

























































































































































































































































































































































































TABLE 8

PHY M DIGESTION PRODUCTS

AS ELUTED BY DESCENDING PAPER CHROMATOGRAPHYx

CUG high .68 .48
CUG low .69 .38
G .67 -

* Rf values on Whatman #1},
1:1 mixture of

methanol : 1M ammonium acetate,
with 1| OD sample sizes.
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CUG high

- -~_,Jr____7n (plus enzyme)

CUG high
- (no enzyme)
— 1 \x\.k_,‘L/,]~\\\L_____ guanine
CUG low
] I (plus enzyme)
l
CUG low
‘J ) ‘J 1 (no enzyme)
i1 IR
l buffer
-_# T L
0.0 10.0 20.0 30.0
23. HPLC chromatograms of various spleen

phosphodiesterase digests (1 OD samples).
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were known to be long enough to react (Razzell and Khorana,
1961)). Hence the CUG high molecule did not possess a free
5’ hydroxyl end, substantiating the NMR data.

A large gquantity of the CUG isomers were digested
with Phy M to remove the Gs and acquire enough sample for NMR
analysis. Descending paper chromatography, as described for
the deblocking procedure, was used to follow the course of
the reactions. One OD digests of the CUG high isomer
revealed bands with Rfs of .68 and .48. The low isomer had
two bands with Rfs of .69 and .38. Meanwhile G by itself
travelled with a Rf of .67. These results are summarised in
Table 8 and suggested a single cleavage of only one
phosphodiester bond. It appeared that the high Rf band was
the G and the low Rf bands were the dimers. To verify this
conclusion NMR analysis was required.

Such an analysis required treating 50 ODs of both
isomers with Phy M and separating the products on Whatman #1
papers as described for the one OD samples. For the high
isomer, 16.5 ODs of the high Rf fraction were collected as
compared to 12.8 ODs for the low fraction. With the low
isomer digest, 10.0 ODs were recovered for both Rf fractions.
Although these samples were small, their parent trimers were
isolated in a very pure form with HPLC, therefore proton NMR

spectra were obtainable.

4.4.1 Dimer Proton Assignment
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The NMR analysis of both high Rf fractions from the
two Phy M digests revealed that they both were indeed Gs.
Similar analysis of the two low fractions confirmed the
presence of dimer sequences. This was deduced from the
downfield aromatic region. Both contained two doublets with
coupling constants characteristic of C and U. The spectra of
these two dimers differ substantially in the downfield region
as the comparison in Figure 24 reveals. Evidently they
behaved differently in solution.

Unfortunately the quantity of dimer present did not
enable the acquisition of well resolved spectra of the
complete ribose regions. A few features were well outside the
major cluster of ribose protons to enable some assignment.
The first were markedly downfield H-2’ and H-3’ protons in
both dimers. Their lowfield position and their coupling
pattern and size dictated that they were due to a cyclicized
2’/3’” phosphate at U. This is supported by the data in Table
9 which compared all the possible coupling constants present
to those for cyclic uridine monophosphate (cUMP) obtained
from the literature (Lapper and Smith, 1973).

These numbers are very similar and in most cases the
quoted results are within experimental error of the
experimental results. Note that the cUMP is thirty times
more concentrated and in a different salt form than the

dimers and therefore greater discrepancies might have been
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TABLE 9

COMPARISON OF THE COUPLING CONSTANTS, IN Hz,
OF THE 2’ AND 3’ PROTONS
OF 27-3* CYCLIC U
WITH THOSE PRESENT IN THE PHY M DIMERS

COUPLING u* CU>P HIGHa CuU>Pp LOWb

FOCOE 3.0 2.7+ .1 2.90 + .01
2’ -3 6.9 7.0 + .1 6.8 + .2
3°~4’ 5.5 5.3 + .3 4.91 + .08
2°-P 6.9 7.08 + .03 7.0 + .2
3’-P 11.5 11.22 + .01 11.5 + .2

x Ba' form, .15 M (Lapper and Smith, 1973).
a NH form, 3.90 mM.
b NHa form, 2.38 mM.
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Fig. 24. 250 MHz comparison of the lowfield proton
spectra of CU>P high and low at 60.6°C.
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Fig. 25. 250 MHz comparison of the upfield ribose

proton region of CUG high with CU>P high
at 60°C.
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250 MHz comparison of the lowfield proton
spectra of CUG high and CU>P high at 60°C.
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CU normal

250 MHz comparison of the lowfield proton
spectra of 3’-5’ linked CpU with CU>P

low at 30.0°C.
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expected. As a result the dimers will be labelled as CU>P to
delineate a 2’/3’ cyclic phosphate, with a high or low title
following it to denote the parent trimer.

Another readily visible aspect of the dimer spectra
was the presence of a free 5’ hydroxyl end in the CU>P low
molecule. This was established on the same basis its
presence was established for the trimers, upfield and with no
phosphorus coupling.

In the CU>P high isomer the major similarity with the
parent trimer was in the region containing C 2’ and 3’
protons with a near identical chemical shift. This is
evident in Figure 25 which compares CU>P high with CUG high
at abcocut 60°C. Apparently the feature that resulted in the C
2’ and 3’ protons’ chemical shifts laying upon each other in
the CUG high isomer have been carried over to the dimer.
However, it is still not possible to acquire any information
on their exact chemical shifts or coupling constants because
they still perturb each other greatly.

