucleotides (Young and Krugh,
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1975; Krugh et al., i976). The association process was monitored by
the large concentration dependent shifts of the base primary amino
group proton resonances. Tﬁe strongest duplexes contained two G-C |
Ease pairs and the strength of-the interaction was sequence dependent.
Several of the dinucleotides that duplex have been used to study drug-
aucleic acid interactions in solution (Patel, 1976; Krugh et al.,

1977; Chiao & Krugﬁ, 1977; Reinhardt & Krugh, 1978).

The self-complementary tetraribonucleotide CCGG was also

£ al., 1974). A T, of 51 £ 2°C was

studied by NMR techniques (Arter
determined from the midpoint of the chemical shift vs. temperature
transitions for the nonexchangeable base aromatic proton resonances.

In contrast to the results for ApGCU, (Borer et al., 1975}, there was
very close agreement betweea the T;s dekermined from the plot for

each resodnance. Thé‘Tm was also close to the value predicted by
extrapolation of UV data (&B_t 2°C), again demonstrating that valid

T, measurements can be made by NMR studies. The exchangeable NH
resonances were assigned both by their temperature sensitive behaviour,
and by predictions of chemical shift values using a;isotropic shield-
ling contours. There was liqcle evidence for fraying of the terminal
base pairs (Arter et al., 1975).

Patel has studied the helix-coil transition of the self-

complementary sequence isomers of d(CCGG) (Patel, 1976, 1977, 1979).

Full proton NMR studies were carried out on d(GGCC) and d(CCGG). The

T_ values determined from the transition péofilcs of the nonexchange-

m

able proton resonances were in very good agreement with values extra-

polated from UV data (Patel, 1977). The nonexchangeable proton

7
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resonances exhibited an interesting trend. ‘In a pair of resonances
(eg. the two GH-8 resonances) there would be two distinctly different
chemical shift vs. temperature curves. Although one curve was ;he
typical sigmoidal curve expected, the other curve would have a slightly
lower Ty and would not plateau at low tempetatures, but rather would
be shielded fu;ther. Parel reasoned that these resonances should be
assigned to the terminal base and that the further shielding was
attributed to end on end interduplex stacking. The same trend was
observed for the CH-5 and CH-6 resonances. In a study of 4(GCGC),
Patel demonstrated that this extra shielding of one resonance was
concentration dependent, thereby supporting his interpretation (Patel,
1979). Confirmation of these assignments by incremental analysis was
not made because the necessary dinucleotide and triqucleotide'bequence
building blocks were not studied. |

The chemical shift vs. temperature trends for the nonexchange-
able resonances of d(CGCG) and d(CGCGCG) were the opposite of those
| for the other sequences studied (Patel, 1976b). In the tetranucleétide,
one CH-6 resonance experienced a large shielding uponAlerring
temperature, and the other resonance was only slightly shielded. In
the hexanucleotide, two CH-6 resonances expefﬁenéea identical, large
shieldings and. one resonance was only slightly shielded. This |
observation allowed the resonance with the small shielding to be
assigned to the terminal cytosine. The assignment of the CH-5
resonances was made in the same fashion. The transitions for the
terminal resonances had lower Tps, which possibly resulted from

fraying in this particular sequence. These sequences have been used
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in drug intercalation studies (Patel & Canuel, 1976, 1977; Kastrup

t al., 1978). .

The phosphate backbones of these compounds were investigated
by 3lp NMR spectroscopy (Patel, 1976, 1977, 1979). The resonances
were well resolved in each case and experienced'temperature_dependent
upfield cﬁemical shift changes upon duplex formatien. It was\;roposed
that the shielding results from changes in the torsion angles absut
the_d—P-O bonds... -

The duplex formed by the bomplementary tecraribogucleotide set
GAGC_:G.CUC has been studied by pmr (England, 1976; Hughes et al.,

1978). The temperature dependent behaviour of the proton resonances

" of each single strand could be studied in the absence of duplexing,

since a self-complementary sequence was not used. The resonances
experienced linear upfield shielding effects when the temperature was
lowered. Upon mixing, the observed temperature dependent chemical
shift changes were nonlinear and sigmoidal in nature, indicative of
base pairing. The Tj values-detefmined for all of the resonances
were in good agreement, unlike the results for A,GCU, (Borer et al.,
1975). The average T was in good agreement with a value calculated
by extrapélatiﬂg data from opticalrstudies (England & Neilsom, 1977).
The oligonucleotides used in this study were chemically synthesized
in a stepwise fashion by a phosphotriester methed (England, 1976;
England & WNeilson, 1977). It was possible to accumulate the
dinucleotide and trinucleotide building blocks for each tetramer, and

their high temperature spectra were used to assign unambiguously the

aromatic base and anomeric ribose protons of each tetramer and in the
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duplex. Definitive assignments of the resonances greatly increases
. .
the usefulness of the NMR data.

1.2.2. Model Studies on Loop Formation

The secondary structure of naturally occuriﬁg RNA molécules
contains various single stranded loop regions closed by hydrogen
bonded, base paired double helices. The duplex regions stabilize the
secondary structure (negative contribution to the AG) and the loops
have a destabilizing influence. There are essentially three different
types of loops (Figure 6) and model studies of the formation of each
are discussed below.
1.2,2.1. Bulge Loops

The work on bulge loop formation has been presented in an
excellent re&iew (Lomant & Fresco, 19753). Two conformations are
possible for nonboading oppositions: intrahelical or extrahelical
(Figure 6). The lowest energy conformation will be determined omn the
basis of several criteria:

- a) A purine-purine opposition can adopt an intrahelical conformation
only by an appreciable distortion of the backbone. An extra-
helical conformation would require‘very little backbone -distortion
other than a retation about the P-0 bonds, flipping out the
nonbonding bases. Conformations of this type are thought to
exist for single stranded trinucleoside disphosphates (Cheng &
Sarma, 1978).

b) The entropy of an extrahelical conformation should be greater
than the entropy of intrahelical conformations. Extra&elical

conformations also have an enthalpy gain from increased hﬁdrogen
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FIGURE 6. Nomenclature of RMA Loops.’
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(a) BULGE LOOP

(b) INTERNAL LOOP

(¢) HAIRPIN LOOP
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bonding interactions with the solvent.

¢) The extrahelical conformation has a localized concentration of
negative charges in the backbone and must be stabilized by a
suitable counter ion concentration.

d) In a2 "looped out' conformation, the adjacent base pairsiare

»

o
separated by the normal ‘plane to plane distance {ca. 3.0 - 3.2 A

for RNA-1l), creating a mew stacking interaction, something that
had been predicted by model building studies (Lomant & Fresco,
1975). Poor stackers, such as uracil, will preferentially loop
cut in order to create a more favéurable stacking interaction
between the adjacént base pairs.

Many different non-complementary base oppositions have been

- .

tested by homopolymer-copolymer titration miiing experiments (see

Lomant & Fresco for a compilation). The bulge loops formed had an

o

extrahelical conformation, regardless of the copolymer sequence or
the type of nonbonding oppositicrn (puri%e-purine, pyrimidine-purine,

pyrimidine-pyrimidine). A thermodynamic anal§sis of the data, based

. -
simply on the reduction of T caused by nonbonding oppositions, was

carried out (Lomant & Fresco, 1975). Several trends wére observed:

a) The observed destabilization (effect for A > G=C > U) reflected ’

the strength of the stacking interaction 'lost when the base loops
out.
b) The degree of destabilization is diminished when the new stacking

Jinteraction created between the adjacent base pairs is strong:

.

eg.

L Uy

U-A

caaa

U
A

/ :

.t



In summary, the main source of duplex destabilization by bulge
loops arises from the loss of a base stacking-interaction when the
miématched se adopts an extrahelical conformation. The déstabiliza—
tion is less -if. the new stacking in:eractiﬁn_formed is strong.

1.2.2.2. Internal Loops

Information on the conformation of internal loops has come

from homopolymer-copolymer mixing experiments (for review see Lomant
o

L
& Fresco, 1975). The summary of the conformational considerations

for bulge loops (section 1.2.2.1.) appliés equaily well to internal

- >

looﬁs. ‘However; the howopéiymer—cépolymer ticraciort miximé'expe;iments

were not capable of ﬁﬁantitatively studying the thermedynamics of the
formftion o€>internal loops (Lomant & Fresco, 1975). An improved
model system for studying the thermodynamics of loop fopmation utilized
enzymatically synthesized oligonucleotides of defined sequence
(Uhlenbeck et al., 1971).

Sequences of the type A CU, were used in this initial study
of internal loops. The effect én T, of two non-complementary C
residues oppqg;:é one- another was found to be siﬁglar to the loss of
two A-U base ﬁairs. Comparison of the AE for the helix-coil transition
of ApU, and ALCU, demonstrated that the base pairs in ApCU, melted
less cooperatively than these in khc uninterrupted .duplex. The_ -
conformation of the mismatched C residues could not be determined
from this study, but an extrahelical conformation was suggested as a
pessibility (Uhlenbeck et 2l., 1971;. —t

Sequences of the type A4GCLU, have also been studied for

internal loop formation (Gralla & Crothers, 1973b). Interior locops.

-

-
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formed when n was less than five bases long: longer sequences

preferentially formed hairpin loops.'s The instability cause by loop

-
-

formation increased with the size of the loop. However, three one
base loops would be more destabilizing to the duplex than one three
base loop,-based on the free energy'calculations. Comparison of this
data with the‘;revious data on internal loops (Uhlenbeck et al., 1971)
- demonstrated that the free energy required to close a loop by a G-C
.base pair was considerably less than the energy required when an A-U
- base pair closed a loop. The loop closure energy calculaticons
provided some evidence for an extrahelical conformation for an
internal loop containing.only one nonbonding opposition (Gralla &
Crothers, 1973b). | |
Internal loop formation has been recently investigated %y

melting and single strand nuclease susceptibility studies on homo-
polymer—cooligomer‘complexes {Dodgson & Wells, 1977a & b). The oli-
gomers were synthesized enéymatically and contained specifie léngths

~

systems were studied. For m = 1, a bulge locp was most likely formed,

of bonding and nonbonding bases: both d(G)n:CxAmCx and d(G)n:CxGmC
. ) .

since these duplexes were found to be highly resistant to single
strand nuclease. For larger loops, nuclease susceptibility was
increased, and the possibility of internal loop formation is increased.
It is interesting to note that the Ts of the heteroduplex DNAs were
very close to T, values expected if the mismatched bases were replaced
with dAFdlease pairs. This £; in direct contrast to the results of

a study on A,CU, duplexes (Uhlenbeck et a3l., 1971), which demonstrated

that a nonbonding interaction decreased the Ty similar to the loss of

.
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two A-U base pairs; This suggests that the destabilizing effect of a

' )
loop. id perhaps sequence dependent (Gralla & Crothers, 1973b). This

concept. will have to be tested by further model studies. -

1.2.2.3. Hairpin Loop Formation ‘ ) .

Hairpin loop formation of AgC Ug (m'= 4,5,6,8) oligoribo-~
nucleotides was studied by UV and cD (Uhlenbeck-et al., 1973). The Tp
valué? for each of the oligomers were independent af concentration,
which indicated that the duplex formed was intramolecular. A plot of .
Ty Vvs. chain length demonstrated that the m = 6 loop was the most
stable formed. The_smaller loop structureé would be strained (there
may be some base pair disruption in order to increase the loop size)
while for larger loops, there would be 2 diminished probability of
loop closure. In fact, the CD spectra for AgCglg were significantl?
different from those of A6C6U6 and AgCglg, implying that the smaller
loop must have had a conformation different from the larger loops.

Thermodynamic analysis of the data showed that there was a
high positive eathalpy of initiation, probably the result of enthalpy
lost upon destacking of the loop bases. This suggested that the
stability of hairpin loopg may in ﬁart depend upon the sequeﬁce of
bases in the loop (Uhlenbeck et al., 1973).

A similar type of loop system was studied but the loop wgg
closed by G-C base.pairs rather than A-U base pairs {Gralla & Crothers,
1973a). Hairpin loop formation of A,GCLU; (n = 5,6) oligonucleotides
was studied uéing temperature jump techniques. Kinetic analysis
showed that nucleation of hairpin loop closure is 103 fold faster

than intermolecular nucleation. The free energy of loop closure is



J A l‘

less when G+C base pairs close the loop rather than A*U base pairs.
The increas§d free energy of stability gdined from increasing the gize
of a small loop to a preferred size, will offset the energy lost when
base pairing and stacklng are disrupted. The authors concluded from
this observation that the gize of helical and loop regions in RNA
should be flexible and respond to §¥ocess dependent changes in the
terciary structure (Gralla & Crothers, 19753).

The sequence dependence of the stability';f hairpin loops was
studied.using oligonucleotides of the type A UGU, (Wickstrom &
Tinoco Jr., 1974). Looped structures of this sequence were more stable
thaq:the looped structure of AgCglg, when each hairpin had a coﬁpgrable‘
length of duplex. This was eﬁplained on the basis that there is less
étacking in AUG than in oligo C. These results are consistent with
the idea proposed by Uhlenbeck et al. (1973) that the enthalpy éf
loop closure is derived f£rom the enthalpy lost fro; disfupting base
stacking. In principle, sequences which are poor stackers should have
lower enthalpies of closure. Unfortunately the sequences used in this
model study alse formed other duplexed structures thought to coatain
G°U base pairs and dangling base residues. However, the study did

indicate that the destabilizing effect of a loop is dependent upon

the sequence of the loop (Wickstrom & Tinoco Jr., 1974).

1.2.3. The Effect of Dangling Bases on Duplex'Stabiligz

Dangling bases simply comprise a single stranded region
covalently joined to a -duplex:
XXX ' )

YYYYYYYY..
.

Dangling Base Region



42

~

Studies on AmUn.oligoribonucleétides demonstrated that for m > n, the
T, of the duglex region was increased (Martin et al., 1971). The
increase in T, was approximately additive for one to three dangling
b;ses.

More recently, tw; groups have demoastratgd, using temperature
jump techniques, the stabilizing effect longer dangling base sequences
have on small RNA duplexes (Grosjean‘é&_g&., 1976; Yoon et al., 1976).

It has been demonstrated that the duplex formed by yeast tRNAPhe and

E. Coli tRNAGlu at their complementary anticodon regions was stronger,

by a factor of 106, than expected for.a three base pair duplex
(Grosjean et al., 1976). It was concluded, from the results of
‘fragmentation studies, that a 103 fold portion of this increased
stability was Aerived from the aaditicnal base stacking in the unpaired
regions adjacent to.the double helix. FKinetic studies on the binding
of UUCA to a dodecanucleotide énticodon loop fragment from yeast
tRNAPhe showed that the binding was stronger tﬁan predicted for the
UUCA:UGAA duplex region (Yoon et al., 1976). The increased strength
of the bindihg was attribuged to the dangling base regions. It has
" been proposed that dangling base -regions contribute to the stability
I~3

of the tRNA-mRNA interaction during protein synthesis (Grosjean

et al., 1976).

1.2.4. The Formation of G-U Base Pairs Within the Secondary Scru;ture
of RNA
Crick first proposed the G*U base pair as part of the weobble
hypothesis (Crick, 1966), which allowéd for the formation of non

watson—-Crick base pairs at the terminus of a codon-anticodon double
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helix, thereby explaining the degeneracy of the genetic code. This
base pair has since been included withiﬁ double helical regiomns of
the secondary structure of several tRNAs (Rich, 1977; Rordorf 35_3;.,
1976; Robillard et al., 1976), as well as ‘the proposed secondary
structures of other native RNAs (Gross et al., 1978; Fiers et al.,
1975 & 1976).

Evidence for the formarion 6f G-U base pairs at non wobble
positions in RNA double helices has been conflicting to date.
Although physical evidence for the formation of G-U wobble base pairs
has been implied-from certain resonances in the NMR spectra of
several tRNAs (Rordorf et al., 1976; Robillard gg_g;,, 1976l, such
assignments have been disputed (Kearns, 1976). Attempts to demonstrate
G-U base pair formation using model cémpounﬁs have been inconclusive
for the most part. Studies on poly r(GU) using CD measurements fourld
no evidence of duplex formation (Gray et al., 1972). Krugh has
studied the deoxynucleotide d{pGpT)} by NMR and found that there was
no base palring under condirions where other self—comglementary
dinucleotides duplex (Krugh & Young, 19753). Two independent CD
studies on pely d{GT) demongtrated that the polymer forms an inter-—
moleéular structure, although there was insufficient proof for a
base paired double helix (Lezius & Domin, 1973; Gray & Ratliff, }977).
Mo%c recently, poly d(GT) has been the subject of bbth NMR and -
ethidium bromide binding studies, which demonstrated that a wobble’
G-T base paired duplex is formed (Early et al., 1978).

_ The relative stability of a G-U wobble base pair within a

watson-Crick hydrogen bonded double helix is not completely understood.
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It is known that a terminai G:U base pair in a codon-anticodon inéer-
action can be as stable as an A-U gase pair in the same position
(Uhlenbeck et al., 1970). Unhlenbeck and coworkefs also showed, By
optical methods, that the addition of aé internal G-U base pair dees
not increase the stability of an AyUn self-complementary duplex
(Uhlenbeck et al., 1971). However, there was no evidence from these
experiments which would explain the process by which a G-U base pair

could form without contributing to the overall duplex stability.

2. The Chemical Svnthesis of Oligonucleotides

Chemically synthesized oligonucleotides have played a role in
a variety of biclogically oriented studies. Synthetic triribonucleo-
side diphosphates were used in experiments that elucidated the triplet
nature of the genetic code (Nirenberg & Leder, 1964). Enzymatic
joining of chemically synthésized oligodeoxynucleotide blocks resulted
in the synthesis of two tRNA genes (Agarwal et al., 1970; Khorana
et al., 1976) and- the somatostatin gene (Itakura et al., 1977). A
similar mixed synthesis method was uéea to pfépare igg_operator.
sequences for insertion into plasmid DNA (Xtakura et al., 1975; Bahl
et al., 1976; Marians et al., 1976; Heynecker et al., 1976; Scheller

et al., 1977).

Successful chemical. synthesis of oligonucleotlides remains a
‘challenging problem. Beﬁpre a specific 3'-5' internucleotide phospho-
diester linkage can be formed, other reactive centres on the\nﬁcleo-
sides must be chemically ﬁasked by blocking groups.- After thé inter-

nucleotide linkages are formed, these blocking groups must be removed

without disrupting the nucleosides and the phosphodiester linkages.
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The work in this field has been divided between the develoément of

appropriately blocked nucleoside precursors and of suitable phosphorylat-

ing methods (for reviews, see Koessel & Seliger, 1975; Reese, 1978).
There are basically two approaches to the chemical syntHesis

of oligonucleotides: the phosphodiester meghod,lwhere the phosphate

bridges of the blocked oligomer are monoanionic, and the phospho-

triester method, where a neutral phosphate ester is prevented by a

blocking group from involvement in undesired side reactioms. The

phosphodiester approach has Eeen_used successfully, particularly for
the synthesis of oligodeoxynucleotides, but it is thought to have
several pitfalls:

1) The unprotected phosﬁhate linkage of blocked oligon;cleotides can °
be subject to electrophilic attacks during chain extension, leading
to branching or cleavage of the chaine

2) The charged phpspthiester intermediates are only water soluble
and‘must be purified by ;ellulose or sephadex columns, which limit
the 'size of the scale of preparation (cf.organic purification
techniques).

3) The phosphodiester linkage is sensitive to acid and base and care
must be taken when working up reactions.

throtectiog of the phosphodiester linkage provides a solution to all of

these .problems.

2.1. Blocking Groups for Oligonucleotide Svmthesis
‘ The wvarious functional groups that are required to be blocked
//\\Qt various times during synthesis are the primary 5'-hydroxyl, the

secondary 3'(and in ribose, 2')-hydroxyl, the primary amino groups of
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cytosine, adenine and guanine, and the phosphodiester linkage. A
blocking group éhould be easily introduced onto the nucleoside and
removable undef condiéions which leave other blocking groups intact.
The conditions for removal of the blockin; groups shoul& not alter
the phosphodiester or glycosidic linkages of the product oligonucleo-
tide. Intermediates in fhe synthesis of blocked nucleosides should
be identifiable by NMR analysis as a check for ‘the specificity of

‘blocking group introduction (Reese, 1978).

2.1.1. The 2'-Hvdroxyl Blocking Group

The 2'-hydroxyl function of oligoribonucleotides is usually
-the last to be deprotected, and"it is essential that the deblocking
conditions do not perturb :hé phosphodiester linkages. Studies on
.diribonucleoside monophosphates demonstrated that 0.1 M HCl at 80°c
causes up to 507 acid catalyzed mggration of the 3; phosphodiester
linkage to the 2" hydroxyl as well as some chain cleavage (Brown
et al., 1956). This type of phosphodiester isomerizatiQn must be

avoided in oligonucleotide synthesis, since it is not qbssible to

separate the desired product from those containing SQ{f>2'-5' linkages. -

The tetrahydropyranyl group has been a popular choice as a
2' blocking group since its introduction over fifteen years ago ’
(Smrt & Sorm, 1962; Smith et al., 1962). This group is easily
deprotected in three to four hours upon greatment with 0.01 M Hél ;t
room temperature, conditions which do not lead to phosphodiester )
isomerization. fhe point of attachment on the thp ring is asymmetric,

giving rise to a diasiefeomeric mixture of the modified nucleoside.

The methoxytetrahydropyranyl group is attached at an achiral centre,
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giving only one product, but it is alsec more sensitive to acidic
hydroiysis (Reese et al., 1967) making it tedious to work with. In
any case, the ‘hp diastereomeric mixtures are easily resolved by silica
gel chromatography and can be recrystallized.

The use of base labile acyl blockiﬁé groups for 2'-hydroxyl
protection are a poor choice in coﬁparison to thp. Acyl groups will
migrate rapidly between the 2' and 3' hydroxyls in a pyridine solu&ion
with only traces of water present, as is obtained during work up of
reaction mixtures (Reese & Treatham, 1965; Griffin et al., 1966). As
well, the equilibrium favours the 3'-isomer over the 2'-isomer,
uﬁsuitable ﬁor use as a protecting group. .

A variety of other groups have been investigated as potential
2'-hydroxyl blocking groups (Koessel & Seliger, 19;5). However, the
thp groups are the preferred blocking groups. \}t has been demon;trated
that under conditions of mixed anhydride phosphorylation, the thp N \j
group is sufficiently bulky Lo prev;nﬁ 3'-3' phosphodiester formation
without the need fogcseparate 3'-hydr6xyl blocking on the incoming

nucleoside (Neilson, 1969). /_

2.1.2. Blocking of the Terminal 2'.3' Cis Dicl Svstem

In some synthetic schemes, it is necessary to protect the 2',3'
cis dlol of the incoming nuclcoside. -Orchoformntc ¢sters are the
blocking groups of choice (Reese, 1978). ﬁild acid treatment at room
temperature opens the ring to give a mixture of formate esters, which

are ;emoved upen very mild base hydrolysis.

2.1.3. Blocking of the Pr{%ary Amino Groups of the Nucleobases

The unprotected amino groups can form phosphoramidates via
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nucleophilic¢ attack on the phosphorylating agent during.oligonucleotide
chain extension (Schaller et al., 1963). Acyl groups, whose Qse were
introduced by Khorana (Lohrmann et al., 1966), are widely used to
protect t?e primary amino function. The acyl group is‘sﬁable to
neutral, acidic and mildly basic pH, conditions used to deprotect
other functions sele;tiﬁely. The agyl group ié removed by ammonolysis,
although more extensive treatment is required to deprotect Nz—benzoyl—
guanine (England, 1976).

g .
2.1.4. Protection of the Terminal 5'-Hydroxvl * .

Fﬁé blocking gfoup chosen to protect the 5'-hydroxyl plays a
pivotal role in the block s&nthesis of %ongef oligonuclectides. Ia a
?lock synthesis, two trimers for exaqiﬁe are joined together to yield
a hexanugieotide. The incoming block must have a free 5'-~hydroxyl and
all other reactive groups protected. It is necessary to removewthe
5" blocking group selectively, leaving all of the other protécting
groups intact. The aryloxyacetyl group is ideal, since it can be
selectively intxoduced to the 5'-hydfo¥yl of N-benzoyl, 2'-thp
nucieoside derivatives, and is removed under mild base conditions
which do not.deprotect the N-benzoyl groups (Reese & Stewart, 1968).
The trityleoxyacetyl (trac) group developedby Neilson and coworkers
is of speciﬁl interest (Werstiuk & Neilson, 1973). Trac carrying
oligonucleotides are readily identified as yellow spots on tlc plates
sprayed with ceric sulfate, which allows one to monitor the phos-
phérylation and coupliné reactions conveniently.

2.1.5. The Phosphotriester Blocking Group

The phosphotriester appreoach to the chemical synthesis of _
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oligonucleotides was first introduced by Michelson and Todd\(lQSST.
The; used benzyl as the phdsphotriéster blocking group in the synthesis
of TpT. The benzyl group is too easily removed under mild condiﬁions
and is nmot suitable for general use in oligonucleotide synthesis
(Reese, 1978).

The phosphotriester synthesis was furthef investigat;d by
Letsinger and coworkers, who introduced the use of 2-cyanoethyl as a
blocking groﬁp (Lec;inger & Mahadevan, 1965 & 1966). 'This blocking
group was used in the phosphotriester synthesis of T(pT), sequences

(Letsinger & Ogilvie, 1967 & 1969). The‘2-cyanoethyl group is removed

by mild ammonia, and unfortunately it may also be removed during work

up, by silica gel catalyzed hydrolysis and a under the mild basic

conditions used to deprotect the S'—hydfoxyl. ‘tly it is ndt
suitable for general use in oligonucleotide synthesis.

The next triester group to be investigated was the 2,2,2-

: trichlorocethyl grohp (Eckstein & Rizk, 1967a & b). This. group is
stable to the mild base condition; used to selectively deprotect
5'-arvloxacetyl groups. It is removed by reductive cleavage of the
0-alkyl bond by treatment with copper-zinc couple in anhydrous

dimethylformémide. Reese has recently questioned the ability of the

f/’—\\\ copper-zinc couple to remove the trichloroeﬁhyl group completely

__(Reese, 1978). However, Neilson and associates have developed a
versatile éhosphotriester synthesis of oligoribonucleotides which
uses 2,2,2-trichloroethyl as the phosphate pfotecting groups (Neilson;
1969; Werstiuk & Neilson, 1973, 1976; Qeilson & Werstiuk, 1974).

Carefully prepared copper-zince couple was found to be capable of

&
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completely deprotecting the trichlordethyl groups from sequences as
long as a nonaribonucleotide in reasonable vields (Neilson & Wérstiuk,
1974; Wexstiuk & Neilgan, 1976)- it would appear that éhe trichloro-
ethyl group is suitable for use as phosphotriester protec;%s&t

The phenyl group has been extensiﬁely investigatedlas a
potential phosphate protecting ;foup.' This group is depfotected under
basic.conditions, by cleavage of the O-phosphoryl bond. Although
phex;lzam'.de is the prefer.;red leaving group, there is 2 to 3% inter-
nucleotide bond_cleav;ge as well at each.phosphotriester linkage. This

‘dramatically lowers the deblockings for longer sequences (van Boom
et al., 1974). Deblockings with fluoride ion (Ogilvie et al., 1976)

" or aqueous ammonia fAdanuak et al., 1977) also suffer this side
reaction (Reese, 197/8). The use of aldoximate ions as deblocking _
agents may improve the-specificity of the deblocking (Reese et al.,
1978). |

‘ "The 5' terminal hydruxyl is usuallyqprotected by an aryloxacepy}

group which is removed by mild base. A careful strategy must be used

when deblocking oligonucleotides which carry phenyl as the phospho-
triester pfotecting group and base labile terminal hydroxyl protecting
graups (van Boom et al., 1971): The 5'-terminal blocking group must
first be selectively removed ggahild base hydrolysis. Ihetermingl
hydroxyl is then reprotected with a ba;c stable group such as thp,
before depro;ection of the phosphate. If this procedure is not
followed, simple base hydrolysis will leaq to 5'-5" and 3'-3" inter-

nucleotide isomerization at the terminal positions (van Boom et al.,

1971). Sequences contaiming isomerized bonds cannot be separated



from tﬁe desired product. This deprpcection-reproteétion step must
necessarily decreaéé thé.overall yield-in the deblocking procedure.

The phosphqtrieszef'approach to the chgmichl syanthesis of
oligondEleoéides gerhgps is best illustrated BY considering the
following two examples. In the.first example oligodeoxynucleotides
corresponding to the lactose operatér of E. coli were synthesized both
by the phosphodiester and the phosphotriester approach (Icakuré et al.,
1975). 1In the second example, oligoribonucleotide synthesis, more

difficult because of the presence of the 2'-hydroxyl group, is

illustrated by the phosphotriester synthesis of a oligoribonucleotides

3 -
-

for use in model studies of translational imitiatiom in E. coli
(Ganoza et al., 1978). .

2.2." Chemical Svnthesis of Oligodeoxymcleotides Correspondingto the

Lactose Operator Sequence of E. coli

i
The sequence of the rgPressor binding site of the lac operator
of E. coli had been elucidated by Gilbert and Maxam (1973). The goal
of the chemical synthesis of the lac operator was the preparation of
the twentiy—one base paif duplex in amounts sufficient for in vitro
studies of the operator-repressbr binding (Itaﬁhra 55_52?: 1975).
Both a phosphodiester and a phosphotriester approach wereligvestiaged
(Figure }). ) o, .
The following blocking groups were used in the phosphotriestér
synthesis: |
(i) . The acid labile dimethoxytrityl group was used to block the

5'-hydroxyl.

(ii) The phosphate groups were blocked by the base labile



dodeca (trdester) - -~ )
1 nona (diester) ] nona (triester)

\, 57 T-G-G-A=A-T-T=G-T-G-A-G—C~G-G-A-T—A~A~C-A-A-T-T- 3!

\ .

\

3t A=C-C-T-T-A-A~C-A~GC-T~C~G-C—C-T-A-T-T-G-T-T-A=4~ 5'
1
| hexa

- nona (diester):
: (triester) [

pentadeca (triester)

FIGURE 7. The chemical synthesis of oligodeoxynucleotides corresponding

@ frapments of the lac operator sequence (Itakura et al., 1975)
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4~chlorophenyl group.

(iii) The primary amino groups of adenine and cytidine were protected

by benzoyl; the acetyl group was used to mask the sam

funetion in guanine_(less stable to ammonolysis than Nz—benzoyl-

guanosine). -

(iv)" The new coupling reagents MST and pNBST were introduced for use
in internucleotide bond_fo:mation.
Compound (1) (Figure 8) can be converted byAtreatment with

0.1 N NaQE in dioxane (30 sec;nds) to (2) by selective removal of the
2-cyanoethyl group. Treatment of (;).with 80% acetic acid for twenty
minu;es at room temperature yields (3) by removal of the diméthoxy—
tricyl grouﬁ. Qare must be taken to avoid depurination of the N—§cyl
purine during the acid treatment.

- The coupling between (2) and (3) is effected by accivation‘of

the phosphate of (2) in anhydfous pyridine wig excess of para-

nitrobenzenesulfonyl triazolide. After two o¥

complete, and after work up, the uncharged, ful

e reaction is
protécted dinucleo-
tide can be purified by silica gel chromatographly. Treatment cf the
purified product with basé removes the terminal 2-cyancethyl group,
and the chain c¢an then berextended (Figure 8). Synthesis proceeds in
a 5' to 3' fashion.
Langer sequences such as (7) are formed by jeoining two blocks,
*(3) and (6). The termi;al ja—hydroxyl is protected by an acetyl
| g%oup, and the specific internuclecotide phosphotriester linkage is

formed between an equimolar mixture of the two blocks in the same

fashion as outlined above for the stepwise synthesis. These longer



Q) m:rrig-ocx
" OH~ B+

(2) parr¥po- .~ Hokp-6CE (3)

L

oSt
3+ 3F
DMTrXpXp-OCE (4).

- l on= o

HOZOAC DM ritpXpO- HOYp—OCE
1. T T
pNBS'I:,‘H'i'i | ' J' pNBST, OH™
(5) HOEEIE%AC o Dbﬂrigg?go- (8)
} i
T .

(7) DMroXpXpY¥pkpXpZOdc

(8) XpKpYpXpXpZ

»

Abbreviations: DMTr = dimethoxytrityl

X, ¥, Z=0%°, a%% cbz, 7

CE = 2-cyanoethyl

Ac = acetate

p = phosphate protected by p-chlorophenyl
;NBST = pa.ra—nitrobenzenesul-fonyl triazolide

"FIGURE 8. A general scheme for the phosphotriester synthesis of
V
oligodeoxynucleotides corresponding to sequence fragments of

lag/operator DNA (Itakura et a:l.,§975).

-
- . - -
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sequences are again purified by silica g chromaﬁography. A suitable
block synthesis was carried out fpt the four sequenées in&icated in
Figure 7. Yieid§ of t?e block co;plings ranged from 35Z, for forming
the pentadecanucleotidé from a hexanucleotide block and a nonanucleo-
tide block, to 62% for the block synthesis of the protected hexanucleo-

tide ACAATT (Figure 7).

Complete deprotection of the séquence was effected by the '

“following scheme: ,
(1) Treatment with 0.5 N NaOH in dioxane overnight to remove the
phosphotriester groups. )
{(ii) 3 hour ammonolysis at éOOC to remove the amino protecting groups.

\\\fiiii//ﬁollowed by treatmént for twenty minutes at room temperature

with 80Z acetic acid to remove the dimethoxytrityl group.

~

(iv) Purification of the free oligonucleotide by Sephadex G-25 éel
filtration and on Avicel-cellulose tlc p;ates in two solvent
systems. I;g}ated §ields ranged from 45 to 71Z (Itakura et al.,
1975)- |

P8¢ two nonanucleotide sequences synthesized by 2 phosphodi-
ester'approach-(Figure 7) were syn;hesized by joining the appropriate
trinucle tide”Plocks. Yields for the block couplings ranged from 10
to 25%, much lower than yields for the phosphotriester block .couplings.

\

This is the result of the participation of the unprotected phosphates (::?

~

in side reactions during the coupling.

The phosphotriester approach was found to be superior for the

following reasons:

(i) Much better yields for block couplings.
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(ii) Larger scale syntheses are possibl ; -

. -
(iii) Block couplings can be made with an equimolar mixture of the

two blocks: in the diester synthesis, large.excesses qf one

block are required.

In a subsequent communication, the completed chemical synthésis

of the two complementary, 21 nucleotide long strands was reported

. (Bahl et al., 1976). The duplex formed by the unprotected oligomer

strands bound the lac repressor protein in a specific fashion. The
chemically synthesized DNA was clondd in E. coli, and could function
biologically to 't¥trate out' the naturally occuring repressor -
protein,-making the bacteria constitutive for B-galactosidgsé (Marians
et al., 1976; Heyneker et al., 1976). Chemically synthesized nucleic

acid sequenceé can be used for a variety of biophysical and biological

~

studies,. as illug;fhc by the next example. . ~—

% 3. The Use of Chemifcally Svnthesized Oligoribonucleotides in Model

Studies of Tradélationql Initiation

The chemicgl synthesis of oligoribonucleotides has not
developed as rapidly as the chemical synthesis of oligodeoxynucleotides.
s

The presence of the 2'-hydroxyl om ribose cg icates the preparation

of specifically blocked nucleosides for Ancorporation into a synthetic
scheme. Several groups have been work;ngto deveiop phosphotriester
syntheses of oligoribonucleo;ides (for review see Reese, 1978). One
su;cessful approach has been that of Neilson and associates.

Nellson was theafirst Lo report a.pho;photricéter synthesis

of oligoribonucleotides, with the preparation of UpU and UpUpU

(Neilson, 1969). Suitably protected derivatives of adenosine,

N
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guanosine and cyfidine have been developed since (Neilson & Werstiuk,
1971a; Neilson et al., 1973; Werstiuk & Neilsonm, 19733 Neilson.gg_g%?,
1975; Gregoire ﬁ Neilson; 1978) along with their incorporation into
both ste?wise and block synthesis (Neilson & Werstiuk, 1971b; Werstiuk
& Neilson, 1972;'Neilson & Werstiuk,.;97&). The elegance of this
synthetic approach was demonstrated by the synthesis of a nonaribo-
nucleﬁtide carrespénding to the anticodon loop sequence of E. gg;i_
eRNAMEE (Neilson & Werstiuk, 19745 Werstiuk & Neilson, 1976). This
sequence included the cytidine 2'-methyl modified nu;leoside.
The basic features of the synthesis are:
(i) Terminal 5'-hydroxyl is blocked by the triphenylmethoxyacetyl
. group, specifically removed by mild base for block synthesis
purpose. |
q&J 2,2,2-trichloroexhyl phosphate pfotecting group, removed by
. A, cérefully prepared fopper-zinc couple via P-alkyl bond cleavage
with no chain ;leavage.
(iii). The tetrahydrgpyranyl group is used zo block the 2';hydroxyl,
. Hand can be removed by treatment at pH 2.0 at room.temperature
with no appreciable phosphate migration. This group is
//’-_\\\\ sufficiently bulky to prevent 3'-3" internucleotide bonds
without 3'-hydroxyl protection (Neilson, 1969).
(iv) The primary amino groups are protected by Penzoyl, removed by
ammonolysis.
{v) Phosphorylations and couplings are effected using the

pyridinium salt of 2,2,2-trichloroethyl phosphate and mesitylene-

1,2,4-criazeolide as an activating agent.
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- | Tﬁe versatility of this synthesis perhaps is best illustrated
by the usé of chemically grepared olig;riboﬁucleotides in én investi-
gation of the sequence dependeﬁce of translational initiation (Garoza
et al., 1978). The oligoribonucleotides uéed in this study were
prepared using a block synthesis s;heme, simiiar to thgt shown for
AUGUAA (Figure 9). Yields for the block couplings ranged from 29 to
51%. This synthetic method is the onlﬁ one that i§ capable of provid-

ing satisfacqgiy coupling to guancsine residues in sequences longer

than a trimer for oligoribonucleotides (Ganoza et al., 1978).

— A three step deblocking procedure was used to obtain the free

oligonucleotides (England & Neilson, 1976):
(i)} Treatment for one hour at 60°C in DMF with Cu/Zn couple to
remove the trichlorcethyl groups.

N
(ii) _Treatmenf for two days with 50% methanolic ammonia to remove

the tr;c and benzoyl gésups,-followed by purification by
14 Whatman 1 paper chromnt$graphy.
(iii) Treatment for twe days art pH 2.0 and room temperature to remove
the thp groups. ‘ >
The free oligoribonﬁcleotides were purified twice by descending paper;
chromatbgr?phy on Whatman 40. The sequences used in the study that
were prepared chemically are shown in Table 1.
The ability éf these sequences to form initiation complexes
with 705 ribosomes and f[3SS]MetTtRNA was investigated. Sequences
’fﬁl_l 3" to a 5' terminal AUG were found to have no effect on the ability

to form an iniriation complex. The XAUG- tetramers were quite

different: PyAUG sequences were significantly more effective
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HOAtOH . HOULOH
TracktOH TracUtOll _HOi%OH
A | "W
Trachtgo- HOULOR Tractpheon _ HOX_tiOH
Trac§;gpt0H H ]tOH TracUtpAtpALOH.
l 4 : .
TracktpUtplLoH HOUt pAtpAtOH
I I
v

1 * 1w
TracAtpUtpGtpUtpAt pALOH

ApUpGpUpApa:

Abbreviations: #* = N-benzoyl
Ny
t = tetrahydropyranyl -
Trac = triphenyluethoxyacetyl

p = trichloroethyl phosphotriester

FIGURE 9; The block synthesis scheme used for the preparation of oligo-

~ ribonucleotides, by the phOSphotfiester method of Neilson and

associates,for biplogical studies (Ganocza et al., 1978). .