Proton assignment of the 250 and 500 MHz spectra was
based on U containing a cyclic 2’/3° phosphate. A COSY-45
spectrum was obtained at 250 MHz in an attempt to follow the
ribose ring magnetization transfers. Unfortunately, due to
the small amount of sample and time constraints, the
resolution was not satisfactory. Hence the assignment of the
H-5"/H~5" protons rest mainly on the appearance of a well

resolved H-4’ proton which was connected to U(H-3’) via the
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COSY experiment. This was connected to the upfield most set
of H-5’/H-5" resonances due to better agreement of the
coupling constants. The assignments are illustrated in
Figure 28 for CU>P high at 30.0°C and at 500 MHz.

It should be pointed out that the spectra at 500 MHz
reveals two sets of H-5’/H-5" protons in an ABMX pattern.
Hence the 5’-5’ linkage is still intact in the dimer after
the Phy M digest.

Note that 500 MHz spectra of the CU>P high dimer was
obtained at 70.0 and at 47.7°C as well in the hope of more
fully spreading out the C H-2’/H-3’ region. This proved
unsuccessful but information on some of the other protons
were obtained. To enable comparisons, spectra of CU>P low
and normally linked CpU were obtained in this temperature
range as well to compare trends observed in the proton
chemical shifts readily visible. Such an endeavor would
hopefully provide insights intoc the solution behaviour of
these dimers which might help in the interpretation of the
trimer data. Additionally it would enable one to compare the

effect of a 3’ terminal G on the 5°-5* linked dimer.

4.5.1 Phosphorus NMR

The backbone of oligoribonucleotides consist of
phosphodiester linkages. 1In cells, it is this backbone that

is most exposed to the environment in double helical DNA. As
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a result it has been inferred that the shape of this outer
region, determined by specific DNA sequences, may play a
vital role in DNA/enzyme recognition (Griffen et al., 1973,
Scheek et al., 1983, Clore et al., 1984, Hall et al., 1984).
Fortunately this “"spine” is composed of the nucleus

phosphorus-31 (P-31) that has a spin of 1/2 and is 100%
naturally abundant. Therefore it is possible to use NMR to
study the behaviour of nucleic acids in solution by
monitoring P-31 resonances (Patel, 1976, Gorenstein et al.,
1982, Gorenstein, 1984, Cheng et al., 1984, Ott and Eckstein,
1985). |

P-31 NMR is useful because it is a sensitive monitor
of the torsion angles about itself, = and f, in the diester
form, and the 0-P-0 bond angle. Such a conclusion has been
reached on both theoretical (Gorenstein and Kar, 1975, Pradd
et al., 1979) and experimental grounds (Gorenstein et al.,
1976, Gueron and Shulman, 1975). These findings suggested
that the P-31 chemical shift should move upfield when going
from the -ap to the -sc orientation. This is the case when
an oligoribonucleotide goes from the random coil to the
duplexed or base stacked state. As a result "helix (base
stacking)-coil®™ transitions may be followed over temperature
by monitoring the P-31 chemical shift (Gorenstein, 1976,
Haasnoot and Altona, 1979). Furthermore, no protons are
involved in the torsion angles = and g-(Section 1.3.3.6).

Therefore this becomes an important method for acquiring
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information on these angles which appear to donate the most
flexibility to the nucleic acid backbone (Arnott and Hukins,

1969).

4.5.2 Phosphorus Referencing and Assignments

One of the problems associated with P-31 NMR
spectroscopy is the suitable referencing of the spectra.
This arises because there is no suitable reference compound
that can be added to the sample, the chemical shift of which
is not temperature dependent. Normally, in proton
spectroscopy, a reference such as t-butyl alcohol,
tetramethylsilane (TMS) or
2,2-dimethyl-2-silapentan-5-sulfonate (DSS) is used where the
resonance frequency has no significant intrinsic temperature
coefficient. For aqueous solutions any changes that might
occur are the result of changes in the deuterium D;0 lock
frequency that occur with temperature. By following the
change of the HDO signal versus any of the above signals with
temperature, it is possible to monitor the way in which the D,0
lock frequency will change with temperature. Such an
experiment was conducted by Coddington and Bell (1983). A
straight line was obtained at 250.13 MHz that spanned more
than 200 Hz with a slope of +2.56 Hz/°C. At the P-31
frequency this corresponded to +1.035 Hz/°C. With this value

one is able to eliminate the chemical shift change of the
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deuterium lock frequency from the P-31 chemical shift by
applying this correction factor to the sample set at one
particular temperature and reference signal. Now P-31
chemical shift differences with temperature are due solely to
environmental changes and not changes due to the movement of
the field/frequency deuterium lock signal.

The two most often used references in the literature
appear to be 85% or 15% phosphoric acid in D,0 at room
temperature or at 30°C. The standard of choice was the 15%
phosphoric acid in D,0/H20 at 30°C because: i) readily
available commercial phosphoric acid was 85% in Hy0 and ii)
30°C was more specific than room temperature. This resulted
in the use of a spectral reference frequency (SR) of
25825.380 Hz for all spectra at all temperatures. Then to
all the acquired spectra 1.035 Hz per °C was added or
subtracted from the observed chemical shifts depending on
whether the temperature was above or below 30°C. It is these
corrected data that are plotted in Figure 29.

A second problem involved in P-31 spectroscopy of
oligonucleotides was the assignment of the resonances to a
particular dimer unit. Various techniques have been employed
to attain such assignments:

i) Synthesis of oligomer with 0-17 directly bound to the
phosphorus at a particular site (Joseph and Bolton, 1984,
Petersheim et al., 1984, Shah et al., 1984, Gorenstein et al,

1984). Because of its fast relaxation rate, the 0-17 induces
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128

scalar relaxation of the second kind and broadens out the
phosphorus signal it is bound to. However, pure 0-17 HZO is
difficult to obtain, because a certain percentage of 0-18 is
usually present and this has the effect of producing an
upfield isotope shift. Thus 0-18 can be alternatively added
to one site, and in most cases a combination of 0-17 and 0-18
is used to label more than one phosphorus in a sequence.