]



TABLE 1. Sequences prepared by phosphotriester synthesls for use in the

bioclogical studies of Ganoza et al. (1978).

yield(%) for
SEQUENCE complete deblocking -

AUG 40
AAAATG 23
] UAAAUG 25 . '
y,  UUAAUG \e\
/& AUGUUU 33 : .
( ~.AWGUA - . 32 . T
/ AUGUAA 29 | ~—
CAUG 4 29
AATUG 37
UAUG . 35
GAUG 31 | ‘
UUAUG 30 -
AUAUG 31
. CAUALG - 21
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initiator sequences than PuAUG sequences. The UAAAUG sequence was a
very poor initiatﬁr and is berhaps.a forbidden configuration. The.
r;sults of the study, while pointing out some surprising nuances, are
more consistent with the existance of a highly flexiblggkﬁmiating
co&e. 'Tpe versatility of the study arises mainly from the use of the
chémical synthetic technique (Gansza ég.ég,, 1978). .

The phosphotriester synthesis developed by Neilson ﬁnd
associates is equally suited for the preparétion of a variety of
sequences for biophysicai model studies of duplex formation (England,
1976; England & Neilson, 1977; Hughes et al., 1978), and it was used
to prepare all oligoribonucleotides used in the studies reporteé in

this thesis. ’ ‘E



EXPERIMENTAL

3. Experimental Procedures -

3.1. Materials and Reagents

All reagents and .solvents were commercial reagent grade and
were used without further purification except for the foll;wing:
mesitylenesulfonyl chloride (Aldrich) was recrystallized from hot
petroleum ether (30-6000); pyridine, dimethyl‘formamide, and p-dioxane
(Béker Analyzed rggg;nts) were dried over Fischer & & mclecular‘sieves
prior to use: | .

It is necessary to exclude all moisture from condensation -
reactians. Qﬁ:er'evaporation (at 30—&0°C) in vacuo of the pyridine
solution, normal pressure was. restored with @ry,niﬁrogen.

Saturated sodium chloriée {1-2 mL)} was used to break the
emulsions which frequenfly occur when ;queous pyridine solutions are
extracted with methylene chloride.

Prescored Silica Gel G plates (Analteéh) were used for thin
layer chromatography of protected nucleosides and coupling reaction
mixtures. The tlec solvent system was 10Z mFthanol in methylene
chloride. Detection was accomplished by spraying the plates with 1%
H,Ce(S0,), in 10% sul'furic acid and heating to 150-200°C. All
" compounds appeared as brown spots, except those contaiﬁhng tricyl

groups which appeared as a bright yellow spot.

Silica gel (40-140 mesh, Baketr Analyzed reagent) for column
: ; |

- \\
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cHromatafraphy was dried at 80°C over NaOH for two daﬁs prior to use.
Columns wecre prepared in mcthyleqe chloride and eluted using step
gradients of methanol in methylené chloride.

Whatman #l“and #40 papers were used for the descending paper
é romatography of deprotected sequences. The sclvent system was
éthanol/NHAOAc {1 H, pH 7.3), 1:1 (V/y). A short wave UV lamp was
used to detect deblocked oligonucleotides.

3.1.1. Protected Nucleosides and Coupling Reagents

The nucleoside derivatives were synthesized and characterized

=

b ' ) bz
by published procedures: HOUtOH (Griffin et al., 1968); HOCtOH

. bz bz
(Neilson & Werstiuk, 1971a); HOGtOH and 'HOAtOH (Gregoire & Neilson,

-

C - bz bz
1978); TracUtOH (Werstiukm§ Neilson, 1972); TracAtOH and TrachOH

(Werstiuk & Neilson, 1973). -

. -

The coupling reagents also were synthesized and characterized

-

by published procedures: 2,2,2-rrichloroethylphosphate (England &

Neilson, 1976); MST (Katagiri et al., 1974).

3.2. Preparation of Oligoribonucleotides .

Complete details for the synthesis of sequences preéared by
the author are summarized in\E?ble 2; synthetic details for sequences
preﬁared by R. Gregoire appear in Tagle 3. All of the protected
élig 'ﬁbonucleotides were made using published techniques (England &

Neilson, 1976; Werstiuk-& Neilson, 1976). The stepwise synthesis of

fully hrotefted CGGC (Figure 10) is described below to illustrate the
>

gen pros&éﬁre.



e
- -
bz bz
HOGtOH -Trac?tOH
l
- bz bz bz
TracCtpGtOH HOGHOH
bz bz bz bz
TracCtpGtpGtOH HOCLCH
l )
. bz bz bz bz
TracCtpGtpCtpCtOH
CRORGRC

FIGURE 1C, The stepwise synthesis of CGGC.

64



TABIE 2.. Summary of the Preparation of Protected Oligoribonuclectides®

h Y

REACTANTS PRODUCTS
QUANTTTY QUANTTTY . _YTEID
COMPD mz' mool COMPD mg mmol COMPD © mg y 4
c. %0 1.30 A7 895 .1.95. CA 185 66
CA 985 0.7 U 350 1.07 - CAU 610 46
CAU . 410 -0.22 G 160 0.33 CAIG 298 53
3 C 850 1.20 A 830 1.80 CA’ 765 49
CA 665 0.48 U 240 O.72 CAU . 804 67
CAU 500 0.27 G 200 O0.41 CADG 295 43
_ CAUG 295 0.12 A 55 0.12 = CAUGA 13 39
C . 800 1.09 A T35 1.6 cA 62 30
cA 450  0.33 U 160 0.50 CAU K75 76.
CAT 475 0.25 G- 122 0.2 CATG 380 60
CALG 300 0.12 U 60 0.1 CAUGU - . 174 47
- & - . b [P
c 1200 1.80 G 820- 1.70 1330 59°%
cG 430 031 G 160 0_33/%.; 385 61
CGG 300 0.15 c 70 . 0.16  CGGC 165 43
¢ 1000 1.35 C 640 1.50 cc 700 39
cc 650 0.48 - G 260 0.53 cCG 430 49
" cco 430 0.22 G 110 0.23 CCGG 325 358
c 1280 1.75 G 930 1.90 G 1120 50
cG 500 - 0.36 € 175 0.40 CcGe &390 54
. CGC 350 0.17 G 95 0.19 CGCG 270 59
o 500 0.3 G 195 0.0  CGG. 430 58
CGG 400 0.20 A 95 0.21 CGGA 190 36

%Column 1 contains the 5'=trityloxacetyl reactants, and £ stands for
g

TracBz-CtOH; column 4 contains the incoming nucleosides and A stands for

. HOBz-AtOH; Column 7 contains the trityloxacetyl product and CA stands for

- .o

Tm'é'Bz—Ct.-p-‘Bz-At.OH. Two equivalents of pyridinium mono~2,2,2-trichloro-
7 - e

!éthylpho;‘phatc activated by 4 equiv. of MST'in anhy'drous ;;yridine is used

-

~

"~ . in each phospKorylation step. The coupling step is griven by 1.2

equ:!.w;. MST.

-~

BTN
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TABLE 3. Summary of the Preparation® of Protected Oligoribonucleotidest

REACTANTS - PRODUCTS
QUANTITY QUANTITY YIEID
COMPD mg mmol COMPD mg mmo COMPD mg
c ~1350  1.85 A 842. 1.85 CA 1460 78
U 1000 1.58 G 745 1.5 uG 1263 62
CA 377 . 0.27 A 12, o0.27 CAA 328 59
CAA 218  0.11 UG 106 0.11 CAAUG 95 28
CA 377 0.27 T 107 0.33 CAU 34 59
CAU 202 0.1 UG 105 cC.11 CAUUG 135 42
CA . 730 0.53 C~ 228 0.53 CAC 910 84
CAC L75 0.24 ¥ 102 0.31 CACU 375 62
CACU 175  0.C7 G -32 o0.07 CACUG 135 62
CA 730 0.53 G 250 0.53 CAG 820 76
CAG 15 0.20 U 85 0.26 . CAGU 300 58
CAGU 150  0.06 G 27 0.06 CAGUG 110 59
A 1230 1.63 G 770 1.63 AG 1597 69
AG 700 Q.49 - G 232 0.49 AGG 510 50
AGG 260  0.13 A 57 0.13 AGGA 145 42
U 1000 1.59 c 83 1.91 W 1300 65
uc 586 0.47 c 24l 0.57 uce 532 60
tce 1200 - 0.11 U 112 “0.3%4 uccu 169 66
AG 300 0.21 . S0 0.2 AGC 200 47
AGC . 200  0.10 U L0 0.12 AGCU 125 48
AGCU 120  0.05 A 21  0.05 AGCUA 43

These sequences were synthesized»by Mr. Rene Gregoire
PFor synthetic details, see footnote to Table 1.

.\”
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o 3.2.1. -N&—Benzovl—Z'—0-:etrahydropyran§i—5'-O—triphenylmechoxyacetyl—

cytidylyl (3'-2,2,2-trichlorgethyl-5') N2-benzoyl-2'-0-

""h..ﬂ-q-_f\.vv-__

tetrahydropyranylguanosine

A sample of 2,2,2-trichloroethylphosphate (England & Neilson,

1976) (700 mg, 3.2 mmol, 2 equiy.) was evaporated in vacuo from
anhydrous pyridine (3 x 30 mL) to convert it to the pyridig;um salt.
ﬁST (L.6 g, 6.4 mmol, & equi%.) was added to the pyridine solution

(ca. 25 mL) and the solution was warmed (35°C, 1 h) under‘dry nitrogen.
The solution of activated phosphafe was added to a pyridine solution

(ca. 10 ml) of TracE%OH (1.2 g, 1.6 mmol, 1 equiv.), the total volume

was reduced in vacuo ca. 20 ml, sealed under dry Ny and let stand at

. room temperature in the dark. Tlc indicated the phosphorylation was

. Eé. 70% complete (RF 0.85 -+ 0.30) after l day. Additibnal MST (80 mg,

0.32 mmol) was added, and the reaction was complete after 2 days. ‘The££’;7 X

g

reaction was quenched by the addition of ice (ca. 5 g). After 30 \‘\&-//
minutes, the reaction mixture was poured- into ice water (55. 100 mL)
and extracted with methylene chloride (5 x SO ij.. The combined
organic extracts were washed with water (I x 50 mL) and evaporateé
in vacuo to a light yellow oil.
Tracgggp (ca. 1.6 mmol) was evaporated.from anhydr;:;n\\
pyridine (3 x 30 mL, final ‘volume ca. 25 mL) and MST (440 mg, 1.76
mmel, 1.1 equiv. }\was added. The solutlon was warmed gently (35 °e)
for 1 h. A pyrldgne solution (ca, TT\}; of high Ry isomer of
l HOGtOH (820 mg, 1.76 mmol, 1.1 equiv ) Ias then added, the final //

volume reduced ig_vécuo.gg. 20 oL and Yhe reaction mixture sealed ¢

under dry nitrogen. After 2 days of reactiom at room temperature in
. |4 )
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the dark, tlc indicated tpe reaction was ca. 90X complete (RF 0.30 »
6.68), and 50 ﬁg of MST were aéded. Tlc indicated nco furthexr reaction
had occured after 2 more days. The reagtion was quenched with ice
(ca. 5 g), poured into ice water (ca. 100 ml) and extracted with
methylene chloride (5 x 50 ml). The combined extracts were washed
with water (1 x 50 ml) and evaporated in vacuo to drymess. ‘The last
traces of pyridine were removed by co—distillatibﬁ :ﬁth tolueﬁe 3 x
15 ml) to give'a‘yelléw foam. The foam was purified by chromatography
én 20 g silica gel. Elution with 2% ﬁethanol—methyle;e chloride
yieldéd Iracg§EB§0H (l.33'§; 0.94 mmol, 59%). i

3.2.2. Né-Benzoyl—Z'-O-tetrahvdrouzranyl-s‘-0—crinhegz;mechoxyacetyl-

cvtidylyl (3'-2,2,2-trichloroethyl-5") N2-benzovl-2'-0-tetra-

-

hvdropvranvlguanvlvl (3'-2,2.2-trichloroethvl-5 ') N%-benzovl- §

2'-0-tetrahvdropvranvlguanosine

A sample of\2,2,Z-Crichloroethylphosphaté (145 mg, 0.62 amol,
2 equiv.) was converted to its pyridinjum salt by repeated evapbration‘
in vacuo from anhydroui’pyridine (3 x 10 mL) and activated by MST.
(320.ﬁg, 1.24 mwol, 4 equiv.). After 1 h, the activated solutioﬁ was
added to a pyridéne.solution of TracE§BB§OH (430 mg, 0.31 mmol,
1 equiv.} and -the volume was reduced in vacuo ca. 15 mL. The reaction

~

stood at room temperature'undér dry nitrogen. After 2 days, tle
indicated ég, 70Z reaction (Rp 0.68 ; 0.30) and MST (30 mg) was added.
After an additional day, icé (Eé- 2 g) was added, the reaction was
poured into ice water (ca. 50 mL) and repeatedly extracted with

methylene chloride (4 x 30 ml). The combined extracts were washed

with water (1 x 50 mt) and evaporated in vacuo to a yellow oil. N
. =~

-

<
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bz bz L . .
 TracCtpGtp0 (ca- 0.31 mmol) was evaporated from anhydrous

.pyridine (3 x 15 mL, final volume ca. 10 mL) and activated with MST

(85 mg, 0.33 mmol, 1.1 equiv.). After 1 h, 2 pyridine solution of the
: . bz *

high Rp isomer of HOGtOH (160 mg, 0.33 mmol, },l equiv.) was added,

the final volume reduced.in vacuo ca. 10 ml and the reaction was sealed

-~

under dry nitrogen. Afrer 3 days, tlc indicated the reaction was

complete (RF 0.30 + 0.60); ice (ca 2 g) was added, the reactiomn was

poured into ice water (ca. 50 mL) and extracted with methylene

chloride (& x 30 mL). The combined extracts wefe washed with water

(1L x 50 mL) and evaporated to a yellow foam. Purification of the foam .
bz bz bz

on a 10 g silica gel colum yielded TracCtpGtpGtOH (385 mg, 0.20 mmol,

61Z) upon elutibn with 3% methanol-methylene chloride.

3.2.3. Na-Benzovl-Z'-0-:etrahvdropvranvl—5‘~0-triohenylmethéxyacetvl—

evtidylyl (3'-2,2,2-trichloroethyl-5") N2-benzovl-2'-0-tetra-

hvdropv}anvlguanvlvl (3'-2,2,2-trichloroethvl-5") ﬁz—benzoyl—

2'-0-tetrahvdropvranvlguanvlivl (3'—2.2.2—trichloroethvl—5')

N4-benzovl-2'-0-tetrahvdropyranvl cvtidine.

A sample of 2,2,2-trichloroethylphosphate (65 mg, 0.29 mmol,

2 equiv.) was converted to its pyridinium salt by repeated evaporation
r

in vacuo from anhydrous pyﬁjdine (3 x 10 mL) and activated by MST

(145 mg, 0.58 mmol, 4 equiv.). After 1 h, the activated solution was
bz b )

z bz
- added to a pyridine solution of TraeCtpGrpGtOR (300 mg, 0.145 mmol,

1 equiv.) and the volume was reduced in vacuo ca. 10 mL. The reaction

- . .
stood at room temperature under dry nitrogen. After two days, tlc

‘ indicated ca. 80X reaction (RF 0.60 -+ 0.30) and MST (30 mg) was added.

The following day, ice (gg. 2 g) was added, the reactiom was poured
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into ice warer (ca. 25 ml) and extracted with methylenme chloride -

" (5 x 25 mL). The combined extracts were washed with water (1 x 50 mL)

D

and evaporated in vacuo to a brown oil.

. bz bz bz _ '
TracCtpGepGerpO~ (ca. 0.145 mmol) was evaporated from

pyridine (3 x 15 mL, final volume ca. 10 mL) and activps®d with MST

(40 mg, 0.16 mmol, 1.1 equiv.). After 1 h, a pyridine solution of the
bz :

high Ry isomer of HOCtOE (70 mg, 0.16 mmol, 1.1 equiv.) was added, the

final volume reduced in wvacuo ca. 10 mlL and the reaction was sealed

[y

vnder dry nitrogen. After two days, tlc indicated ca. 20% reactiom~

(Rp 0.30 - 0.54), and MST (20 mg) was added. After an additional two

days, tlc indicated the reactioﬁ?ﬁas complete. Ice {ca. 2 g) was added,

the reaction was poured into ice water (¢a 25 mL) and extracted with
methylene chloride (5 x 25 wml). lThe combined extracts were washed

with water (1 x 30 mL) and evaporated in vacue to a light brown foam.

bz bz bz bz
Purification on a 10 g silica gel columm yielded TracCtpGrpGtpCtOH .

(165 mg, 0.06 mmol, 43%) upon elution with 4% methanol-methylene

chloride.

3.2.4. Deprotection of Protected Oligoribonucleotides *

All of the protected oliéoribonucleotides were completely
deblocked by the same procedure (England & Neilson, 1976).

Protected oligonucleogide {10 or éO ng) was diésolved in 0.5 FL
DMF and Cu/Zn couple tgg, 10-20 mg) was added. After stirring i~2 h
at SOOC, reaction was judged to be complete by tlec (RF + 0.0).
Methanolic ammonia [methanol: c. Ny, 1:1 (f/v)] was added, the
reaction vessel w;s tightly sealed, and the reaction left to stir at
room temperature for 2 days. The QF/Zn eoﬁple was -filtered and washed

with 1 N ammonia. Chelex-100 (NHZ form) was added to the combined

~
-
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TABLE 4. Experimental Data” of Free Oligoribonucleotides.
% YIELD +

COMPOUND R FOR DEPROTECT ION®

cA 0.60 L8

CAU 0.46 45 .
CAUG 0.35 29

CAUGA 0.22 33

CAUGU 0.26 26

cG 0.47 67

cGe C.30 35

CGCG 0.21 19

ces 0.28 54 -

CCoe 0.13 27

CGG . 0.29 33

coGe 0.32 27

CGGA 0.22 26
" caA 0.49 63

CAG 0.45 64

AGC 0.41 50

) rd

CAC 0.4 34

CACU 0.25 27

CACUG 0.15 22

CAAUG 0.16 55 7 .

CAGUG 0.15 26

CAUTG 0.21 54

AG 0.41 28

AGG 0.31 27

AGGA 0.16 29

uce 0.L5 49

uccy 0.36 A

ASCU 0.31 33 "
AGCUA 0.12 40 ]

4Sequences in the top half of the table were prepared by the
author; those in the boitom half by Mr. RE. Gregoire.

bwhatman #L0 in absolute ethanol-lM ammonium acetate (pH 7.3);
(1:1, v/v)

®Calculated from UV data 4ssurdng a 90% hypochromicity factor?
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filtrate and washings, and stirred for 1 h. The Chliéx was filtered
and washed with 1 N ammonia. The combined filctrage and washings were
evaporated in vacuo to dryness, and the partially depfotec:ed oligomer

. was purified by descending paper chromatography on Whgtman #f1 in
ethanol: 1 M NH,OAc (pH 7.3) (1:1,Y/y). The desired band (Rp ~0.8 -
0.9) was cut out, desalted by'gogking in abéolute ethanol (1 h) and

anhydrous diethyl ether (15 min), and eluted with glass distilled

water. The pH of the eluate was adjusted to 2.0 with 2 X HCl, and

o

-

left to stand at room temperature for 2 days. The sol&ﬁion was then
neutralized with concentratedlammonia, evaporated gg_ggégé to dryness,
and purified on Wﬁatman #40 in the solvent system déscri?ed above.

The desired band was cut out, desalted as described and eluted with
glass distilled water. The data for the deprotection of the oligo-
ribonucleotides are pre;ented in Tablg 4. The sequences were,
charactef;zed by their-?OOC pmr spectra.

" 3.3, Pmr Studies of Duplex Formationm

— ——

The 90 MHz pmr spectra were obtained in the Foﬁrief ﬁransform
mode of a Bruker WH-=90 @pectrometer equipped with quadrature detection.
Probe temperatures were maintained to within +1% by a Bruker B-ST
i00/700 variable temperature unit and wére caiibrated.by thermocouple
measurements. & samples were lyop‘hilizcd ;:wif:e fro‘m 1520 and t.hcn
dissolved in 100Z D50 (Aldrich) which'contained 0.01 M sodium phosphate
buffer (pD ca. 7.2) and 1.0 M sodium chloride. Sample concentrations
were 1073 to 1072 M. tert-Butyl alcohol-0D was used as an internal
reférence and the chemical shifts are reported in ppm relative‘to

\ifdium 2,2-dimethyl-2-silapentane-5-sulfonate. The field/frequency

-
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( ' ——
1;ck was provided by the deuterium signal of-DZO. Spectra were
recordeé over a 1200 Hz sweep width in 8 K data points (3.&115
acquisition time). \The pulse width was 3 us (67.5° pulse angle).:
High temperature spectra were obtainéd-in 200-300 scans, while those

at lowér.temperatures_required 1000 scans.
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RESULTS AND DISCUSSION

4. Stability Studies of Short, Imperfect ENA Double Helices

One of the interests arising from the sequencing of natural
RNA molecules has be®n the determination of possible secondary
structures for these molecules (Fiers et al., 1975, 1976; Gross et al.,
1978; Sitz gg_gé,, 1978). The secondary structure of an RNA could
play an important rdle in the initiation of translation (Fiers et al.,
1975, 1976; Steitz & Jakes, 19753 Shine & Dalgarmo, 13{5), the inter-—
action of proteins'wicé RNA (Krol et al., 1978), anq‘éxA;RNA inter-
actions (Sitz et al., 1978). In the case of tRNas, Eeétiary ;tructure
is also important to functionality. ' : . -

~
The ability to predict and verify secondary structures for

naturally occuring RNAs other than tRNAs is not well developed at

present. Two main problems are the larger size of most RNAs of
interest (cf. tRNA) and their diversity of functions. Present methods
for determining the secondary structure of RNAs include clever
digestion techniques (Fiers et al., 1975, 1976), maximizing base
pairing of the primary structure (Gross ct al., 1978), and employing
‘rules derived f£rom hﬁdel studies (Delisi & Crothers, 1971; Tinoco Jr.
et al., 1971, 1973; Studnicka et al., 1978). Further information

about the factors which affect the stablllty of RNA secondary structure

is required in order to improve these predictive methods (Tinoco Jr.-

et al., 1973).

74
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The resuite from previous ﬁodel studies of factors affecting
RNA duplex stability‘have been summarized in sectionm 1.2. Several |
interesting phenomena have been observed, [for example: the dangling
base effect (Martin et al., 1971; section 1.2.3.) and the formation
of internal G-U base pairs (Uhlenbeck et al., 1971; section 1.2.4.)]
yet the underlying molecular mechanisms of these phenomege have not
been elucidated. .fhese phonemena have been further investigated by

a2 series of pmr studies of short, imperfect RNA double helices.

" Earlier studies used .optical methods to moniteor the helix-
coil transition. These optiEal studies provided valuable thermodynamic
and kinetic information about duplex formation, but were not capable
of providing detailed information about the base pairs. NMR studies
(secfiion 1.2.1.2.) are superior in this respect: for sufficientiy
short sequences, individual aromatic resonances can pe assigned for
each base; Consequently pmr spectroscepy was used to investigate the
behaviour of individual base pairs during the helix-cqil transition
of the short RNA double helices in the present studies.

Greater quantities (ca. 1-3 mg)} of oligoribonucleoéiaes will

be required for the pmr experiments than would be required for optical

-studies. A convenient method for the large scale preparation of

oligoribonucleotides is the phosphotrlester synthesis of Neilsen and
associates. This synthetzc system allows the preparation of a wide

variety of sequences containing any combination of all four nucleosides
. :
(England & Nellson, 1976; Ganoza et al., 1978). Sequences ¢f chain
f
length up to five may be prepared in a stepwise fashlon, an important

consideration for NMR studies since the high temperature spectrum of

e ——
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each deblocked precursor sequence can be used to aid in the unémbiguous
assignment of ‘tht resonances of the final seﬁuence (Borer.ggugi.;

1975). Incremental analféis constitutes a useful extensionjof the

NMR data. ‘ -

Another important consideration s thé choice of}géquences to

be studied. In most of the previous studies on -RNA duplex formation,
self-complementary sequénces have been used. The use of seli— |
complementary sequences greatly simplifies the-synthetic problem,

since to study a duplex of six base pairs, only one hexamer is
synthesized rather than two complementary strands. The NMR spectra

are alse Slmpllfled because the duplex formed by a self-complementary 2

strand has a two-fold axis of Sﬁﬁhetry. Since the spectrometer ’
.available for these studies operated at 90 Miz for protenm, it was
ia?mportant to keep the spectrifls simple as possible.

4.1. The Self—Complementarv Tetramer CAUG (Romaniuk et al., 1978a)

A reference RNA double helix was required to allow measurements

of the relative stability effects of various helix imperfections. A

stepwise preparatiaon of the oligoribonucleotides was preferred for the
purposes of incremental analysis, and is more convenient for short

chain lengths (£ 5). The choice of a self-complementary tetramer o

Slmpllfled both the NMR analysis and the synthetic requlrements.

The sequence CAUG was chiosen as the reference duplex. Duplexes
a = &4 studied previously have contained only G-C base pairs, except
N .
for the GAGC:GCUC duplex (England & Neilson, 1977; Hughes et 2al.,

1978) Studles on the chain length dependence of thermodynamlc

.paramcters for the ALGCU, duplexes had suggested ‘that A U duplex blocks

Py
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may have a peculiar structure (Ravetch et al., 1974). Similar

observatlons have been made as well about the G-C block of the

d(ClSAlS) d(Tlscls) duplex (Early et al., 1977). The CAUG sequence

is sufﬁacrently random to av01d the problem of a 'special’ conformatron:

As well, the CAUG duplex is the first to be stua;ed consisting of

terminal G-C base pairs and internal A-U base péEEE.

| The CAUG oligomer can be used as a reference only if it forms

- a stable double helix. A Ty of -3 °C was calculated for CAUG at 10 =M

strand concentration using the data and equation of Borer EEHEL‘ (1974).

A comparison of the Tms for CCGG (Arter et al., 1974) and GAGC:GCUC

(Hughea‘gg_al.,‘l§782 at similar concentrations indicates a decrease

of 9% iu_Tm when an A-U base.pair i3 substituted for a G*C base pair
-(Tmez 51°C vs. 42°¢ respectively).  Alcthough T values are dependent

-

upon both base composition and sequence (Borer et al., 1973, 1974), it

-

seemed reasonable tg expect that a.Tm for CAUG could be measured at
‘ o

.10 =M strand concentration. N %
4.1.1. Results - o

The low field proton resonances of CAUG were assigned by
comparison to the ﬂ}%lspectra of CA, CAU, and AUG. Tﬁese data are
presented in Tables 5 and 6. Figure 1l shows the 70°C spectrum of .
-CAUG illustratiné the complete assignf@gnt of the aromatic base apd
anomeric resonanc&s.

The results of.uariable temperature studies of CAU and AUG are
summarized in Figures 12 aéd_l3.- Most of the resonances were shifted

upfield, in éssentially a linear fashion, as temperature was decreased.

At high temperatures, the UH-1' and GH-1' doublets of AUG were
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TABLE 5. Chemical shirtsaof the ollgo*lbcnucleotides in DzOb

/ . - at 70 OC ¢
Proton ca CAU CAUG AUG
CH=5 7.660 " 7.687 7.662 .
AH-8 8.377 8.382 8.3L46 T 8.276 .
AH=2 8.2560 8.250 . 8,196 " B.198
UH=5 7. 744 7.692 7.730
GH-8 ; 7.962 . 7.963 _
CH-1t 5.779 5.768 T 5.765 E .
AW-1? 6 093 . 6.083 6.03¢ . 6.024
UH-1t i .- *5.85% 5.813 5.851
GH-1°? a 5.845 5.841 ¢

. ‘. - .

UH=5 5.746 5. 738 - 5.772

RChemical Shifts are in ppm relative to DSS ysing tert-butyl
alcohol-0D as an internal reference and are accurate to X0.C05 ppm.

pD=7.0 concentrations: CA, 16 mM; CAU, 10-mM; AUG, 13 mM;
CAUG, 9.2 mM. N
. ’ .
TABLE &. Coupling ccanstant.s:El for the oligoribonucleotides at

70 €.
Jir,2t g
Proton Ca CAU CAUG Al
CH"l' h&h h-o 308 )
AH""I' 1&06 3-” h-h . ' 5-0
UH-1* 4.5 L8 b6
GH—lt 5.3 1&06
JAccurate ¥ ¥0.2 Hz. . .
. '
EOUEI NN )
I3 ke - "
| . L 3
2, - .
P ‘ ‘ - - ; ‘_i-
» N - -’ a
. a b - il ‘:’- .
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equivalent, but began to separate at SOOC, and the UH-1' was assigned
to.the more s#ieldcd resonance.

The resdlts of the variabie temperature study-of CAUG were
signi@icantly’different fro; those of_the trimer studies. The melting
curves show a high degrée of co—operqtivity-(Figure 14). There was
a rapid broadening of the résonanccs as the temperature was decreased
below 3S°é. Certain resonancés could not be distinguished at these
lower temperatures. The All-2 signal was easily discringuished since it
renained felﬁcivcly sharp throughout the entire temperature range
studied. The Jl',2' coupling constant values for the anomeric proton
doubletg of CAUG decreased .as the temperature was lowered, and these

- ) 0
resonances were broad singlets at temperatures below 20°C.

The T, of CAUG was determined from the.sigmoidal melting

curves of AH-8, Ali-2, GH-8 and GH-1' to Dbe 24 = 1%¢.

-

4.1.2. Discussion i

Chemical shift assignmcﬁts were detqiyined by the standard

.techniduc of incremental analysis (Borer et al., 1975} in which the

' )
base and ribose anomeric proton Tesonances of the 70 C spectra of CA,

Lo

CAU, and AUC were compared with those of CAUG. The chemical shift
values for CA obtained in this work agreed well with previously

published values (Fzra et al., 1977). The 70°C spectrum of CAU

containeﬂkthree additional doublets appearing at 7.744 ppm (UH-6,

Is5.6

K
Jl. ot ™ 4.6 Hz). The cytidine and uridine aromatic protons could be

- 8.2 Hz), 5.746 ppm (UH-5, Jg . = 8.2 Hz) and 5.856 ppm (VH-1',

distinguishéd by a difference in the magnitude of the H-5, H-6 coupling

coupling constant (7.6 Hz for C, 8.2 Hz for U). Assigﬁmenc of the
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uridine H-=5 w;i\cdggirmedby-irrédiation of the H-6 resonance which
resulted in the coliaﬁsc of the doublet at 5.746 ppm;_

| -~ The lowfield signals of AUG were assigned by comgarison to
published chemiéal shifc data for AU and UG (Ezra éE.éi;' 1977). The

UH -1! and GH-1' doublets were overlapped at higher cemperaCures and

AR

separated upon lowering the temperature below 50 C. The signal ac

.lower'field was tentatively assigned to GH-1' since it should e
‘poorly shielded by a neighbouring uridine (Ezra et al., 1977).

The lou field aromatic resonances of the CAUG 70°¢C . spectrum

were assigned by comparison with the trimer data (Table S and Figure 1ll}.

The anomeric regilon of the spectrum was complicated by the overlap of
five doublets. At GOOC the pyrimidine H-6 resonances were equivalent;.
simultaneous irradiation of these resonances resulted in the collapse

of the H-5 doublers which facilitated thehassignment of the anomeric

L]

protons. The GCH-1' and UH-1' resonances of CAUG were aonequivalent

ag\iiese temperatures, unlike the situation in AUG.

The chemical shift vs. temperature plots for CAU and AUG show

[ 44
that the resonances underwent essentially linear and upfield shifts as

the temperature was lowered (Figures 12 and 13). These shift changes
are the result of intramolecular base stacking and are not character=—
istic of base pairing (llughes et al., 1978). Reduction in the value

of Jl',2' is a rough approximation of base stacking (Altona, 1975) and
corresponds to a shift,iﬁ the ribose conformational equilibfium towards
the C3'-endo sugar pucker (Lee et al., 1976; Ezra gt al., 1977). CcaU
experienced the largest conformational changes as evidenced by the

.collapse of the CH-1' and AH-1' resonances to broad singlets with

- Te P

o
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J less Ehan L.O Hz at 179¢. In contrast, the AUG anomeric -

couplings were still well resolved with a rénge of 2.0 to 4.5 Hz at

1',2°

-

this temperature. . : . -

The wvariable :emperatﬁre behaviour of the CAUG resonances was
dramatically differént to that of tﬁe trimers. The high temperaturé
(70 - &SOC) portion of each curve is linear, indicative of iqtra—

molecular base qtacking, while at lower temperatures the shape of the

-

curves reflect a co-operativé melting process associated with the

formarion of the following base paired duplex:

S'-CpApUpG-3'

3'-GplUpApC-5' -
The average T, was dQCefmined to be 24 = 19C from the well defined

-+ .
sigmeidal curves of the AH-8, AH-2, CH-8 and GH-1' proton resonances.
. —

It is interesting to note that the pyrimidine H-6 resonances follow

L4

essentially the-same trend that was observed in CAU. This appears to
be a result of the similarity in base stacking interactions in CAU apd
CAUG. In the anomeric region of the spectrum the AH-1", CH-5 and UH-1'

resonances undergo relatively small shielding changes in comparisom to

v

GH-1', CH-1' and UH-5. Collapse of the anomeric resonances to broad

singlets (Jl. e < 1.0 Hz) at temperatures of 20°C‘and lower is indica-
tivg of a high percentage of the C3'-cendo ribose conformfer, consisfent

with the formation of an A-RNA double helix.

-

One incarestiﬁg aspect of the duplex formation is the similarity

~

in Tm values for resonances of bqth thehtcrminal and interior basc
pairs. The small deviation (% IOC),cdh largely be accounted for by the

difficuley in maklng an exact determination of the transition midpoint

-
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- - Y

of the melting curve (Breslauer et al., 1975). The'glose agreement
of the T, values indicate ah absence of significaﬁt fraying of the
terminal G:C base pairs in the CAUG duplex, as was observed’ for CCGG

(Arter et al., 1974). The Ty of “The duplex was observed to be. much

-

higher chan the calculated value of -3° C .(Borer et al., 1974), S

demonstrating the need for further thermodynamic studies in order to

improve the predictive methods (Tinoco Jr.-et al., l97§)¢ Increasing

o

the 7 A+U content of a short dup‘eﬂ results im a loue*ing of the T

value, as 111u5trated by comparzng the Tns of CAUG and GAGC: GCUC

-

(24°C vs. 42°C (Hughes et al., 1978)). ' A

. 4.2. The Effect of a Dangling Base Adjacent to Non-Fraving Terminal
. - u

Base Pairs (Romaniuk et al., 1978b) -

The daﬂgling base effect was firsc noted in model studies on

-~

the duplexlformation of AU, oligoribeonucleotides whea m > n (Martin

1

al., 1971). The authoré‘proposed that a dangling base increased
favourable stacking ioteractions?between the bases involved in baéé
pairing. However, the terminal A-U base pairs of theée and similar
duplexes uefe subject to fraying {Uhlenbeck Ei‘ii-v 1971; Borer ggkgi.,
1973, 1975; Pohl, 1974) and this obqj;vacion lead to the proposal that
a dangllng base increased the stability of a duplex by reducing

fraying of the terminal base pairs (kallcanch & Berman, 1977)

The hypothesis of Martin et al. {1971) was tested by studying

the helix-coil transition of CAUGU and CAUGA. These oligoribo-
nucleorides were expected to form a duplex of the type:
CpApUpGpX

.« e . (where X = A or U)
XpGpUpApC

-



87

Since the CAUG duplex does not have fraying ends, any increase in T
resulting [rom the presence ol the dangling base must arise by some
mechanism other than that proposed by Kallenbach and -Berman (1977).
If the altern&ca explana:lon of the dangling base effect is correct

- -

(Martin et al., 1971), the measured Tps of duplexes could be expected
ro follow the series CAUGA > CAUCU > CAUG, since A is a better base
stacker than U'(Lomant & Fresco, 1975). -Thg pmr study yilelded
additignal information about thé dangling base effect that could not
have been obtained from oétical studies.

4.2.1. Results . -

The proceﬁure‘of~increhental analysis (Borer et al., 1978) was
used to make_éhe chemical shifr assignments. The”validity of this
procedure relies upon the ﬁzjfition that adding a new residue to the
sequence does not result in large_chemical ghift changes for proton
resonances already assigned. Three additional doublets were cbserved -
in the 70°C CcAUGU spectrum when compared to the CAUG spectrum: H-6
(7.783 ppm, JS,6 = 8.2 Hz), H-5 (5.813 ppm) and H-1' (5.853 ppm
Jl',z' = 3,2 gz). The remaining resonances of the CAUGU spectrum can .
be assigned to the éAUG portion of the sequence by direct comparison
to the CAUG data (Table 7). The complete spectral analysis of CAUGU
at 70°C is illustrated by Figure 15.

For CAUGA the additioh of the A(5) nucleotide resulted ;ﬁ a .
shielding of all of the base protons relative to CAUG at 70°C (Table 7).
This did not complicate thé assignment of the éyrimidinc H-6s or the
GH-8, but it was difficult to assign the A(2) and A(S) aromatic proton

resonances.  The assignment of these signals was made by comparing
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their variable temperature plots (Figure 18) with those for the_ A(2)
of CAUG (Figure 14). The AH-2 resonance of CAUGA which undergoes the
largest chemical shift change was assigned gb the A(2) moiéty, since
this.behaviour is typical of the A-U base pair oflGAGC:GCUC (Hughes
et al., 1978) and CAUG (Figure 14). The AH-8 resonances were assigned
on the same basis, and?’the complete assignﬁénts for CAUGA are
summarized in Table 7. Figure 1§ shows-the 70°¢C spectral analysis of
CAUGA. ’

Assignment of the ribose anomeric -proton resonances of CAUGA
was complica&ed by the overlap of the td-1', GH-1', UH-3 and CH-1"
(Figure ié){ The CH-6 and U(3}H-6 resonances were equivalent at 60°C,
similar to the situation for CAUG, and tﬁe assignments of the H-5 and
anomeric proton resonances were made by simultaneously irradiating
both H-6 rescnances. Complete assignment of the CAUGU resonances
requifed the use of similar decoupling experiments. The aromeric
coupling constant data for both pentaribonucleotides are contained in
Table 8.

The variable temperature data are shown in Figure 17 for
CAUGU and Figure lBifor dKaGA.' The melting curves are highly
co-operative for the majority Qf.resonandes, indicative of a helix-coil
transition. The H-8 and H-2 Yesonances of A(S) 1n CAUGA and ghe H-6
and H-5 resonances of U(5) in CAUGU underuenﬁ sigmoidal chemical shift
changes as a function of temperature.' This-is of ‘particular signifi-
cance since these bases do not part#cipate in hydrogen bonded base

pair formation. Line broadening did not appear until the temperature

o -
was lowered below 30°C, and was not as severe *as the line broadening
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TABLE 7. Chemical shifts® of the oligoribonucleotides in DyG at 70 °C

Proton CAUG CAUGA - CAUGU
CH-é 7.662 7.649 7.562
A(2)i1-8 8.346 8.339 ' 8.352-
A(2)H=-2 8.1%96 8.167 8.199
U(3)H-6 7.692 T 7699 7.692
GH-8 7.562 .7.890 . 7.958
A(5)B=-8 - 8.316

A(5)H=2 T - 8.180

U(5)H=6 _ 7.783
. CH-11? 5.765 5.721 5.772
A(2)H=-1* - 6.039 6.053 6.037
U(3)E-17 5.85L5 - 5.779 . 5.849
GH-1? 5.813 - 5.764 5.796
A(5)H-11 $.053

U(5)H-1" 5.853
CH-5 5.912 5.897 5.912
U(3)H=-5 5.783 . 578 © 5,749

U(5)H-5 5.813

3Chemical shifts are in ppm downfield from D3S using t-butyl alcohol-0D
as an internal reference and are accurate to 10.005 ppm.

bﬁD = 7.0; Concentrations: CAUG, 9.2 mM: CAUGA, §.2 mN; CAUGU, 7.7 mi>

TABLE 8. Coupling constangs (le,zy)a of the oligoribonucleotides at
- 70 ~C

-

. Proton _CAUG . CAUGA CAUGU

CH-17 3
A(2)B-17 L.
U{3)H=-1" L
GH=-1" 5
A(S)H-1t
U(5)H-1"

Accurate to 0.2 Haz.
Ny
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of the @AUG spectra. A temperature depgndeﬁt reduétign in the
magnitude of the anomeric coupling const;nts gcgurred and these
resona;ces were broad singlé:s below 27?0.