Although this technique appears very useful in
identifying phosphorus signals to a particular dimer unit, it
does have its drawbacks. Primarily, oxygen isotopes add
additional expenses to the synthesis. In the case of the CUG
isomers under study, the molecules were already synthesised,
with one being a side product. Therefore isotope labelling
would have meant new synthesis.

ii) Decoupling one phosphorus signal at a time and observing
the proton spectrum (Cheng et al., 1982, Cheng et al., 1984).
If the ribose proton spectrum is completely assigned, one can
identify the sequence position of the phosphorus from the
H~5’/H-5" and H-3" protons which lose their phosphorus
coupling.

The problem with this technique is that it requires a
proton probe that specifically decouples phosphorus, or the
use of additional equipment to modify signals produced by the
usual P-31 detection/H-1 decoupler probes.

iii) Two-dimensional heteronuclear chemical shift

spectroscopy (Pardi et al., 1983, Lai et al., 1984, Lown and
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Hanstock, 1985). The principle is similar to a COSY
experiment except polarization transfer now occurs between
heteronuclei. Cross peaks are produced at positions where
the proton spectrum, Fl, cross correlates with coupled

phosphorus signals in F2. To make use of the technique the

ribose proton spectrum needs to be assigned. This method was
attempted on a WM-250 spectrometer but, most likely due to
either improper 90° and 180° H-1 and P-31 pulse calibrations
and/or, instrumental variations in successive pulses, both
techniques proved‘fruitless.

iv) The use of a double resonance, selective decoupling
experiment (Gronenborn et al., 1983)., This is possible if
the ribose proton spectrum is assigned and the H-3’
phosphorus coupled protons are sufficiently resolved and
separated. Decoupling is accomplished with a continuous wave
(CW) centered upon an H~3’ phosphorus coupled proton. The
decoupling power is then adjusted until the observation of
one phosphorus signal becoming sﬁarper than the other(s).
This signal is now more effectively decoupled than the other
phosphorus signal(s) because the decoupling field is centered
specifically upon one coupled proton.

The above was the method of choice to assign the
phosphorus signals of the CUG low isomer as described in the
Experimental. The spectra of these experiments are displayed
in Figure 30 for the low isomer (3.31 mM, no salt) at 30°cC.

Figure 30A is the broadband decoupled spectra. Figure 30C is
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the result of applying CW irradiation of 25 H upon C H-3’
centered at 4596.122 Hz. Obviously the upfield signal was
more intense hence this was assigned to CpU. Figure 30B is
the result of 22 H irradiation upon U H-3” at 4632.794 Hz.
In this instance the opposite effect occurred with the
downfield signal appearing more intense. This confirmed the
first assignment because the process of elimination required
this signal to be UpG.

Figure 29 is the variable temperature plot of the
temperature corrected chemical shift data for both CUG
isomers. From the assignment of the signals of the low
isomer it was possible to infer assignments for the two high
isomer signals. The one coincident upon the UpG signal of
the low isomer should have been due to the same isomer unit.
Conversely the other signal, shifted radically downfield, was
assigned to the 5’-5’ linked CpU unit. With these
assignments it was then possible to interpret the variable
temperature graph.

The obvious observation was that the UpG resonances
both followed similar paths. Both moved only slightly
upfield with decreasing temperature, indicating mild base
stacking. This observation indicated that the UpG unit
behaved similarly in both isomers, at least with regards to
the phosphodiester backbone orientation.

With regards to the CpU low signal, an obvious

upfield trend was seen from 60 to 0°C. This corresponded to
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an upfield transition of .17 ppm which contrasted sharply to
the .03 ppm shift seen for CpU high over the same temperature
range. This suggested that the C and the U yere stacking
better than the U and the G in the low isomer. 1In the high
isomer the reverse appeared to be true. This was in accord
with proton data, which will be interpreted more fully later,
that suggested the low isomer stacked from the 5’ end while
the high isomer stacked from the 3’ position.

Another feature was the large difference in chemical
shifts of the CpU resonances in both isomers. CpU high was
.67 ppm downfield of the signal of the low isomer at 61°C.
Evidently both phosphorus atoms were in very different
chemical environments as would be expected with a different
linkage. The 5’-5’ phosphodiester bond appeared more
deshielded than the biclogically normal 3°-5’ linked dimer
unit. Even so, an upfield trend was seen from 40 - 2°C which
suggested some form of order was occuring‘about the dual =
torsion angles as they adopted more of an -ap conformation

about the riboses.

2.6.1 Carbon-13 Spectroscopy

To obtain details on the orientation of an
oligonucleotide, it is useful to possess the carbon-13 (C-13)
spectra of such compounds (Gronenborn et al., 1983, Lankhorst

et al., 1985). It is from C-13/P-31 coupling constants that



133

information on the torsion angle £ can be obtained (Sec.
1.3.3.5). The problem is to obtain enough oligomer to obtain a
C-13 spectrum. Further, if one desires to accurately assign
the carbons via a 2D heteronuclear chemical shift correlation
experiment (Mandsley et al., 1977, Budenhausen and Freeran,
1977), then one needs yet more sample to conduct the
experiment in a reasonable period of time. As a result
assignment is made by comparing the spectra of the trimers to
those of monomers and dimers (Gronenborn et al., 1977). In
the case of the two separate isomers under study an
additional advantage rests in comparing the two isomers.

This is because the nature of the phosphodiester bond confers
certain recognizable features to the carbon-13 signals.

The primary feature of phosphorus is its ability to
split a C-13 signal due to the possession of a 1/2 spin
nuclear quantum number. In the two isomers, the CpU bond
differs in terms of the carbons linked to phosphorus. In the
high isomer this was 5’-5’, in the low isomer 3’°-5’, Up to
three bond coupling was observable if the molecule was
oriented properly. The coupling or non-coupling features of
the carbon signals would therefore have labelled it to  the
first nucleotide C. This was because in the high isomer, C
C-2’ should have been a singlet since it was five bonds away
from the nearest phosphorus. In the low isomer it should
have existed as a doublet because it was only three bonds

away and would then feel the effect of phosphorus.
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Comparison of the spectra in Figures 31 and 32 bear this out
and these were used to assign the 74.30 ppm single resonance
(55°C) to C in the high isomer because it was split in the
low isomer (74.47 ppm, 22°C).

Similar arguments, together with another feature of
the effect of phosphorus, was used to assign C C-3’ (as well
as C-5’s). This is the downfield shift of approximately 3
ppm seen in dimers that phosphorus induces upon a carbon
involved in the phosphodiester bond (Alderfer and Ts’o,
1977)>.

Such an effect is evident in Figure 32 where the
signal at 71.07 ppm in the high isomer disappeared in the low
isomer spectrum (Figure 31). This signal was a singlet and
upfield approximately 3 ppr from the middle of the nearest
region containing other similar signals. Also, there was
another singlet slightly upfield of it that appeared in both
spectra at 70.09 (high) and 69.97 (low) ppm. The latter
‘signal was assigned to G C-3’ which meant the former at 71.09
ppm C(high) was C C-3’.

Three of the six C-2’ and C-3’ signals were now
identified. Assignment of the other signals were made by
using knowledge of the effect of changing temperature on the
chemical shifts of these carbons. C-2’s were invariant with
temperature while C-3’s shifted by up to .8 ppm over 100°C
(Gronenborn et al., 1983). Such a change was noticed for the

unassigned doublet centered at 73.75 ppm in the high isomer
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at 55°C and the broader doublet seen at 73.87 ppm in the 22°C
spectrum. This was a difference of .12 ppm over 33°C which
was the largest shift of any of the carbons as yet
unassigned. Therefore, this signal was assigned to U C-3’.

A doublet appearing at 73.82 ppm in the low isomer was

additionally assigned on the basis of the high isomer
assignment since its chemical shift was similar. This would
be expected since both carbons were involved in a 3’-5’
phosphodiester bond.

The remaining two C-2’ were assigned on the basis
that U should be a doublet and G a singlet in both isomers.
This singlet was seen at 75.08 ppm (high) and 75.06 ppm (low)
and assigned to G in both isomers. In the high isomer only a
doublet centered at 74.84 ppm remained unassigned and
therefore, by elimination, was assigned to U C-2’.

Note that two carbon signals were unassignable in the
low isomer, U C-2’ and C C-3’. Both should have appeared as
doublets and must have been located within the relatively
broad region centered at 75.1 ppnm.

The C-5’s appear furthest upfield of any of the
nucleotide carbons (Jones et al., 1970). 1In assigning these
signals use was made of the phosphorus deshielding effect on
carbon. Free hydroxyl 5’ carbons appear ypfield of carbons.
involved in a phosphodiester bond. As a result the sharp
signal most upfield at 58.93 ppm in the low isomer could only

have been due to C C-5’. The problem, however, was that the
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other two C-5’s were split and did not appear above the noise
level. Various data massaging techniques did show maximum
signal intensities centered at 65.64 and 65.23 ppm. This
roughly corresponded to better resolved signals in the high
isomer spectrum at 65.60 and 65.25 ppm at 55°C (these signals
were poorly resolved at 22°C). Of these, two appeared as
wide singlets while only one was clearly split. Since these
apparent singlets were not twice the intensity of the
definitely split C-5’, the phosphorus coupling of these
carbons must then be less than 5.7 Hz as observed for the
doublet at 65.60 ppm (high).

It was not possible to unambiguously assign the U and
G C-5’s. However a few comments may be made about the
features of these resonances.

Firstly, the presence of three signals within .96 ppm
of each other in the high isomer and all coupled to
phosphorus indicated that each C-5’ was bonded via an ester
link to a phosphorus atom. This offered further support for
the 5’°-5’ link assignment. Secondly, a free 5’ hydroxyl
bonded carbon usually appears about 3 ppm upfield of the
normally linked carbons involved in phosphodiester bonds in
dimers. In the few C-13 spectra of RNA trimers available,
the only one containing traditional bases is 4 ppm upfield
from the nearest C-5° carbon (UUC) (Gronenborn et al., 1983).
In the CUG low isomer, the C C-5’ was 6.3 ppm away from the

nearest C-5’. If one assumed the peaks at about 65.6 and
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65.2 ppm were from the same C-5’ nucleotides (which was a
reasonable assumption considering the UpG parts were the
same), then the 66.16 pps high isomer peak belonged to C
C-5’. This represented a change of 7.2 ppm in going from the
free hydroxyl to the phosphodiester linked form which
increased the difference even more. The trend appeared to be
that in the trimer, the free C-5’ signal was further upfield
then the corresponding signal in the dimer which was further
upfield than the one in monomers. This observation appeared
to arise not from the downfield carbons moving further
downfield, but due to the upfijeld C-5’s moving further
upfield, as the data in Table 10 indicates. Perhaps the
upfield shift is a reflection of a more sterically hindered
carbon in the trimers than in the dimers or monomers (Wehrli
and Wirthlin, 1976)>. This would be in accord with
Sundaralingam’s "rigid” nucleotide model that denotes more
rigidity to nucleotides as the sequence length increases
(1973).