An average Tm of 35.0 t:l°C‘was measured for CAUGA, and a Tm
of 29.5 * 1°C was determined for CAUGU.

* .
4.2.2. Discussion . ’

The average merting temperajures of CAUG, CAUGU and CAUGA are
summarized in Table 9. The T values for the pencanucleopié?s were
determined only from the sigmoidal upfield éuf#es of the residues
involved in base pairing. The results indicate that a.dangling base

does increase the st&%&lity of a duplex without fraying ends, the

effect being greater for a dangling A. This study'was the first to

demonstrate that a dangling U will increase duplex stability, a | -

somewhat surprising result éince U is considered to be a relatively
poor stacker (Lomant & Fresco, 1975; Lee et al., 1976; Ezra et al.,
1977). Studies on the duple: formed by the complementary set CAAUG:
CAUUG (T = 28.5.t 2°C).indicate that the increase in T, resulting
from an additional inter&al_A“U base paié {cf. CAUG) is similar to the
incréase that would result from having a dangling U at each terﬁinus,‘
but less Ehgg_fhe result from having a dangling A.’

The results reported here are consistent with tﬂe proposal
that a dangling base lends further stability to a duplex by increasing
the favourable stacking interact;oﬁs.between the bases involved in
base pairing (Martin et al., 1971). This is best under;tood i1f one
considérs duplexing of short-oligonucleotides to occur between single

. o
strands that are close to a fully stacked conformation (Appleby &
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TABLE 9. Melting Temperatures and Concentrations of the“Base Paired
. Duplexes. _ .
Duplex T,(°C) Concentration (mM)
CAUG a0ty 9.2
GUAC ’
-
CAUSU 29.5%1 7.7
UGUAC -
CAUGA 35.0F1 9.2
AGTAG -
CAAUG 28.5 % 2.1 11.0 -

e . Rk P AT E e i, ba e W e M. e ok a
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Kallenbach, 1973; Kallenbach & Bermaﬁ, 1977), ;hile'longer oligoqeré_
' probably have a high poéulation of stacked conformers prior fo and
concommitant with duplexing. The use of NMR in this study has provided
direct evidence of the base stackihg_inte}accbé Between duplex and
dangling base, an interaction that could not be readily investigated
gy optical techniquesn

The chemical shift vs. temperature plots fbr the aromatic
proton resonances of the dangling bases in CAUGA and CAUGU are
sighoidal and shift upfield with deéreasing tempet#ture (Figures 17 and
18). 1In the past, such behaviour has been interpreted to be the result

, a

of di;ect jnvolvement of the bases in base pairing (Borer et al.,
1975; Arter et al., 1974). For example, one dangling base c0ulq_
hydrogen bopd to agother dangling base, increasing duplex stability
glg‘the formation of end-fo-end aggregates. Such an interacrion is "

unlikely however, as derlponstrated bymthe variable temperature study of

v -

CAAUG and CAUUG. When eacn.of-these\Qqntanucleotides was studied
separately, the temperature dependent chemical shift changes were not
sigmoidal, indicating the absence of U:U or A-A hydrogen bonding. ~An
A-A interacton is unlikely at neutral pH under any circumstances {Ts'o,
1974b). The aggregate proposal can also be discounted on the basis of
the temperature dependent broadening of the resonance line widths. As
the temperature was lowered, the signals in CAUGA and CAUGU did not
broaden as rapidly as the resonances of the CAUG spectra. It would
appear that the dangling base reduces intermolecular end-tﬁ—éhg
aggregationL |

' The temperature vs. chemical shift plots for the dangling base

k]



resonances of CAUGA and CAUGU are sigmoidal in nature even though these
.bascs are not directly i;volved in base pairing. The. dangling bases
are experiencing the rapid conformatlonal changes associated with
; single‘strand.stacking apd duplex fdrmation‘thrOpgh their base stacking
interactions with the neighbouring bases in the duplex. This intimate
relationship betueen.ché dangling base and the double helix is
'feflected in the hi&hly co-operative melting rransitions of the
dangling base aromatic resonances. Additional evldence for che high
degree of base stacking irn these duplexes is the rapid reduction of

Jl' , for all the anomeric proton doublets upon lowering the tempera=

ture. As dlscussed earlier, such a reductlon is a rough approxiiacion
of the increase in the percentage of CB'—endo ribose confoé;ation
arising from base s;acking (Altona, 1975; Lee et al., 19763 Ezr# et al.,
1977). : .

Through a.stacking interaction,-the danéling basé influenced
the tbmpegature dependent chumiéal shift behavicur of resonances of
the adjacent C-C base pair. The CH-6 resonances of CAUGA and CAUGU
_;were observed to experience a more rapid deshielding (Figures 17 and
18) than the coer§pdnding resonance of.CAUG’(Figure 14). Such
deshielding was also experienced for the CH-5 of CAUGA, while the same
resonance in CAUG was shielded as the temperature decreased. The
spatial relationship HeCwecé the dangling base and the términal G-C
base palr was examinéd by building models of A'-RNA geometry {(Borer
et al., 19%5), and the results are illustrated by Figure 19. The
qytid ne H-5 and H-6 of CAUGA are approximately equidistant from the

z,
centfe of the six membered ring of the dangling A, apparently in the
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(estimated distances of CH-5 and H~6 from the centre of
the U(5) ring are 7.7 and 8.4 X, respectively).



deshielding region of the adeninehfing current (Giessner—Prettre
et al., 1976) “The resul: is similar for the dangling U (Figure 19)
but the deshielding effect is weaker because of the smaller uridine
ring current. The relatively larger deshielding of:the .cytidine
aromatic resonances of the pentanucleotides may also reflect a decrease
in end—co-end duplex aggregation id the presence of the dangling base.

| Kallenbach and Berman {1977) suggested that the stacking of a
dangling base min%mizes fraying of the terminal base pair and con- -
sequently stabilizes the double helical region.L However, fraying of
the terminal G-C base pairs was not oBservéd in CAUG, and the increased
) stabilxty in these shorter sequences must arise from 2 higher degree
of single strand stacking. The stability follows the series CAUGA >
CAUGU > CAUG, which reflects the stacking capabilities of a dangling
A vs. a-dangling U. These results support the concept that base
stacking is an integral process in double helix formation and makes a
significant contribution to rhe helix stabilicy (Appleby é Kallenbach,
1973). Further study of the role of dangling bases adjacent to
fraying terminal base pairs were required in order to examine the
proposal-of Kallenbach and Berman (1977). Dangling base regions are
important stabilize;s of the binding interaction betweeﬁ various

single stranded regions of RNAs (Grosjean ¢t al., 1976; Yoon et al.,

1976).

L S

4.3, The Effect of a Dangling Base on Fraving Terminal Base Pairs

An investigation of the effect of a dangling base on fraying
required a reference duplex with fraying terminal ends. Terminal A-U

ibase pairs are known to be moTe susceptible to fraying than:terminal
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G;é base pai;s (Pohl, 1974). Pnr investigations of the ApGCU; duplex
(Borer et al., 1975; Kan gé_g&., 1975) produced direct evidence of
tc;minal base pair fraying. Since it was desirable to use shorter
sequences in this study, an invegtigation of the helix—ceoil transifion
of;AGCU was warranted.

An optical-stuéy of the duplex formation of A,GCU, sequences
found that AGCU did not form a double helix at 10-6 M strand concentra-
tion (Ravetch et al., 197{).‘ A T, of 6°C has been measured for the
hélix-coil transition of the related oligoribonucleotide AébUC at
0.1 mM concentration (England & Neilson, 1977). Uhlenbeck proposed
thar intermal G-C base pairs could contribute more to duplex stability
than terminal G-C base pairs (Uhlenbeck et al., 1971). The AGCU duplex
might be expected to have a higher T, than CAUG at comparable strand
coécentracion. The results discussed below demonstrate-that AGCU
forms a duplex with fraying ends that is more stable than the CAUG
_duplex.

The sequence AGCUA was used to investigate the effect of 2
.danglmkg base on the stability of the AGCU duplex. The primary
Esperest of this study was in testing the hypothesis of Kallenbach
and Berman (1977) that a dangling base can reduce the fraying of
terminal base palrs. Bascd on the results f{rom the CAUGX écrics, a
dangling A could be expected to have the greater stabilizing effect.
4.3.1. Results

The procedure of incremental analysté (Borer et al., 1975)

was used to make the chemical shift assignments, which are summarized

in Table 10. The resonances of AG were assigned by comparison to



TABLE 10. Incremental amalysis of AGCU and AGCUA at 70 °C in DO*
Proton AC AGC AGCU AGCUA
CHEMICAL SHIFTSP i

AH-8 8.238 8.242 8.2L8 8.229
AH-2 8.186 8.180C 8.176 8.144
GH-8 7.942 7.924 7.929 7.929
CH-6 7704 7.737 7.704
UH-6 7.768 7.698
A(5)H-8 8.343
A(5)B=2 8.186
AH=1" 5.967 5.974 .5.978 5.965
GH-1? 5.842 5.812 5.792 5.798

 CH-1! 5. 5.892 5.869
UH-1t 5.892 5.817
A(5)H-1r 6.063
CH=5 5.876 5.850 5.839
UH-5 5.821 5.793

COUPLING CONSTANTSS

. AH-YY 5.0 Lok 4.7 L7
GH-1t? L.7 3.8 3.4 3.2
CH-1t 3.1 L. 5.5
UH-1* L.L 3.8
A(5)H-1" 4.7

35D = 7.0; Concentrations: AG, 15.5 mM; AGC, 6.2 mi; AGCU, 11.1

mM: AGCUA, 11.6 mM.
bChemica.l shifts are in ppm relative to DSS using t-butyl alcohol-OD

as an intermal reference and are accurate to =0,
CAccurate to 0.2 Hz.

005 ppm.

10l
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published data (Lee et al., 1976). Zxtension of the sequence to AGC

resulted in the appearance of threé a&ditional doublets in the 70°%¢
spectrum: CH-6 (7.744 ppm), CH-S (5.876 ppm) end CH-1' (5.886 ppm) -
Thé results of a variable temperature study of AGC are presegted in
Figure 20. Although the plots are not strictly straight lines, the
transitions show very little co-operativity when cdmpared te those for
AGCU or AGCUA (cf. Figures 21 and 22) and can be interpreted as
resulting from single strand stacking. | |

Although the a;oﬁacic base resonances of the 70°C AGCU spectrum

- —

could be readily assigned by comparison to the AGC data {Table 1),
the anomeric region of the spectrum was complicated by the overlap of
five doublets. Simultaneous irradiation of béch pyrimidine H-6
resonances and subsequent collapse of the two pyrimidine H-5 rescnances
aided in cthe assignment of the anomeric ribése resonances. The -1
and CH-1' resonances were equivalent aL 7Q°C, but separated at lower
temperatures. Thélhigher £i21d signal was tentatively assigned to
CH-1', since this proten should experience greater shielding from the
nearest neighbour guanine residue (Giessner-Prettre gt al., 1976).
Decoupling experiments were used at several lower temperatures as an
aid in assigning the H-1' and H-5 signals. At temperatures of 30%¢
and lower, the ribose anomeric proton resonances were observed to be
broad singlets (31',2' < 1.0 Hz). Such a reduction in the coupling
constant reflects a high degree of base stacking (Altona, 1975). The

spectra were observed to underge significant line broadening at

&) .
temperatures of 31 C and lower. The results of a variable temperature

study of the helix-coil transition of AGCU are presented Figure 21.
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Comparison of the 70°¢C spectrum of AGCUA with that of AGCU
shows the appearqnce_of three new signals: A(5)H-8 (8.3&5 ppm),
A(S)H-Z {8.186 ppm) and AH—&' (6.063 ppm, Ji' L

» 2 ?

: of the terminal A resulted in a general shielding of most of the

=- 4.7 Hz). Addition

y resdnances-(Table 10). The only difficulty this shielaing caused was

in the assignment'of the AH-2 resonances. The more shielded resonance

3

was assigned to A(1)E-2, which reflects the.general shielding trend

throughout the sequernce. A reversal of the AH-2 assigaments would not

alter the results of the variable temperature study: At 62.5°C, the

i pyrimidine H-6 signals were equivélent, and simultaneous irradiation
of these resonances was used to confirm the H-5 and H-1' assignments.
It is interesting to note that the UH-1' and CH-1' signals arve not "
eqyivalent atc 70°C, in contrast to‘thc‘resulc observed for AGCU. The
r£b0§e anomeric coupling constants decreased as the temperature was
lowered, untll all but one of these resdnances were observed to be
broad-singlets at temperaturas of 41°C and lowef’ The exception to

this trend was the A(S)H-1', which has a well resolved~coupling

.

consrant at all temperatures studied. The dangling base must not

L

staci as completely as the other bases, 2 result which is discussed

-
-

on the basxs of fraying phenomenon. Line broadening of the AGCUA

spectra was not as severe as that observcd for AGCU, and bcgiﬁs to”
d?cur at lower temperaturcs (20 C vs. 31 C). The results of a
éariable temperature study of the helix—-coil transition of AGCUA are
ﬁres.;cntcd. in Figure 22. .

Determlnatlon of average T values for AGCU and AGCUA was

complxcated by the wide range of 1nd1vidual melting tran51tion

-
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TABIE 11. Determination of the Melting Temperatures of AGCU and AGCUA.

Resonance Tm(°C) éii?%iﬁ-“’ P o
(1) AGCu
AB=2 28.0 -
AH-)t 32,0  30.5%2.2
UH-$ 31.5 ‘ +
.33.6 Z L.
GH-8 36.5 - .
CH- 37.1
. CH=5 36.5 ..36.7.X0.3 o
CE-1t 36.8 .
(2) AGCUA ' )
A(5)H-8 45.7 ’
A(5)H-2" LL.8
A(5)H-1t uh.5
A(1)H-2 53.2 4.8 T 2.3
U(4H=5 6.4
47.3 T 3.6
G(2)8-8 L7.0 .. .
C(3)H-5 49.7 49.9 = 3.0
c(3)8-6 53.0 : .




i 4

. 108

.

temperatures (Table 11). The T, values could be more closely grouped

- ~

accordlng to A-U or G+C base pair formation. An average Tp ‘of 33 6 =

4. t°c was determlned'Eor AGCU, and comparison with the T, value of

-47.3 + 3.6°C for AGCUA illustrates the stabilizing effect 2 dangling

A exerts on the AGCU duplex. The results are consistent.with a

: § .
fraying model for both of these short duplexes (Borer et al., 1975;
Patel, 1976).

4.3.2. Discussion

Defermination of the T, values for the AGCU and AGCUA duplexes

.i& summarized inTable 11. The individual transitions were grouped

according to the bBase pair being formed, énd an average Tp value for

each base pair was determined. For both duplexes, the G-C base pair
. »

had a significantly higher Tp than the A-U_base pair. Such a
4

-

result may arise by two possible mechanisms: 1ntramolecular fraying
of the cérminal base pairs, or intermolecular end-to-end aggregation
of the duplexes. )
. In his studiegs on the self—complementary'sequence isomers of
d(CCGG), Patel observed evidence of end -to-end aggregation of the
short double helices at 20 mM strand concentration (Patel, 1976b,'1977,

1979). This aggregation was easily distinguished by comparing the

‘variable temperature plots of the non-exchangeable aromatit base

resonances for terminal and internal G°C base pairs (Patel, 1977)

The plots for internal base pair resonances were sigmoidal in mnature,
containing a region of rapid shielding in the middle temperature
range, followed by a graduai leveling off at lower temperatures

(Figure 23). By contrast, the plots for resonances assigned. to
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FIGURE 23. The effect of interduplex end-to-eond agggegation en the
melting transitions of rescnances from the terminal and
internal base pairs of short duplexes.
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terminal base pairs had lower T, values and showed a continuous
upfield shift at lower temperatures without a plateau region (Fi
23). ,x’variable concentration study of the helix-coil transition of
d(GGCC) demonstrated that reducing the strand concentration from 20 =M
to 5 mM reduced the end-to-end aggregation of duplexes (Patel, 1979).
All of Fhe transitions wefé sigmoidel, with little temperature .
_aependence of chehical shifts at lower temperétures, and had Ty values
in close agreement. .
Examination of the variable‘temperature plot§ for the AGCU
. (Figure 21) and AGCUA (Figure 22) duplexes reveals that the difference ,,/j
in T, values for the A-U and G-C base gairs can not.be accounted for

on the basis of end-to-end aggregation of the duplexes. ALl of the

melting curves are sigmoidal in natuze and exhibit a decrease in the -

temperature dependence of the shielding at lower temperatures. These .
results do not give good agreemen ‘with Patel's criteria for end-to-end
aggregation. Additional evidence against the éxplanation of the base
pair Ty difference by an aggregati model comes from the results for
AGCUA. Line broadening ofrghe AGCUA 3egctra wés not as severe and.

- occurred at lower temperé;ufes than line broadening of the AGCU
spectra. ﬁlthOugh the Tm of the AGCUA duplex is considerably higher
than the T, for cﬁé AGCU duplex, the line broadening results Lndicate
that tHere is a considerable reduction of end-to-end interduplex
aggregation in the presence of a dangling base. However, as the
results of Table 11 illustrate, there is not a significant reduction

in the AT, between the A-U and G-C base pairs. Apparently this

difference can not be accounted for on the basis of interduplex

>
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end-to-end aggr;éation. <
NMR stﬂdies of the helix-coil transition of A,GCUp provided

direc:-evidence‘of thé fraying of the terminal A-U,basé pairs and an

end-in meltin;\of the duplex (Borer et al., 1975; Kan:gg_gi., 1975). |

A wide variance of Ty values was observed for the melting curves of

- individual resonances of non—eﬁchangeable protons. The CCGG duplex,

in contrast, did not fray and had a well éefingd average Tp value of
51 * 2°c (Arter et al., 1974). Even though there were large
discrepancies in T values for ;esonénces of thé same base pair (eg.
GH-8, 51%; cu-6, 60°C), the G-C base ﬁairs were significantly more
stable than the A-U base pairs, which was attributed to fféying of the
-tefm;qal A-U base éairs {Borer et al., 1975) . Studies of the hydrogen
bonded ring N-H protons provided additional evidence for a fraying
model (Kan et al., 1975).

The results Sumgarized in Table 11 are consistent with a
fraying duplex model for both AGCU and AGCUA} The mélting curves are
sigmoidal in nature, and the Ty of the A-U base pair is significantly
lower than the Ty of the G-C base pair in each duplex. Pmr studies of
the related deoxy sequence d(AGCT) indicate a much higher degree of
fraying in the terminal A:T base pairs of this duplex than observed
for ACCU (N.R. Kallenbach, personal communication). The temperature
dependent.behaviour of the anomeric coupling constants provide
additional suppert for fraying of the AGCUA duplex. In the AGCU
duplex, é;i H-1' doublets are reduced to broad singlets (Jl',z' <

1.0 Hz) at temperatures of 31°Cc and lower. This result is consistent

with a high degree of base stacking (Altona, 1975), necessary for
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double helix formation. The A(5)H-1' doublet of AGCUA, however,

remained well resolved at temperatures far below the I, of tﬁe duplex
(eg. Jl',Z' = 2.4 Hz at ZO?C), while the rest of chg anomeric signalsr .
were sinélets (J < 1.0 Hz) below Aloc. This resu}c implies that the
dangling A residue has a relatively high dégree of rotational freedom

' with respect to the bases involved.in ba;e pairing similar to the
orientation of the CCA arm of tRNAs (Rich, 1977). All of the bases in
the EAUGX duplexes (X = U, A) were highly stacked, in&luding the

daﬂgling bases. Such ;otational freedom of the dangling A of the

AéCUA double helixlis consistent with fra}ing of the terminal AU base
pairs.