Downfield of the C-2’/C-3’ region lay the signals due
to C~4’. 1In both isomers two doublets should have been
observed (C and G) plus a quartet (U). This was the case
with doublets centered at 84.22 and 83.20 ppm in the low
isomer and 84.33 and 88.51 ppm in the high isomer. Coupling
constants were extractable from these signals. The quartet
appeared as a triplet in both isomers (two apparently

identical couplings) at 83.19 (high) and 83.49 (low) ppn.
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TABLE 10
C-5’ CHEMICAL SHIFTS IN ppmx

SEQUENCE

w®  62.4U (1) 66.5U (2> 66.5C (3>
CuG (LOW)c 58.9 C 65.3 (U/G?) 65.6 (U/G?)

CUG (HIGH)b 66.2 C 65.3 (U/G?) 65.6 (U/G?)

(3d 63.2 C - -

* relative to dioxane at 67.40 ppa.
a Gronenborn et al., 1983. 0°C.

b 22°C, :

c 55°C.

d Hruska and Blonski, 1982. 27°C,
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The major difference between the two sets of C-4’ signals was
the 88.51 ppm doublet in the high isomer and the doublet at
83.2C ppm in the low isomer. These signals may be assigned
to C where the orientation of the ribose relative to the
remaining UpG unit changed drastically. Therefore by
elimination the other set of doublets was assigned to G.

At 22°C the difference between the C-4’ chemical
shifts of the low and high isomers were -5.44 (C)>, +.39 ()
and -.06 (G) ppm. This reflected G C-4’ being in relatively
the same environment in both isomers with U experiencing some
change due to its nearer proximity to the reoriented ribose
in the 5’-5’ isomer.

The signals due to C-1’ could not be unambiguously
assigned. In both isomers two signals existed practically on
top of each other at about 90.4 ppm. An additional signal
existed in both isomers at 88.81 (high)> and 88.77 (low} ppm
(22°C). Since the G C-1’ of the monomer is slightly upfield
of the C-1’ of pyrimidine analogues (Dorman and Roberts,
1870), it could be inferred that this upfield signal belonged
to G.

The only other signals that were assignable were the
C-5s because of a difference of 6 ppm in their chemical
shifts (Dorman and Roberts, 1970). The values for the
heterobases were almost identical in both isomers. This was
a consequence of the poorer sensitivity of carbons to

base-stacking anisotropic effects and the small amount of
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TABLE 11

CARBON-13 CHEMICAL SHIFTS (ppw)
AND PHOSPHORUS-31 COUPLING CONSTANTS (Hz)

CARBON TEMP.°C c u G

C-5- H 55  66.16 <-)  65.60 € 5.7)  65.25 (5.7)
H 22 - - 65.15 (4.9)
L 22 58.93 65.64 (8.9) 65.23 (-)

® 6 6 6 6 8 ¢ 4 60 00 066 00600 006 0060080 s L I I R O I e I A . I I I A ]

C-4’ H 55 88.51 (4.5) 83.19 (2(8.9)) 84.33 (7.3)

H 22 88.64 (9.9) 83.10 (2(9.1)) 84.27 (8.7)

L 22 83.20 (29) 84.49 (2(10.5)) 84.22 (Z10)
é;é;.ﬁ...éé....;i:éé.........%é:éé.ié:i;.....%é:éé.......
H 22 71.02 73.87 (5.9) 69.92
L 22 ? 73.82 (29.5) 69.97
é:é;.ﬁ...éé....%;:éé......Q..%;:é;.iéiéi.....;é:éé.......
H 22 74.21 74.84 (6.6) 75.04
L 22 74.47 (%7.9) ? ‘ 75.06
c-1*'H 55 90.44 (C?>  90.36 «U?>  88.96
H 22 90.51 (C?) 90.39 (C?) 88.81
L 22 90.53 (U?) 90.53 (C?) 88.77
é;é..é...éé.. .éé:éé ........ iéé:é; ........... EEREEEEREEE
H 22 97.03 103.53 -
L 22 97.06 103 50 -
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stacking that was occurring over this temperature range.

4.7.1 Solution Behaviour

With these carbon assignments and coupling constants,
tabulated in Table 11, it was possible to use various Karplus
styled equations in combination with the proton and
phosphorus data to make more definite statements about the

preferred conformation of the two isomers in solution.

4.7.2 Trimer Base Region

Figures 33 and 34 are variable temperature plots
comparing the behaviour of the H-8, H-6, and H-5 protons of
both isomers. The H-6 and H-8 protons of the low isomer
shift to low field with decreasing temperature. 1In the high
isomer, an upfield trend is seen. Because H-6 and H-8 are
close to the phosphodiester backbone and near the ribose ring
oxygen in the anti form, they feel the diamagnetic anisotropy
of these groups when orientated appropriately (Lee and
Tinoco, 1980). Hence any shielding arising from
base-stacking may be overpowered by the phosphorus and/or
oxygen deshielding.

The trend is in contrast to that seen for H-5, which
roves upfield in both isomers. Generally these protons are

considered to be the more reliable indicators of base
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TABLE 12
AROMATIC AND H-1’ CHEMICAL SHIFT

DIFFERENCEa OVER TEMBERATURE
FOR CUG HIGH® AND LOWDIN ppmx

PROTON HIGH LOW

G H-8  +.0268  -.0416
C H-5 +.0462 +.1116
U H-5 +.0454 +.1907
C H-6 +.0150 -.0939
U H-6 +.0082 -.0390
C H-1’ +.0126 +.1116
U H-1’ +.0397 +.0763
G H-1’ +.0483 +.0189

a no salt, 7.90 mM, 68.5 to 5.6 C.

b no salt, 5.89 mM, 70.4 to 5.6°C,

% positive values indicate upfield shift
in going from high to low temperature.
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stacking behaviour (L.ee and Tinoco, 1980). With this in
mind, note the greater ability éf C to stack in the low
isomer as indicated by the greater upfield shift of .112 ppm
in comparison to .046 ppm in the high isomer (Table 12). The
better stacking in the low isomer is further seen in the U
H-5 protons which show an upfield shift of .191 ppm in
comparison to the .045 ppm movement in the high compound.

The shielding effect in the low isomer of U is roughly twice
that seen in C, as would be expected, since it would feel
magnetic anisotropy shielding effects from the base above and
below it. Its weak presence in U H-5 in the high isomer
suggests that base-stacking above and below it is not as
appreciable.

This information, in view of the H-6/H-8 data,
suggest that the low isomer is in a predominant Xanti
conformation. It is because of its anti conformation that
downfield shifts in H-6 and H-8 are produbed in the low
isomer (overriding phosphate and ring oxygen effects). Also,
base-stacking interactions appear in the anti form in A-RNA
hence this form in the single helix should also be more
favourable. The opposite shift for these protons does not
necessitate that the high isomers’ bases exist more in the
syn form. This would explain the upfield shifts, but perhaps
a better explanation involves the presence of the additional
C4’ - C5° bond in the CpU part. This would allow the

phosphorus to be pushed out slightly more from the center of
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base stacking, hence its magnetic anisotropic deshielding
effect would not be as powerful. The upfield shift of the G
H-8 proton may then be due to distortions in the UpG backbone
carried down by the 5°-5’ linkage. However, the G H-8
behaviour is probably due to it existing more in the;x syn
form. This is more plausible for G because the energy
barrier between syn and anti is smallest for purines.
Additionally, for the syn form to exist, the ribose must be
in an 2’ endo (S) conformation (de Leeuw et al., 1980). This
conclusion has been reached on X-ray crystallographic studies
of purine nucleosides which correlate the anti form with
3’-endo (N), while the 2’endo form is an almost equal mixture
of syn and anti. For G the amount of 3’-endo is calculated
to be nearly identical in both isomers at 44% (high) and 46%
C(low) (47.7°C). Hence the criteria and precedence for more

syn character exists.

4.7.3 Trimer H-1’ Proton Regions

Figure 35 is a variable temperature plot of the H-1°
protons of both isomers. H-1' is another good indicator of
base-stacking (Lee and Tinoco, 1980). All protons move
upfield with decreasing temperature, indicative of shielding
trends associated with base-stacking. In the low isomer, the
proton at the 5’ end moves upfield the most, the terminal 3’

G proton the least (Table 12) This is in contrast to the
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high isomer which displays an opposite behaviour. The result
for the low isomer is unusual because generally the 5’ base
H-1’ proton displays the least upfield shift when stacking
occurs since it is situated right over top of the molecule.
A substantial part of this upfield motion may therefore be
due to changes in the glycosidic torsion angle )(. A plot of
3J(Ht’,H2’) versus chemical shift (Figure 36) suggests a
linear relationship until a value of about 2.3 Hz is reached.
Because 3J(H1’,H2’) is an indicator of the percent S
character in the ribose, it appears that the chemical shift
effect up to his point is;x dependent. This is because mrore
N character means more anti character (de Leeuw et al.,
1980). However, more anti character should result in the Keto
group being placed closer to the H-1’ proton. This would
deshield it and produce an opposite effect. The
contradiction is explicable when one considers that even at
high temperatures C is predominately in the N form
(approximately 60%). This would indicate that a change 1is
occurring in the anti position itself, shifting slowly away
from the proton. This continues down to 20°C, at 2.3 Hz,
where more complicated behaviour takes place as suggested by
the non-linear pattern past this point.

In terms of relative chemical shifts, the greatest
difference is between C H-1’s, where the high isomer is
downfield of the low one. Obviously its chemical environment

has been altered radically. It may be due to a larger
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interbase distance in the 5°-5* link resulting in less
shielding from the lower base, a twisting of the ribose about
the phosphodiester bond such that this proton is more
outwardly exposed, or a combination of these two
explanations.

Both U H-1’s behave more similarly, with their
chemical shifts being more identical at all temperatures than
any of the other base H-1’s. However the high isomer moves
less upfield than the low one, possibly due to a weaker
anisotropic influence from C.

The G H-1’din the low isomer is downfield of the high
isomer. The difference is not nearly as dramatic as for C,
but the presence of this effect indicates that the 5’-57
phosphodiester link one base removed is having an effect on
the terminal base. Furthermore, this is the only H-17
proton, the chemical shift movement of which, is greater in
the high isomer than in the low. This could be indicating
that the UpG part in the high isomer is acting more on its
own with regards to base-~stacking. That is, in the low
compound the CpU part preferably stacks first, but in the
high isomer, it is the UpG portion where the bases are

interacting first.