Since fraying of the terminalrbase palrs is not reduced by the
presence of the dangling base,-the increased stability of the dupiex
region must arise by a different mechanism. The ATy value for AGCUA-
AGCU (1a°C) is similar to the AT, CAUGA-CAUG (lloc). The dangling
. base must increase the overall stacking in such a way that the stability
of each base palr is affected to the same extent, and ﬁhe relative
stabilities of internal vs. terminal base pairs remain the same, as
illustrated by the results of this study (Table 11). It is interestigg
to note that a high percentage of stacked single-strands is reached
at 41°C for AGCUA and 31°C for AGCU. These results suppert the concept
that duplex formation from short oligoribonucleotides requires that the
single strands be close to a fully stacked conformation {(Appleby &

' Rallenbach, 1973; Kallenbach & Berman, 1977). Additional support for
a stacking role for the dangling base comes from two sources. First,

the A(L)H-8 of AGCUA is more greatly deshielded upon duplex formation
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(Figure 22)_than the A(1)H-8 of £GCU (Figure ii). As the results for
CAUGA have already‘demonstra:éd, this cross-scran&'dgshieldiﬁg arises
from a stacking of the @angling'A. Additionél suppbrt comes from the
Tp values of the A(5) resonances of AGCUA (Tabie ii): The;e values
agree closely with the T, values for the A-U base pﬁir, probably
because of the stacking interaction between the terminal A*U pair and
the dangling base.

The results for AGCUA suggest a mechanism by which_;elatively
large loops could stabilize adjacent duplex regions. A slight fraying
of the base pairs which close the\}oop could alleow a Qangiing base
interaction to occur between the single strands of the l?op and the

double helical region, leading to a greater Sk ity for the duplexes.

Such a mechanism could be investigated using\the appropriate short

oligonucleotide sequences which would form a ddplex of the type:

Xeor®

xUCGAx

4.4. The AGGA:UCCU buplex: A Model of the Shine-Dafgarno mRNA-16 S

rRNA Interaction

ﬁn extensive search continues for a mech}n%sm to explain how a
30 S ribosomal subunit selectively forms an initiation complex with
the correct AUG éodon of an mRNA. The ribosomal binding sites éf
several mRNAs have been isolated by a ribonuclease digestion tech;iqge
‘ and subsequently base sequenced (for example, Maizels, 1974; Contreras

et al., 1973; Shine & Dalgarno, 1975 and references therein). There

is 2 purine rich region to the 5' side of the initiator AUG jcodon on
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these mRNAs which is complementarf to a pyrimidiné rich region at the
3! teéminus of 16 S rRNA {(Shine & Dalgarno, 1975). An appropriate
section of the secondary structure of the 16 $§ rRNA could open up ipn-
order to base pair with the purine rich region of the mRNA (Steitz &
Jakes, 1975). The short duplex AGGA:UCCU is common in many of the
. mRNA-rRNA 1ntcractions.

The AGGA: UCCU duplex is a sequence isomer of the CAUG and
AGCU double helices. One question that can be asked about the méNA-
rRNA initiation complex is whether selection of an inherently more
stable duglex from other duplexes with the same base com@osition has
occurred. A study of the Helix-coil transition of the complementary
oligoribonucleotides AGGA and yccy, with comparison to the CAUG and
AGCU results can begin to angwer this question. The AGGA:ﬁCCU duplex

was found to be the most stable of. the three duplexés. A surprising

result was the observation that there was no detectable fraying of the

terminallA-U base pairs in the AGGA:UCCU duplex. Fraying appears to

be a2 sequence related phenomenon.

4.4.1. Results
The procedure, of incremental analysis (Borer et al., 1975) was

used to make the chemical shift assignments. These data are summarized
v ;
s

in Table 12. The resonances of AG were assigned by comparisen with

published data (Lee et al., 1976). Extension of AG to AGG was reflected

— —

by the appearance of two additional signals in the pmr spectrum:

. G(3)u-8 (7. 906 ppm) and G(3)H-1" (5.785 ppm, = 5.0 Hz). A

l' 2!

general shielding of all ‘resonances was observed in the 70°C AGGA

spectrum, but this did not seriously complicate the chemical shift
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TABLE 12. Incremental analysis of the AGGA:UCCU duplex in D,0%at 70 °C

. 12 123 1234 AGGA 4321 432 43
proton AG AGG AGGA 1234 uccu ucce uc

uccy
CHEMICAL SHIFTSP
A(1)E-8 8.239 8.212 8.196 8.193

A(1)H-2 8.186 8.167 8.141 8.137
G{2)H-8 7.942 7.935 7.883 7.883

G(3)H-8 7.906. 7.87h 7.87%

A(L)H-8 B.294  8.290

A(R)H-2 8.157 8.154

U(4)H=6 7.806 7.806 7.806 7.806
C(3)H-6 7.837 7.837  7.832 7.832
C(2)H=6 7.819  7.814 7.832
U(1)H=6 7.806 7.806

A(1)H=1' 5.967 5.946 5.933 5.933

G(2)H«1' 5.842 5.837 5.726 5.726

G(3)H=1* 5.785 5.726 5.726

A(LIH-1t 6.037 6.037

U(L)H-1" - =C 5.837 5.864
C(3)H-1* _ 5.927 5.934
C(2)H-1* - - 5.927
U(1)H-1? - -

U(4)E=-5 5.917 5.919 5.858 5.883
C(3)B-5 6.037 6.037 6.045 6.058
C(2)H=5 6.005 6.005 6.018
U(1)H=5 5.959  5.949

A(1)H-1' 5.0
G(2H-1' 4.7
G(3)H-1*

A(L)H=1?

U(4)H=11 - L.
C(3)H—1' - - L.
c(2)n-11 - 4

ARV, RV
L]
O oW

e

pD=7 0; concentrations: AG, 15.5 mM;.AGG, 6.3 nM; AGGA, 7.0 mM; UC,
23 mM; UCC 9.8 mM; UCCU, 7. S0 oM Duplex, 7.0 mM each strand 1, oM total.

-bChemical shifts are in ppm relative to DSS using t-butyl alcohol-OD

as an internal reference and are accurate to 5.005 PPM.

®These resonances could not be assigned because of the high degree of
overlap in this region of the spectrum.

dAccurate to 10.2 Hz.



assignmenﬁs (Table 12).

The resonances of UC were assigned by comparison with published
dacra for this dinucleoside monophosphate (Lee et al., 1976). Compari-
son of the UCC spectrum with that of UC showed the presence of three |
_additional doublets: C{(2)H-6 (7.832 ppm, overlapped with C(3)H-6),
C(2)H-5 (6.01l8 ppm) and C(Z)H;%' (5.927 ppm, Jl;,z; = 4.1 Hz; over-
lapped with C(3)H-1'). Excans;on of the sequence to UCCU resulted in
an appearance of new gignals attributed to the U(1l) nucleoti#e, and
resulted in the two CH-5s being non-equivalent in the tetramer (Table
12). Absolute assignment of the H-1' resonances of UCCU was not
possible because of the overlap of 8§ doublets in this region ;EVthe
spectrum. i

Each of the tetramers was studied separately by pmr spectro-
scopy in DZO (no salt) before the mixing experiment was performed. The
results of the variable temperature study on AGGA are presented in
Figure 24. As the temperature is lowered, each of the resonances is
slightly shielded in essentially a linear fashion. \?uch behaviour is
analogous to that displayed by CAU and AUG, and is attributed to a
single strand base stackigg process. Line broadening of the spectra
became evident at temperatures of 30°C and was quite pronocunced at
20°C and lodgr. Such a result is unusual for a single strand study,
in which the spectra remain very sharp and well resolved at all
temperatures. llowever, oligonucleotides withra nearest neighbour GpG
interaction in their sequence have been known to form multi-stranded

aggregates (Jaskunas et al., 1968; Podder, 1971). Such an aggregation

appears to be a likely explanation of the observed line broadening of
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the AGGA spectra. The temperaturé dependent behaviour oﬁ the anomeric
coupling constants was also peculiar for this sequence. At 19°C, the
four Jl',Z' cngling constanté‘arg all ;ell.resolved: A(&)H—L',

J = 3.8 Hz; A(L)K-1', J = 5.0 Hz; G(2)H-1", J = 5.0 Hz; G{3)B-1',

J = 4.4 ﬁz.

The results of the variable temperature study of UCCU are
presenCed'in Figure 25. All of the H-6 résonances undergo a slight
deshielding as the temperature is decreased, while the H-5 resonances
experience a slight shielding. This difference reflects ‘changes in
the basé overlap geometries upon stacking of the single strand. The
spegtr were well resolved at ail temperatures, unlike the situation
observed for AGGA. Although the H-1' resonances could not be
uncquivocally assigned, at ZOOC,and lowe;, these resonances were

obseFved to be broad singlets, an indication of the existence of 2

high percentage of base stacked conformers (Altona, 1973). This

‘relatively high degree of base stacking was not expected for the

oligo-pyrimidine strand.

The two single strand samples were recovered, mixed, lyophilized
to dryness, and dissolved in the amr buffer used throughoutﬁg&ese
studies. A variable temperature study of the AGGA:UCCU mixtures
(14 mM total strand concentration) yielded the results presented in

Figure 26. The chemical shift vs. temperature plots are quite different

from those .for either of the single strands (Figures 24, 25). The

co-operative melting profiles monitor the formation of the duplex
between the two complementary strands. Because a self-complementary

sequence could not be used to study this duplex, the spectra are
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FIGURE 25. The variable temperature plots of the aromatic base
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considerably more complex, and the pyrimidine signals could not be

unambiguously monitored over the teﬁperature range. An average T,

was determined using_the.melting transitions of A(4)H-8, A(4)H-2,
A(L)H-2, G(2)H-8 and G(3)H-8. The AGGA:UCCU duplex has an average
Tq of 30.9 + 1.5°C at 14.mM total strand concentration. Fraying.of

the ferminal A-U base pairs of this duplex was not observed.

4.4,2. Discussdon »

A comparison of the variaﬁle temperaﬁhre plots for AGC °
(Figure* 20) and AGGA (Figure 24) shows that the resoﬁances in AGC are
more shielded during the high-low temperature transition than the :
resonances of AGGA. The AGGA,~purine rich tetramer, ;hould show a
stronger preferencé for a stacked conformation than AGC (Lomant &
Fresco, 1975); but the results indicate a low stacking prefefence for
AGGA. The large values of Jl',2' for the four nucleotide moieties of
this sequence are consistent with a ﬁigh percentage population of
C2'-endo (Altona, 1975), a sugar pucker not found in a2 normal single
str#nded RNA stack conformer (Broyde & Hingerty, 1978). The AGGA
single strand apparently dées not stack to the degree expected for
this sequénce, a particularly surprising observatién.

Short oligonucleotides with a -«.GpG... sequence form multi-

t al., 1968; Podder, 1971).

stranded aggregates in solution (Jaskunas
A consideration of the resonance line widths of AGGA spectra support .
an wggregation—-type behaviour for this sequence. At temperatures

below oC, a rapid broadening of the lines is observed. This line

N,

-

A
broadeniﬁg could result from an increase in the correlation-time for

molecular motion of the oligomer as it forms a higher-molecular weight
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* aggregate in solution. X-ray crystallography studies of poly G
indicated the formation of a triple hélical structure with C2'-endo
sugar puckers (%rnott et al., 1974). The AGGA oligonucieotide
de;onstrated a preference for the C2'-endo sugar pucker at low
temperatures, and all results for the single strand study are consis-—
tent with an aggregation moéél for this sequence. *

Ali of the. H-6 resonances of UCCU undergo a slight deshielding
as the temperature is decreased, while the H-5 tesonances experience a
slight shielding (Figure 25). This difference reflects changes in the ’
base overlap geometry upon stacking: each H-5 proton is shiélded by
its 5"'-neighbour, aﬁ& each H-6 proton lies just outside the shielding
cone of the rithcurrent effect (Arter & Schmidt, 1976).° The‘shieiding
and deshielding eéfagts observgd are quite small because\che ring
currents of pyrimidinés are relatively weak, particularly uridine
.{Giessner-Prettre et al., 1976). At tempe%atures of 20°¢C and lower,
the H-1' résonénces were observed te be broad singlets (Jl',z' < 1.0 Hz),
‘consistent with the presence of a high percentage of base.stacked
conformers {n solution (Altona, 1975).
A comparison_of the variable temperature plot for the AGGA:UCCU
mixture (Fiéﬁre 26) with those of AGGA (Figure 24) and UCCU (Figure 25)
demonstrates that a duplex is formed between the two complementary"
strands. The curves are sigmoidal in nature and an individual T, could
readily be peasured for five of the resonances. The AGGA single strand
' apparently forms a double helix with UCCU rather than self-aggregating.
The overlap of ; large number of resonances in the aromatic region of

the spectra prevented collection of the variable temperature data for
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= 2
the pyrimidine H-6 signais. :
An average T of 30.9 + 1.5°C was determined for the AGGA:UCCU

duplex from the five sigmoidal curves of Figure 26. Table 13 contdins
the T, values for CAUG, AGCU and AGGA:UCCU. A comparison'of these .
values shows that the AGGA:UCCU duplex is more stable than CAUG and
approximately as stable as AGCU. This result is slightly misleading.
The Ty, of a duplex is Fohcentraticﬁ depeﬁdent. In order to compare
the Tp of a self-complementary duplex, with that of a duplex formed
between two complementary strands, the total strand concentration of
the latter duplex set should be doublé the concen;ration of the self-
compleméntary strand (Uhlenbeck et al., 1971). Unfortunately this
condition c091d not be met for the AGGA:UCCU duplex, since there was
ough.material to raise the concentration further. The results
Table 13 indicate however thaé at a comparable concentration, the
AG®A:UCCU duplex would probabl; be more stable than.the AGCU duplex. |
The individual T dama provide evidence that the terminal A-U
base pairs of the AGGA:UCCU duplex do not fray. There is very close
agreement benueen_the Ty values for all of the resonances, similar to
the situation for CAUG, but unlike the situation for AGCU, where
fraying enés were observed. This short duplex is the first to be
studicd to have terminal AU base pairs which do not fray. Fraying
appears .to be a sequence relate& phenomeﬁon.
The AGGA:UCCU duplex plays a role in many of the mRNA-16 S rRNA
interacéions studied so far (Steitz & Jakes, 1975; Sh;ne’& Dalgarno,

1975). The results of this study suggest that this duplex was selected

for this important RNA-RNA interaction because it is inherently a more

-

b ]
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TABLE 13. Cormparison of the AGGA:UCCU duplex with cother short

LI 2 B )

yccu

.perfect double helices. ) -
Duplex ’ 'rm(°c) . Concentration (M)
CALG 2,051 9.2
GUAC ' :
AGCU 33.6 T 4.4 11.1
UCGA
- AGGA ) 30.9 L 1.5 14.0




125

stable duplex than others which contain the same base composition.
'»Certalnly this double helix is the only short duplex known to have
non-fraying terminal A-U base pairs, which might aid in reducing
premature melting of the mRNA-16 S rRNA binding site.

4.5. The Effects of Internal Non-Bonded Bases and a G U Base Pair on

the Stability of the CAUG Duplex

Optical studies on.the formation of internal loops within
short RNA double helices have been limited to loops containing cytidine
{Uhlenbeck et al., 1971; Gralla & Crothers, 1973b). In both studies,
the, duplex region on each side of the loop contalned four or more base
pairs. A more complete review of model studies on the formation of all
three kinds of loops is found in Section 1.2.2. Very little is known
about the formotion.of internal loops within very short duplex regions.

Oligoribonucleotides of sequence CAXUG (X = A,G,C or U) were
synthesized for use in studies on the formation of an internal loop
within the CAUG duplex. Ext-ahelical conformations have been observed
for mismatohed bases in a pmr study of.the complex formed between
ethidium bromide and CUG (Lee & Tinoco Jr., 1978). The (CUG)2 miniheli¥
was formed only in the presence of ethidium bromide, and the complex
reprosented a model for frameshift mutation. The purpose of the CAXUG
study was to investigate free formation of intermal loops.
Each of the CAXUG pcntaribooucleofides can theoreticaliy form

a duplex containing a 'looped out' region:

ca’ue (X = A;6,C,1)
GUXAC

Such a duplex would be an ideal model to probe the effect small

\
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nonbonding regions hafe on the formation of adjacenﬁ base pairs. This
series of pentamers also zllows forﬁthe investigatioﬁ of sequence
related effects pertaining to loop closure. FPmr evidence.of loop
formation would be a deshielding of the nonbonding base resonances

upon duplexing, similar to rhe effect on the GH-8 resonance for the
'looped-out' G of AGA, single stranded oligoribonucleotides (Shum, 1977).

The pmr studies on the CAXUG oligoribonucleotides indicated
that these sequences did not duplex under the conditions in which CAUG
had a Tm of ZAOC. Dire?t assignment of the X basé_resonances was made
for each sequence, and there was no evidence of an extrahelical
conformation for the mismatched bases.

The CAXUG pentamers can also be used to study the following
duplex sets: CAAUG:CAUUG, CACUG:CAGUG ;;d CAGUG:CAUUG. The first two
duplex sets represent an extension of the CAUG duplex by the addition
of an internal A-U ;nd G-C base pair respectively. ‘Although the effect
of additional A-U and G-C base pairs has been studied previously
(Martin gg_gl,j?lQ?l; Uhlenbeck et al., 1971) it is important Lo use
these duplex sets to calibrate the model system currently under

investigation. Such a calibration allows the measurement of the

{
relative magnitude of two t effects, "for example the stabilizing

effects of a danglifMg A vs. an A-U base pair. These duplexes can also ~—
serve as references for the CAGUG:CAUUG duplex. The self-complementary
CAUAUG hexamer (a gift from Dr. T. Neilson) was studied to allow a ‘

" comparison of the relative effect of two internal A-U base pairsl

(CAUAUG - CAUG) to that of two terminal A-U base pairs [AAGCUU (Borer

t al., 1975) - AGCU].
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Previous studies on the formation of G-U base pairs have been
summarized in Section 1.2.4.° The pﬁr study of the CAGUG:CAUUG duplex
was the first to 6bservq directly the formation of a G*U base pair
within a regular Watson-Crick hydrogen bonded double helix. This
study was alse the first to measure the stability of a G-U base pair
relative to the stability of the other base pairs in the same duplex.
The results in@icate that a G-U base pair may be a point of local
instability within a double . helical reéion of RNA. The‘iéportance of
model studies of G-U base pairs, similar to the one reported here, has

been mentioned in the literature (Early et al., 1978). This study was

-

conceived independently and completed 'several months before the work
of Early gg_é;. on poly d(GT) appeared in print.
4.5.1. Results

The low field nonexchangeable proton chemical shift assignments
were determined Sy comparison to the CAUG data. Unfortunafely, the
resolution at 90 MHz was not sufficient to alléw for the unequiveocal
assignment of the H-5 and H-1' resonances at 70°C for all of ché

<
pentamers, and the temperature dependent shift changes of these

resonances could not be distinguished because of the high degree of
0 ' :

overlap in this region of the spectra (Figure 27).
In CAAUG the presence of A(3) was indicated by two sihglets
at 8.255 ppm (H-8) and 8.079 ppm (H-2). The fact that adenine has a

strong ring current shielding effect (Giessner-PreﬂEre t al., 1976)

"would account for the upfield shifts (cf. CAUG) experienced by the

neighbouring aromatic protons (Table 14). The two GH-8 resonances in

CAGUG wer? readily distinguished since the G(5)H-8 signal at 7.958 ppm

~
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shows very little change from that in CAUG (Table 14). The appearance

of a new doublet in the spectrum of CAUUG is attributed to the U(3)H-6
regonéﬁce at 7.716 ppm (J5,6 = 8.2 ﬁz). In CACUG the U(4) and C(3)H-6
doublets are overlapped, and confirmation.of the chemical shift
assignments was-provided by incremental ana1§sis (Table 15). The
conversion of CAC into C§§U causes a shielding of the C(3)H-6

resonance to 7.711 ppm. This proton reméins unaffected when G is added
to CACU, although the UH-6 is shielded upfield by 0.060 ppm.