4.7.4.1 Dimer Behaviour

At this point it would be appropriate to study the
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information obtained on the dimers and determine if trends
seen here extend into the trimers. Variable temperature
plots are produced in Figures 37, 38, and 39 between 30 and
70°C. While these do not go to as low a temperature as the
trimers, they are indicative of trends. The unfortunate
aspect of these comparisons is that the CpU was in salt (1 M)
while the cyclic dimers were not. This should not effect the
shape of the curves however, but perhaps only alter their
position (Cantor and Schimmel, 1980). This is because salt
increases the Tm of base-stacking or duplexation. Such
behaviour is a result of the salt making hydrophobic
interactions more favourable at low salt concentrations.
This appears to have resulted in upfield movement of all the
chemical shifts of the base and H-1’ protons of the CUG
trimers except for G H-1’, whose curve moved downfield in
salt. Figure 40 compares some protons to give an idea of the
trends. Also, because duplex formation is ﬁot occurring in
any of these molecules, especially in this temperature range,
the salt/no salt difference is made less important. This is
because the hydrophobic region in a base stacking
oligoribonucleotide will not be as large as the region that
would exist in a double helix.

All the dimer spectra were obtained at a pD of about
7.0. It was later discovered that the phosphate groups of
trimers only contain one negative charge at this pD but

monomers and dimers are similarly charged at a pD of 5.5
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(Cheng et al., 1980). Therefore these dimers have less of a
charge upon their phosphodiester backbone than the trimers
and this could effect the behaviour of these molecules.
However, all the dimers are similarly charged, therefore the
comparison of trends between them is still viable. It is
when comparing these trends to the trimers that care will
have to be taken because the results will not be guantitative

and differences seen may be under or over expressed.

4.7.4.2 Aromatic Region

The chemical shifts of all the H-6 protons move
downfield with decreasing temperature (Figure 37). In the
trimers, the high isomer was the exception, moving upfield.
This difference is likely due to the 2’-3” cyclic phosphate
on the U ribose which probably contributes additional
magnetic anisotropic deshielding effects to fhese protons
since it is closer to the two bases.

The downfield trends in this temperature range are
only marginal for CU>P high. By contrast the CU>P low isomer
moves downfield more significantly, while the normal dimer
moves yet more drastically. The order of downfield movement
in the dimers is consistent with the trimers; CU normal >
CU>P low > CU>P high, compared to CUG low > CUG high.

Both U H-6 protons move marginally with temperature.

This is consistent with effects seen by others in cyclic
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monomers (Geraldes and Williams, 1978). This was interpreted
via lanthanide ion probes to mean that the base was in a

syn position. That the U H-6s are upfield markedly from the
normal dimer is additional proof for this occurrence. In the
syn position the H-6 will be away from the center of the
ribose ring, not feeling the effects of oxygen and phosphorus
deshielding. This constrasts to the C H-6s in both CU>P
dimers, where the resonances are downfield of those of the
normal dimer at high temperature. Such an effect must be a
result of this proton being influenced by the cylcic
phosphate group on the adjacent ribose.

The H-5 protons of the dimers all show upfield
chemical shifts with decreasing temperature as the trimers
did. Of these, the Cs’ movement are the smallest, probably
due to the poor ring current effects of U (Geissner-Prettre,
et al., 1976, Everett et al., 1980).

The U H-5 protons all have similar éhenical shifts
while the C H-5 protons are more variable. This suggests
that the cyclic C H-5s are feeling the effect of the cyclic
phosphate more so than the U H-5s. This is because they can
swing over top this group while the U H-5s are locked away
from it by the glycosidic bond holding it in the syn

position.

4.7.4.3 H-1’ Region
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Figure 39 compares the H-1’ chemical shifts of all
three dimers with temperature. All move upfield with
decreasing temperature, but some do so more distinctively
than others. It is this feature that offers significant
insights about the nature of the 5°-5’ dimer.

In the normal isomer only the C H-1’ proton moves
decisively upfield, the U H-1’ moves marginally. This is odd
because the 5’ nucleotide usually is shifted upfield the
least during stacking. However this is the same trend as
seen in the similarly linked CUG trimer, hence the same
events, related to the glycosidic torsion angle, might be
occurring.

With regards to the CU>P low dimer, neither H-1’
moves significantly. Since the U in the normal CpU did not
move much, similar behaviour might be expected here. The
absence of movement in the C H-1’ then must be due to the
cyclic 2’-3’ phosphate. Its effect could be due to
deshielding or induced changes in the manner of stacking
which result in H-1’ not moving upfield much. It could also
mean that stacking in the cyclic dimer is inhibited by the
cyclic phosphate.

In the CU>P high dimer both H-1’s move upfield.
Their chemical shifts are nearly identical and they coalesce
at 30.0°C. This slight chemical shift difference is only
observable at 500 MHz. Such behaviour is nearly identical to

that seen by Kondo et al. (1970) with their 5’°-5’ linked ApA.
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This observation was interpreted to mean that both H-1’s were
orientated towards each other, in between the bases. In the
ApA molecule a two fold axis of symmetry involving a plane
parallel to both bases and bisecting the phosphorus was
suggested. Such a molecule would have to be right-handed
because a left handed molecule would have flipped the protons
away from the center and not have produced the shielding
trend with decreasing temperature. In the CU>P 5’-5’ dimer a
true C2v symmetry group does not exist, as indicated by
marginally different chemical shifts for both H-1’ protons.
This would be expected since different bases are involved
plus one ribose possesses a cyclic phosphate.

Base/base stacking may not be as inhibited in this
57-5’ molecule as it may be in the CU>P low dimer by the
cyclic phosphate group because another C4’-C5’ bond exists
that allows the phosphates to assume a lower energy position
where they would avoid each other.