The chemical shifts of the CH—6-and GH-8 resonances in CAUAUG
were assigned by comparison éo CAUG (Table 14). The U(3) and.U(S)H—G
doublets were equivalent at 70%¢. Differentiation of the A(2) and
A(4)H-2 signals was achieved by comparison with the data on the
trinucleotides CAU ané AUG (Table 5, Section 4.1.1.). Im CAU the
AH-2 signal is at lower field (8.250 ppm) than that in AUG (8.198 ppm)
and this trend is retained in the hexaunucleotide (Table 14). Aléhough
the same chemical shift trend is observed for the H-8 signals, further
support f;r assigning the lower field H-8 resonance ta A(2) was |
provided by its variable temperature behaviour, which was similar to
the AH-8 in CAUG.

The results of the full variable temperature experiments on
each pentaribonucleotide are shown in Figures 28 and 29. For most

resonances, the chemical shift vs. temperature plot is characterized

by a linear region at high temperatures and a gentle upfield curve at

" temperatures below 3000. The plots do not display the distinct

sigmoidal line shape characteristic of duplex formation (e.g. Figure 30).

The oligoribonucleotides do not form a stable duplex of the type:

Ve
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TABLE 1k Chemical Shift:sa of the Oligoribonucleotides in DZOb at 70°¢C
Proton CAUG CAAUG CAGUG CAUUG CACUG CAUAUG
c(1) u-6 7.662 7.623 7.641 7.659 7.672 7.643
AC2) H-8 8.346 8.268 8.294 8.359 8.352 8.32%
AC2) H-2 8.196 8.134 8.160 8.206 8.183 8.154
A(3) H-8 8.255.
A(3) H-2 8.079
G(3) H-8 7.906
u(3) H-6 7.731 . 7.685
C(3) H-6 7.710
u(s) H-6 7.692 7.6564 7.703 7.716 7.710

T G(5) H-B 7.962 7.942 7.958 7.978 7.978
A(4) H-8 8.310
A(H) =2 8.131
U(5) 1i-6 7.685
G(6) H-8 7.945

3 cnemical shifts are in ppm relative to DSS using

as an internal refcrence,

b

ph
CAUUG,

e

= 7.0: concentrations:
11 mM; CACUG, 5.3 mM; CAUAUG, 9.9 mM.

tert—butyl alcolol-0D
and are accurate to * 0.005 ppm.

CAUG, 9.2 mM; CAAUG, 11 mM; CACUG, 3.2 mM,
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TABLE 15 Incremental Analysis® of CACUG in D?_ob at 70°¢C

Proton CA CAC CACU CACUG

C(l) H-6 7.660 7.679 7.688 7.672

A(2) H-8 8.377 8.369 8.356 8.352 -

AC2) H=2 8.260 8.222 8.199 8.183

C(3) 1-6 7741 7.711 ¥.710

U(4) H-6 7.770 7.710

G(S) 1t-8 . 7.978 i

2 Chiemical shifts are in ppm rclative to DSS using tert-butyl
alcohol-0D as an internal reference and accurate to X 0.005 ppm.

b

.pD = 7.0, concentrations: CA, 16 mM; CAC, 23 mM; CACU, 11 mM;

CACUG, 5.3 mM.

\h\\?‘;—/’/;
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ca’ue

i

¥ (X = A,G,C,U)

_-ugder the conditions in which CAUG formed 2 duplex witﬁ a Tp of
24 = 1°c.

Before investigating the formation and stability of a G-U base
pair, the model systemlunder study-was calibrated by examining the
effect an‘additional Watson-Crick base pair has‘on the T of CAUG.
Thus the effect of an additional A-U base péir was illustfated by the
duplex formed by CAAUG:CAUUG. ‘The results of the variable temperature
experiment are shown in Figﬁre 30. The low temperature chemical shift
values were determined at 270 Mz since excessive bro;dening of the
90 MHz s#ectra at thesé temperatures made it difficult to assign
individual Tesonances. The average T, for the duplex, as determined
from the eight purine aromatic resopances is 28.5 ; 2.1°C which
represents an increase of almost 5°C over the T, of CAUG.
when the spectrum of the mixed complementary-sequences CAAUG

and CAUUG bag_recorded at 70°C, the purine base prptons'uisplayed

chemical shifts which were essentially identical to those in the single

v

stranded spectra at the same témperature. However, .the pyrimidine H=-6
signals could not be assigned directly because of the overlap ;é these
resonances. This problem was solved by the technique of spectral .
subtraction and is jllustrated in Figure 31 by the sequence CAAUG.
Computer subtraction of the CAUUG ?Oochspectrum from that of the

" mixture CAAUG:CAUUG produced the difference spectrum of CAAUG, allowing

its themical shifts to be determined by comparison to the original 70°C

spectrum of CAAUG. Spectxral subtraction of mixtures of complementary
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L4
. oligoribonucledtidés is limiﬁed to only the high témperature spectra -
sinéé both the intrastrénd base stacking and interstrand base pairing
are at,a minimum under these conditions. 1

The self-complementary hexaribonucleotide CAUAUG was also
studied as it represents an extedsion of the CAﬁG duplex by the
incorporation of two internal A-U base pairs. The cheﬁicai shift vs.
temperature plots for the puriqe aromacic.resonances are shown in

Figu}e 32. The average I, as determined from the sigméidal lines, is

-

41.5 % 1°c, representing a 17°C increase over the Tm of CAUG at about

the same concentration (Table 16). The difference in T, between

Ly

AAGCUU (Borer et al., 1975) and AGCU is also l7°C (Table 16). Evidently
the stability of two A*U base pairs does not depend upon whether they
occupy interral or terminal posiﬁions. Evidence of fraying of the
terminai G-C base pairs of the CAUAUG duplex was not cbserved,
analogous to CAUG. h
- The effect of an additional intermal G-C base palr on the
duplex stability of CAUG was studied using the complepentary set
CAGCUG:CACUG. The results of this experiment are shown in Figure 33.
The average Tm of the duplex'was 38.4 % 0.6°C, representing'a large0
increase over the Ty of CAUG.
By mixing the two single strands CAGUG and CAUUG together, it
was possible to observe, using pmr Spectroscopy, the formation of a
RNA dcu@le helix containing an internal G-U base pair surfounded by
egular Watson-Crick A'U and G*C base pairs. The chemical shift vs.
temperature plots are shown in Figure 34. The average Ty of the

duplex formed is 23.4 tr2.6°c, and represents neither an increase or
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Hellting Temperatures and Concentratidns of the Base Paired

TABLE 16.
Duplexes.

DUPLEX Tm (°C) _ CONCENTRATION (mM)

: .
CAUG 2.0%1.0 9.2
GUAC |
CAGUG 23.4 £ 2.0 * 18.0
GUUAC
CAALG 28.5 T 2.1 11.0
GUUAC -
CAGUG 38.4 T 0.6 3.2
GUCAC
CAUAUG .5 1.1 9.9
GUAUAC
AGCU 33.9 % 4. 11.0
UCGA
aaceuu® 51.3 £ 6.0 N 10.0
UUCGAA °

3Pata of Borer et al. (19’?5).
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decrease in stability with respect to CAUG, the reference duplex

{Table 16). 1iIn fact; the T, values for the aromatic resonances of the
A and G bases involved in Watson-Crick base pairs (Figure 34) are in
very good agreement with those for the same base pairs in CAUG. By
using NMR techniques, it was poséible to monitor the G(3)ﬁ-8 separately,
and the T, of the guanine of the G-U base pair is 20°C, which is
significantly lower than the Tps of the other base pairs in this duplex.
The G-U base pair appears to be 2 poinE of local instability within

this duplex.
4.5.2. Discussion

The studies reported in this section were designed to examine
systematically, using a model system, the effect very small loops have
on short neighbouring duplex regions and the relative stability of a
.G-U base pair within a RNA doubie helix containing regular A+ and
G-C base pairs. Thé elegance.of this study lies in the fact that a

maximum number of experiments were generated from relatively small

amounts of syunthetic material. Seven experiments were conducted on

v

diverse aspects of_RNA'secondary structure using only four pentaribe-
nucleotides. These studies were possible because of the chemical
synthesis methods described here, in combination with NMR techniques.
Each single pentaribonucleotide allowed for the study of

duplex formation of a CAUG type douﬁle helix containing a nonbonding
base opposition in the centre of the duplex. Previous studies on

' loops of this type employed longer AU, Type duplexes and optical
techniques, which could give little conformational informatlon

(ﬁhlenbeck et al., 1971). It is now generally accepted ‘that even a
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U-U nonbonding oﬁposition will take an extrghelical conformation,
allowing for stacking of the adjacent duplex regions, and for most
loops studied there is evidence of an extréhelical conformation
(Lomant & Fresco, 1975). NMR evidence of looping out is a downfield
shift with decreasing temperature as compared to the upfield shifts
usually observed under. these conditions (Shum, 1977)i In Figures 28
and 29, the chemical shift vs. temperature” plots for the aromatic base
protons are not the sharp sigmoidal shapes associated with duplex
formation, although-the upfield shifts are somewhat larger than those
usually associated with single stranded base stacking (Hughes et al.,
1978). Even more important however, is the observation that the plot
for the aromatic proton of the middle base of each sequence shoﬁs an
upfield trend with de;reasing tehperature. These results are inter—
preted to mean that the base which would be involved in a nonbonding
base opposition is not taking an extrahelical conformation. Under '
.the conditions where CAUG had a T of 24 % 1°c, these pentanuclectides

do not form a stable duplex with a small loop, but prefer to maintain

" a single stranaed stacked conforma:;on. This result is particularly
surprising in the case of CAUUG, since looping out of the U(3) would
only break a U-U sgacking interaction, and an A-U stacking interaction
would be maintained in the duplex conformation (Lomant & Fresco, 1975).
Perhaps in naturall§ occuring RNA molecules, short duplex regions
separating very small loops (1-2 bases) may open up under suitable
conditions to give larger loops which are stabilized by increased base

stacking interactions, oY by the formation of new base pairggg inter-

actions with other RNAs (Steitz & Jakes, 1975).
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Ihe_eéfect of adding additional AU or G-C base pairs was
studied using the following duplexes: CAAUG:CAUUG, CAUAUG, and
CAGUG:CACUG., Average Ty values were determined from the sigmoidal
chemical shift vs. temperature curveé of the aromatic base protomns,
and the results are summarized in Table 16. In each case, the duplex
T, is increased relative to CAUG, a result which is not surprising.
The concentritions of the CAAUG:CAUUG and QAGﬁG:CACUG duplex sets are
to:low fo; a quantitative comparison to be made to the CAUG duplex.
The total stra;d concentration of the CAGUG:CACUG duplex would need to
be increased by a factor of 5 to allow a direct comparison to CAUG.
Since other experiments required CAGUG, most notably a study of thé
CAGUG: CAUUG duplex, it was not possible to conduct a second study of

the CAGUG CACUG duplex at 18.4 mM total strand concentratioq. However,

this concentration imbalance serves to emphasize the stabilizing effect

of an additional G°C base pair: even at a 1 to

S~
concentration, the T, of CAGUG:CACUG 13

disadvantage in

4°c greater than the T of
CAUG! At a comparable concentratioy the Tn of this duplex would-
" certainly be greater than that of CAUAUG, illustrating the exaggerated
importance of % G+C content to short double helices, an effect
previously noted (Uhlenbeck et 2l., 1971).

The increase in T, for CAAUG:CAUUG is comparable to the Té;for
CAUGU (Table 9): a dangling U adjacent to the CAUG duglex stabilizes
the dup}ex as much as an additional internal A-U base pair. The
' CAAUG:CAUUG, CAUAUG, and CAGUG:CACUG duplexes act as a second set of

- .

references in the model system under study, and allow for further

comparisons to be made between various features of secondary structure.

s\
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Figufe 34 shows the chemical shift vs. temperature plots for
the CAGUG:CAUUG duplex set. The sharp sigmoidal nature of the curves
is indicative of duplex formation ‘and a Ty, can be determined. It is
important to remember‘thgt each single strand of this duplex has been
studied in two different ways. As a single strand study, neither
strand showed evidence of formation of a'self-complementary duplex
containing a loop, but rather maintained a stack;d strufture. Each
strand has demonstrated ;:s ability to fo;m a Wé:soﬁ—Crick double
helix with the appropriate compleméntary strand. On the basis of this
evidence, it is apparent that the set CAGUG:CAUUG has formed a double
helix which contains a G-U base pair. The stability oﬁ this base pair i‘

s
——can be measured from the sigmoidal curve for the G(3)H-8 (Figure 34).

This study is the first on the formation and relative stability of 2
G-U base pair within a double helix containing regular Watson-Crick
A-U and G-C base pailrs. ) . -

The results from tﬂ!’duplex studies reported here are summariéed
in Table 16. Each single strand in the CAGUG:CAUUG'&uplex has the
same stacking interactions as in the corresponding CAGUG:CACUG and
CAAUG:CAUUG duplexes. The G-U pair most likely being formed is the
wobble pair withi two hydrogen bonds (Rordorf et al., 1976; Early et al.,
1978). A compa;ison of the duplexes in Table 16 shows that the GU '
pair is less stable than the A-U pair, and there is mno increase of .
stability throughout the duplex, a; there is faé“tbg~pAAUG:CAUUG and
CAGUG:CACU& duplexes when compared to CAUG. In fact, the T values
for the AU and G-C bz;se pai;:s of the CAGUG:CAUUG duplex are identical-

to those found for CAUG {Section 4.1.) and the G-U base pair is
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significantly less stable (Tﬁ = 20.0°C) than the rest of the duplex .oom
(T, = 26 = 1°0). . |

" Several mechanisms could account for this decreased stability.

' For hydrogen bonding to occur in a wobble G+U base pair a shift is

required in the glycosyl torsion angles from the angles t.;:_Sually
associated with Watson-Crick base pairing (Mizuno & Sund;:alingam,

1978). This displacement oﬁ the bases can be easily acco;odated with
little perturbation of the backbone conformation (Mizune & -

Sundaralingam, 1978). However, although stacking interactions are only

slightly changed, this change might lead to an overall decrease in

stability thfoughodt the duplex. An alternate explanation arises from

the observation that.a G-U pair in the wobble position of a codon-

anticodon interaction is as stable as an A-U pair in the same position

(Uhlenbeck et al., 1976). It is possible that the G-U pair cannot

adopt its preferred conformation within a duplex and is therefore a

_region of local instability, perhaps affecting the nucleation and -

closing of the entire duplex. In all probabilicy'both situations exist

Jin solutlon and contribute to the observed effect.

4.6. A Model Study on the Formation of a "Stappered" Duplex

The self-complementary oligonucleotides CCGG (Arter et 2l.,
1974) d(CCGG) and d(GGCC) (Patel, 1977} form short, perfect double

helices, as shown by pmr studies. The helix—coil transitions of the
- <9

" sequence isomers d(CGCG) (Patel, 1976b) and d(GCGC) (Patel, 1979) have

also been investigated by NMR. These sequences caniform either a-
perfeét duplex or a "staggered" duplex (Figure 35), a fact not considered

in earlier studies (Patel, 1976b, 1979).
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(a) (B)
CECPGEG - 5. -CERORC c_:pcgpc;sg caneeess 3t
GpGpCEC . LIPSO CPGPCRC CpGpGeC... . 5"
N (e)
CEGpCes . 5"...CFGRCRG CPGRCEG +.n-e- 3t
GpCpGRC 3t..... .GpCpGpC GpCPGRCe..-» 5t

-

FIGURE 35. Illustration of the double helices formed by (a) CCGG -
perfect helix: (b) CGGC - staggered helix;{c) CGCG -
perfect helix and staggered helix.

2
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A study of the staggered duplex is of interest for several

reasons. The propagation of a staggered helix is an intermolecular

event, whereas intramolecular propagation occurs during the formation

of a perfect duplex (Figure 36). An investigation of staggered
< L =
duplexdng may indicate how important intramolecular propagation is to

g

the stability of a perfect double helix. The staggered duplei may

also act as a model of "butt—end” stacking of perfect duplexes in

concentrated solution. The shielding data derived from an experiment
on staggered duplex formation possibly could be used to estimate the
amount of fbutt—end“ stacking in experiments on perfect duplexes.

. The formation of a staggered duplex was studied ﬁsing the

- -

threc sequences shown in Figure 35. The CCGG oligoribon;cleotide acted

as a control for the formation of a perfect helix. This sequence has

been studied -previously by pmr (Arter et al., 1974). The present work
Tepresents an extension of this earlier work. The use of Fourier N
transform NMR techniques grectly improved the signal to noise ratio of

the spectra, and all of the non-exchangeable aromatic base and. anomeric

ribose protons have now been identified in the CCGG spectra.

v

Comparison of the-70°C spectrum of CCGG with those of sequence

S

precursors and sequence isomers allowed the complete assignment of the
CCCC resonances. As a result of this study, more information is |
available about- the perfect double helix formed by CCGG.

The CGGC sequence can only.form a staggered duplex (Figure 34)
" and therefore is a control for the formationm of such a duplex. Complete
analysis of the pmr spectra was possible by using data obtained fof

sequence precursors. The results of a variable temperature study

g
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CEGoCrG
GpCpGpC

1

CPGPCPG

perfect helix

CpGpCrG

GpCpGpC  GpCpGpC:

butt stacked
perfect helices

S ————
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CpGpCpG - CpGRCPG.
- GpCpGpC GpCpGpl
] CpGpCrG : ;taggéred
elix

GpCpGpC GRCpGRC
1

CpGpCpG CpGplpG

oooooo

GpCPGEC GpCpGRC

slippage

FIGURE 36. Various base paired structures possible for CGCG.
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indicated that CGGC formed a staggered duplex in a reversible manner.

The sequence CGGA was studied in arn attempt to investigate the

nucleétion of a staggered duplex. Aggregation of this oligomer was.

observed, similar to other ...GpG... type sequences that are not self- |

complementary (Jaskunas 25_3;,; 1968; Podder, 1971)..

' The final sequence of this series is CGCG, analogous to the
deoxy._sequence studiéd by Patel (1976b). Comparison of the data for
this sequence with thosé for CCGG and CQGC should allow an elucidation
of which duplex is formed by CéCG. The results of the CGCG study were
complex, ad!?it is possible that a mixture oflthe two duplex types
co—exist in solutiqn.

4.6.1. Results

- .

»
Incremental analysis is a valid assignment technique only when

extension of a sequence does mot result in large shielding changes in
the resonances previously assigned (Borer et al., 1975). Such a
condition was not met for the 70°¢ spectra of many of the sequences
studied (fable 17) and a comparative ;;alysis was reduired in order to
assign the chemical shiffs of some protons. -

) The assignment of the resonances of CG was stfaight forward

and agreed well with published data (Ezra et al., 1977). Extension of

this sequence to CGC lead to several changes in the spectrum. The

C(3) resonances were assigned to doublets at 7.787 ppm (CH-6), 5.930 ppm

(CH-5, eqyivalent to C{1)H-5) and 5.911 ppm (QH-l‘). The G(2)H-1' was

L}
shiclded 0.03 ppm from its positiom in the CG spectrum. Comparison of

-

the CGG spectrum to CG revealed the following differences:

_ - - _ _ 150
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* %Chemical shifts are in ppm relative to DSS using tert-
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TABLE 17. The cemical Shift A331gnments or CCGG and its Sequence Isomers
and"Precursors in D20P at 70 °C.

RES. cG CGG (oo cce CCGG  CGGC CGCG  CGGA
C(1)H-6 7.686 7.662 7.693 7.750 7.747 7.666 7,701 7.652
C(2)H-6 7.7530  7.711 ‘
C(3)H-6 7.787 7.701
C(4)H-6 7.767

G(2H-8 7.999 7.968 7.992 7.955 7.968 7.913
G(4)H-8 7.948 , 7.968
A(L)H-8 ‘ 8.316
A(L)H-2 , : 8.170
C(1)H=5 5.978 - '5.946 5.930 5.976 5.975 5.940 5.923 5.927
C(2)H=5 . . ‘ 5.954  5.940° :

C(3)H=5 . i 5.930 ' 5.846
C(L)H=5 ) 5.912 .
C(1)H-1t5.237 5.803 5.805 5.819 5.817 5.806 5.801
C(2)H-1t 5.88L . 5.847

C(3)H-17 5.911 :

C(4)H-1" _ 5.891

G(2)H-115.891 5.811 5.865 o C.5.792 5.751
" G(3)H-1? 5.873 5.88% 5.798 5.858 5.751
G(Z)H-1* 5.868

AC4)R=1 _ A 6.052

tyl alcohol-0OD

as an internal reference, and are accurate to ¥ 0. 005
?pD:7 0; Concentrations: CG, 17.0 mM; CGG, 1a 6 mM; CGC,
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i) the C(1)E-6 was shielded 0.025 ppm
ii) the G(2)H-8 was shielded 0.03 ﬁpm to 7.968 ppm
iii) the G(3)H-8 was then assigned to the signal at 7-942 ppm
ijv) the C(l)H-5 was shiélded 0.03 ppm
v) th; two GH-1' signals were assigned to ;he_douﬁlets at
5.811 ppm and 5.873 ppm. The shielding resulting from extemsion of the
CG sequence suggested the following assignments: CG, 5.891 ppm; CGC,
5.865 ppm and CGG, 5.811 ppm. The G(3) should provide a stronger )
shielding of the G(2)H-1' than the C(3) (Artet & Schmidt, 1976). The
G(3)H-1' was assigned to the doublet at 5.873 ppm.
The chemical shift as#ignments of -CCG Qere made with the aid of’
published data SQ:\:EFEEig/ég_gi,, 1976). The G(3) resonances were
readily assigned: 7984 ppm (GH~-8) and 5.884 ppm (Gg-l'). The CH-6

. 0
resonances.were equivalent at 70°C, but the CH-5 resonances were not

and the more shielded signal was assigned to the C(2) base. Assignment-

of the CH-1' résonances was resolved by.comparison to ;he CCGG dafa:
one of the H-1' resonances has the same chemical shift in both spectra,
and this résopance'?5.819 ppm)} is assigned Eo C(l)H-l'. The other

H-1' resbnaace is more shielded in CCGG than in CCG, which supports the
assignméﬁt of this ‘resonance (5.884 ppm) to C(2)H-1'.

'_—TEBEpa;ison of the data of CCGG with that of CGG ied to the
assignment of G(4)H-8 to the signal at 7.948 ppm (Table 17). Unlike
the situation in CCG, the CH-6s qf CCGG were not equivalent, and the
" doublet to higher field was assigned to G{Z)H-6'27.711 ppm), since this

base should be

elded more than thE\C(l). Assignment of the other

resonanceé of CCGG was readily made by appropriate comparison to the

-



'"jifsigned to C(3)H-5. A high degree of overlap in

of the spectrum prevented the &
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' ‘—=—GG or ‘CCG data (Table 17).

The assignment of the CGGC resonances was ‘made in essentially
an incremental fashion by comparison to the data for CGG. Some shield-
ing of the resonances was observed, But this did dot complicate the
analysis. The situation for CGGA was essentially the same. Ihe data
for.ﬁhese two sequehces are summarized_in Iable 17. -

The CH-6 prdton resonances of CGCG at 70°C were eqﬁivalent,
as were the two GH-8 resonances. At lower temperatures, thé two H-8
resonances separated, and the szgnal to hlgher field was assigned to
the G(2)H-8 resonance, since this proton w;l%/be shlelded by two
nearest neighbour bases. The two CH-6 resonances also became non-
equivalent at lower temperatures, and the resonance which was deshielded
as temperature decreased was assigned to the C(1)E-6. This deshielding
trend is analaogous to similar trends obsérved for the CH—6 of the CAUG
duplet (Section 4.1, ) ‘The CH-5 resonances were_not equivalent at ; ~

70°C: the resonance at 5.923 ppm was assigned to C(l)ﬂLS by comparlson

- f ,
to CGC (5.930 ppm) and the more shielded resonance, 3 846 ppm was

e anomeric region

-1' resonances.

The-results of the study of the helix—coll tranmsition of CCGG
X b

(9.2 mM) are presented in Figure 37. This data extends € prevdous .

study of CCGG (Arter et al., 1974) by the inclusion of’ the pyrimidine

H-5 and all four H~1' plots. A more rigorous assignment of the

. 3 -
resonances was possible in this study. -Each of the four anomeric

proton doublets were clearly distinguishable dt all remperatures, and

a reduction of the H-1', H-2' coupling comstants to less than 1.0 Hz
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occurred: as the tempefature was- decreased éo 48°C. Broadening of the
line widths became noticeable at tempeégcures_of 38°C and lower. The
avéragé Tp determined from the sigmoidal curves of Cc(2)E-5, G(&)H—S
and G(3)H-8 was Sé.l + 0.8°C. This value is in godd agreement with
the T, of 51 = 2°C determined foé CCGG at a concentration of l? mM
(Arter _g_g_-g‘l_. . 197&-). -

Thg results of a variable temperature study of CGGC are shown
in Figure 38. Several of the ploté are sigmoidal in nature and the
average Tp for the éuplex formed is 33.5 + 0.5°C. As the temperature
was decreasedﬁ%ast the Tp, excessive broadening‘of the lines was

observed (Figure 39). This increase in the correlation time for

molecular motion could be related to an increase in molecular weight

of the duplex structure. A similar temperature dependent Ilncrease in
line width was observed for CGGA, but the variable temperature élots
do not indicate a heléi—coil transition for this sequence (figure 40).
The CGGC duplex.formed in a reversible manner: repeating the melting
experiment several times with ;he samé sample did not alter the shape
of the individual plots or the T, values.

Figure 41 presents the results of the variable temperature
study of CGCG.  The sigmoidal nature of the curves indicated that >
déuble helix formation had ocecurred, but a wide variation of the
indiviéual Tm vélues was observed. The average T value determined
from the GH-8 plots is 41 * 2°C, while the average T cal;ulated from
" the C(3)H-6 and H-5 plots is 47.4 & 0.6°C. The r;sults do not clearly

indicate whether CGCG forms a perfect or staggered duplex im solution.
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FIGURE 39. The temperature dependent line broadening of tha CGGC spectra.
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4.6.2. Discussion

- -

The - sequence CCGG can form only a pérfect double helix. 'The
results of Figure 37 indicate that the CCGG.duplex has a Tm of 50.1 %
0.8°C at 9.2 mM strand concentration. Preliminary pmr studies of this
sequence yieldedﬂg To of 51 * 2°¢ at 13.1 mﬁ.concentration‘(ﬁrter

et al., 1974), in good agreement with the present results. Even though

‘tQﬁ:e earlier studies were conducted at 220 MHz for proton, the
A . [

reshlution available from a computer—average of transientg\éechnique

" only allowed the identification of the two CH-6 and GH-8 resonances.

-

-

transition, with a f;rge shiélding observed for the:§£3)ﬂ—1' proton.

In the pggsent study, the use.of Fourier transform acquisition,.coupled
with carefnl comparison of the: '70°C chemical shift data of CCGG with
those for sequence pPrecursers allowed the identification and as 1gﬁment
of all the aromatlc base and anomeric ribose pr;ton resonances. thls
improved resolution of.the“spectra allowed further observations of the
helix—coif transition of CCGG. The C(Ll)H-5 signal follows a shiel ing
pattern similar to the two CH-6 signals. As the temperature is
initially decreased, these resonances experience a deshielding as
duplex formation begins. Decreasing the temperature .further results in
a shielding trend for the same resonances. Th;s shielding occurs at
temperaiures below Tp, and might result from an end-to-end aggregaﬁion
of the duplex spcclc; in-solution.

The H-1' melting curves are more complex and are not understood.

Two of the resonances, C{2)H-1' and G(3)H-1", undergo a sigmoidal

The H-1", H-2' coupling constants for these four resonances steadily

. »~
"decreased as the temperature was lowered, umtil at 48°C and lower,

[

'%

e
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these resoﬁances were observed as broad singlets (J < 1.0 Hz). This
reduction in ﬁhe coupling-constants reflects a high popui;Elon of
stacked conformers (Altona, 1975) at temperatures close 'to the Ty of
the ddplek. This reSult-supports the conéept'thac for:duplexing to -
occur with short oligoribonucleotides, each single strand is probably
close to a fully stacked conformation (Appleby & Kallenbach 1973'
Kallenbach & Berman, 1977).

The sequence CGGC is only capable of forming a staggered

double helix. The results of several variable temperature studies of

‘this ollgomer indicate that a duplex is formed in a reversible manrer.

The average T, for the duplet,asdetermlned from the melting curves
for the GH-8 and CH-5 resonmances, is 33.5 % + 0.5°C. This T value is
anomalously low for a duplex of G-C base pairs, even when compared to @

CCGG, which is only four base pairs long. This low T, value raised the

-

question of whether-:ijliyllowing duplexes were being formed: -

CGGC or CGGC
CGGC : CGGC
-+ -

This possibility was ruled out by the results of a variable temperature

study of the tetramer CGGA (Figure 40). Under the conditions used for
the CGGC study, CGCA is not capdble of forming a two base pair duplex

with dangling ends. /) N <<~’:b

Why does the staggered duplex formed by CGGC h'ave such a low

: ab? A repeating unit of the staggered duplex can be represented by

the ggrfect helix CGGC:GCCE. This perfect double helix has a calculated

Tp of 60°C at 9.2 mM strand concentration, determined using the data
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and equation of Borer et al. (1974). The CGGC staggered duplex has a
. much lower T, even though its chain length is probably longer than

four G- C.base gairs. Every two base pairs in a2 staggered helix, one

" of the two strands is interrupted by-a "gap" in the backbene: the

—

absence of a phosphodiester linkage. The ol@ggmer d(ATAT) forms a
staggered duplex, as demonstrated,by X—ray‘%tudles (Viswamitra et al.,
1978)._ The results of this study showed that the phosphodiester
1dnkage oggositeqi gap is traams, gauche, giving rise to an.extended
conformation. In the CGGC staggered duplex, the trans, gauche confor—
mation would occur in each GpG phosthodiester linkage. The base

stacking interactions, important to the stability of a doubT? helix,

are decreased in a staggered duplex because of the greater separation

of base planes, and disruption of the right handed helix at the éap

sitee. The Ty results of the variable temperature study of C§GC are
consistent, with the speczal conformation observed foréthe staggered
duplex of d(ATAT) (Vlswamitra et ad., 1978).

How long is the staggered duplex? A staggered duplex fermed

by three CGGC molecules would comtain four G-C base pairs and” two

-

-single strand dangling regions: B
- - -
CGGC i
s . CGGCCGGE ~
. - -+ -~

. -

Dangllng bases decrease the .amount of end-to-en statking of duplex

) speci~§ in-solutlon, leading to a decrease in flow temperature line

broadening in copparison=to the line broadening observed for a perfect

duplex. Figure 39 shows that a rapid and large lipe broadening effect;»

-
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is observed for CGGC as temperature is decreased, inconsistent with

‘the formation of a short staggercd duplex. The line brdadgﬁing resulf

suggests that the staggered- duplex has a muﬁh longex chain length.
Consideration of the nature of the helix—-coil tramsition of a staggered
dupléx would also support a longer chain lenmgth mo&el. The nucleation
complex must be stable emough to allow dupléx formation to occur in a
f;rward direction (Craig et al., 1971). Each 'intermediate' form of a
staggered duplex can therefore act as a 'nucleation' complex for inter—
molecular progagation of ;he duplex. The results of the CGGA study

show that a2 simple two base pair duplex is very unstable; however, CGGC

'does duplex and this simple duplex must also be capable of being a

nucleation complex. Presumably propagatfbn will be able to occur at

- least equaliy well with all of the various chain length ‘nucleation!

complexes, and the chain lengths will continue to grow past four or
six base pairs. Such an interpretation of the helix—coil tramsition is
supported by the observed breadening of the spectral lines at Jow
temperatures.

The CGCG tetramer cén form both a perféct and a staggered
duplex. The results of a.v%riable_tEmperature sﬁudy on this séquence
are presented in Figure -4l. The T values determined from the

sigmoidal curves can be separated inteo two groups: 41 * 2°C for the
N : .

GH-8 r%sonances, and 47.4 * 0.6°q for the C(3)H-6 and H-5 resonances.

Ca

.

This discrepancy. in T, values occurs for bothJC(B) and G(2), which

" form a bas® pair together in a2 perfect helix, and also for both C(3)

~

and G(4), which form a base pair in a staggered duplex. This result

- can not therefore be clearly attributed to either a perfect or staggered

-
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double helix. The observed low temperature broadening of the spectra

resonances could be accounted for by either the formation of a staggered

duplex, or the end-to—end aggregation of perfect duplexes. Duplex
-

formation of this oligomer is probably a complex series of equilibria:

1) at relatively high temperatures, the main equilibrium is coil ra
perfect duplex. Nucleation complexes formed at-these temperaéures

wqpld-be stable enough tq_form‘duplexes by intramélecular propaga-

~

tion but not by intermolecular propagation. .
2) as the temperature is further decreased, it is probagle that the
fo;lowing quilibri;m mixture dxists:
staggered duplex & coil < perfect duplex
with shifts in equilibria to respond to the most stable products.

3) at lower temperétures, the perfect duplex species can form butt

- end-to-end aggregations, which can form.a staggered d‘gp{ex by - /

chain slippage: . . \\\k_/'

- - - -

CGCG €GCG . " CGCGCEEE

e P -o-¢- :

GCGC GCGC GCGCGCGC . -
-+ “ -+ -~ -

-~

Evaluation of the results to quantify the population of the
various species and'equilibrium positions is not possible at pfesent.

" The results‘gf.the study arise from either a staggered dupl r end-to-

end aggregation af'a perfect duplex, but can net distinguish between

these two possib@&ities. However, the T, data suggest that the helix-

. coil transition for CGCG is more compXex than for CCGG or CGGC, each

of which can oaly form a single duplex Eype..

J

-
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CONCLUSION
The stability of short, imperfaht RNA double helices was
investigated by proton magnetic resonance SpectIOSCOPY, since this -

physical technique -can give conformational information of solution

species at the individual nucleoéide level. The short oligoribonucleo—

L J

tides used in these studies were chemically synthesized by the phospho-

triester method of Neilson and associates, which is capable of

preparing a wide variely of sequences in the quantities required for

NMR spectroscopic experiments. Stepwise synthesis of the oligomers

-t

yielded small amounts of precursor sequences, whose pmr data was used

making unambiguous assignments of the proton resonances of longer

sequences. The work reported in this thesis was the first to combine

chemical synthesis of oligoribonucleotides with pmr spectroscopic

. techniques to investigate systematically the effect of imperfections

on the stability of short RNA duplexes. -

_The stabilizing effect of single stranded regions adjacent to

.a double helix is important to the intermolecular interaction between

two RNA moleculds, for example the anticodon-codon duplex formed

between tRNA and mRNA (Grosjcan 55_3;.; 1976; Yoon et al., 1976). The
\ o~
mechanism by which a dangling base region stabilizes the duplex was

-

. not known. The dangling base was thought to introduce this additional

stability by either increasing favourable base stacking interactions

(Uhlenbeck et al., 1971) or by reducing the fraying ¢of the terminal
165

in
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base ﬁéirs (Xallenbach & ﬁermgp, 1977). The pmr study of caue
demonstrated that this oligomer forms a stable duplex which does not
fray at the G-C base pairs. Investigation of the dangling b;se effec;
by the oligoribonucleotides CAUGA and CAUGU demonstrated an increase
in the stability of the duplex, the effect being greate; for a dangling
A. Additional pmr evidence supported a base ‘stacking role for the
dangling base. The oligomer AGCU was inwestigated By pmr‘spectroscopy,
T and foénd to form a double helix with fraying terminal A-U base pairs.
Extension of the sequence to AGCUA allowed an examination of the
proposal of Kallenbach and Berman (1977). The dangling A increased
the duplex stability of AGCU but did not significantly reduce the -
fraying of the terminal AU base pairs. The results of these two
studies are comsistent with the proposal that a dangling base
stabilizes a double helix by increasing favoufable b;ée stacking inter-
aetions. .

The duplex set AGGA:ﬁCCU was studied in an attempt to determine
* whether the proposed Shine-Dalgarmo mRNA-16 S rRNA binding site was
‘selected by nature-because it is inherently more stable tharn other
duplexes with the same base composition. “The éesults 0of the experiment
demonstrated that.FheAAGGA:UCCU duplex was more stable than the CAUG
and AGCU duplexes.. Unliké AGCU, the AGGA:UCCﬁ double helix does not
fray at the terminal A-U base pairs. Apparentl& fraying is a sequence
related phenomenon. .
The four pentanuclectides CAXUG (X = A,G,C,U) were used in

seven experiments designed to investigate diverse aspects of RNA

secondary structure. Each separate pentanucleotide was used to

-
-
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- dangling U increases duplex stability agproximately as much as an

" sites on the basis of their ability to open: .
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examine the formation of a small intermal loop within a shert duplex.
The results of the pmr study indicated that these peﬁtamers did not
form double helices under conditions where CAﬁG exists as a stable
duplex. The double helix sets CAAUG:CAUUG and CAGUG:CACUG were used
to further calibrate the model system to allow useful comparisth'td
be made. The results of the pmr study of CAGUG:CACUG illustrate the
exaggerated stgpiliziﬁg effect of G-C base pairs within short double
helices. The increased stability of CAAUG:CAUUG with :espéct to CAUG

wgs similar to the increase in stability observed for CAUGU. A

additional A-U base pair. ' B .

The final duplex set to be studied was CAGUG:CAUUG. This
study was Fhe first to ihvestiggte the form;tion of a G-Ulwbbble base .
pair within a regular Wéison-Crick base ;aier double helix. The ‘use
of pmr.spectroscopy allowed the observation that the G-U base pair was
less stable than chggsurréunding Watson-Crick base pairs. This
decreased stability may result from the inability of the G-U base pair
to adopt a true wobble geometry.

Recognition sites in RNA may be partially masked in a duplex

" region, which must cpen to allow interaction with other RNA species,

. for example the mRNA-16 S rRNA interaction (Steitz & Jakes, 1975).

The results of the experiments described here can possibly suggest

certain criteria which may be useful in evaluating potential recognition
b

1) The results of the CAXUG study suggest that short duplex regions

separating small loops may have an increased susceptibility to
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Eransient opening.
The presence of G-U §ase pairs may also increase the susceptibility
of short double helical regions to tramsient open19§. Tais
possibility was suggested by the observation that tge G-U base pair
is a point of locailiﬁstability within the CAGUG:CAUUG duplex.

3 The rQSuICS'of the AGCU, AGCUA study suggest that once opening Was
occurred, the larger loop formed may possibly stabilize neighbour-
ing duplex reglons by a dangling base effect if the base pairs
which close the 1oop'f}ay. ?he ability of the base pairs to fray -
will be sequence related, as jliustrated by the AGGA:UCCU duplex.

‘41 Once formed, the intermolecular RNA-RNA binding complex will be
stabilized by the adjacent single stranded regions. This stabiliza-
rion reflects an increase in base stacking interactions, and the
streugth‘of the stability will neéessarily be dependent uponlthe
sequence of tbe single strand region (i.e. CAUGA > CAUGU > CAUG) .

The final study reported in this thesis illustrates the care
which must be exercised in selecting sequencés for study. Certaln
sequences, for example CGCG, are capable not only of forming a perfect
double helix, but can also form .2 taggered duplex. The results of

the pmr study of CGCC, which can only form a §taggered duplex,

ﬂcmoﬁstrate that in solution éhc staggered duplex must have a speéinl

conformation similar éo the‘one proposed by the X-ray s dy of the
sfhggcrcd duplex of d (ATAT) (Vis;;mitra gg_g;;}»}QTSJ. A pmr study
'_of CGCG was prébably complicated by the existence‘of a complex series

of equilibria between random coil, perfect.double helix and staggered

&uplex._ Earlier studies on similar sequences (Patel, 1976b,1979) ¥id
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not recognize this complicating factor, and-treated the data on the
Vgasis of a simple perfect helix & coil equilibrium. Sequences which
can only form a perfect duplex should be chosen to keep the helix-coil

transitibn under stﬁdy relatively simple.

- .

y 4
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