The important feature is the manner in which the C/U
ribose rings appear to orient themselves in the 5’-5° CU>P
dimer. This can be used as a starting point to describe the
CpU part in the CUG high molecule. The different behaviour
that occurs will be due to perturbations caused by having a G

attached to the 3’ end of U instead of a cyclic phosphate.

4.8.1 The Phosphodiester Backbone
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TABLE 13
CuUG HIGHa AND LOWbTORSION ANGLE COMPARISON AT 47.7°C

ANGLE c u G
N e esx  a1x aax
N Low€ 65% 46% 46%
Yesc uicird  78xc15/08) 71%€09/20>  60%(27/12)

)@sc (LOW)d 69%(20/11) 59%(29/12) 74%(16/10)

Lap cHIGH>® 74% 73% 60%
Lap cLowr® - 74% 77%
Eap cureofsh - 63% -
€ap omfr 9 53% 62% -

no salt, 7.90 mM.

no salt, 3.31 mM,

Equation 3.

Equations 8 - 10, (ap/-sc),

Equations 14, at 22 C.

Equation 22,

assuming (3J(C2’,P3’) + 3J(C4’,P3’) same as for C,
at 22°C.

at 55°Co

o a0t QOTwN



163

While all the ribose protons in both trimers were not
fully assigned, all the H-5’/H-5" protons were, plus most of
the 2’ and 3’ protons. This information can be used with the
coupl ing constants obtained from both proton and C-13 spectra
to obtain more detailed insights into the behaviour of these
two molecules. This involves the use of "Karplus styled”
empirical equations described in the Introduction. These
results are given in Table 13. It should be noted that only
a first order approximation of the coupling constants were
used in such calculations. This is because the equations
used are empirical and the use of more refined second order
values in only first order equations would not make the
results obtained sufficiently more precise. Furthermore, the
equations most often used narrow the number of conformations
that can exist over a 360°range into a few preferred
conformations. The basis for these simplifications is well
supported, but these approximations introduée an uncertainty
to the results. More precise equations exist to determine
better values for the average torsion angle, but they still
are empirical and they still are an average. Hence no second
order values for coupling constants were obtained and the
values used were an average of all the first order values
extracted from the spectra.

From these empirical calculations upon the two
isomers at approximately 50°C, a number of interesting

features appear. Firstly, the 05’-C5’ ﬁ torsion angle in
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both isomers is almost identical at 73 - 77% ap in all cases.
This is in agreement with the "rigid” nucleotide concept
(Sundaral ingam, 1973) and is true even for the 5°-5° linkage.
This is an important observation when taken into account of
the 7 population (C5’-C4’).

All nucleotides show a l+sc preference, in accord
with the "rigid” nucleotide concept (Sundaralingam, 1973).
However, the behaviour of both isomers is different. 1In the
high isomer the 5°-5’ linked nucleotides C and U are both
over 70% populated in this conformation, with C > U. G is
least populated at 60%. In the low molecule the population
distributions are all greater than 59%, but now the order is
G > C > U. The striking feature is that the CpU 56’-5" 1linked
dimer unit appears to prefer this orientation more so than
the 3’-5’ linked counterpart. The preference for this
C5’-C4’ orientation dictates a zig-zag phosphodiester
backbone when viewed with the 6ap population preference.
Such a feature makes base/base overlap less favourable
because this would straighten the internucleotide backbone,
increasing the distance between the two bases. This would
explain the poorer base stacking abilities of the CpU part in
the high isomer as suggested by the U and C H-5 and H-1’
protons and the phosphorus data. So, even though an
additional bond exists in the 5’-5’ linked dimer, the
molecule still settles into a preferred position, not

randomly flipping about, in line with the "rigid® nucleotide
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concept.

Another observation of these calculations is that the
5’-5" link does not alter the orientation of the 3°-5" link
in the UpG portion significantly. This is seen in the fap
population about C3’°-03’ where both isomers are almost
equally populated (63% to 62%). This is in agreement with
the phosphorus data which suggests that both phosphorus atoms
behave similarly in the two isomers. Effects upon the G base
and H-1’ protons are therefore due to an altered orientation
of the base U above it or a difference in G’s position
relative to the ribose.

With this information, the H-5’/H-5" chemical shift
versus temperature graphs may be interpreted. These are
produced in Figures 41 and 42. As discussed in the
Introduction, information on = and gﬁcan only be inferred
from trends present in these plots. The information obtained
will indicate whether a right or left handed helix is being
formed. For a right handed helix H-5’ is shifted downfield
with decreasing temperature as it Is brought nearer the 2°
hydroxyl group (Ezra et al., 1977, Lee et al., 1976). In the
low isomer such a trend is observed for each set of H-5’/H-5"
protons. H-5" moves little over the 70 to 5°C range. In C
and G it moves marginally upfield while in U the movement is
slightly downfield. By comparison all the H-5’ protons move
markedly downfield, consistent with the right handed helical

model that would confine e and {Iinto the -sc and -ap range.
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The high isomer behaves quite differently. First,
neither C H-5’/H-5" protons move much over the same
temperature range. This would suggest nothing is happening
to alter the H-5’/H-5" orientation with regards to the rest
of the molecule. This is consistent with model studies with
the available torsion angles that show these protons
projecting out towards the solvent. Even If some base
stacking were to occur, they still would not be ushered into
a deshielding or shielding zone.

The U H-5’/H-5" in CUG high behave more radically,
they move upfield with decreasing temperature. Additionally,
at 70°C, both of the protons have nearly the same chemical
shifts and appear as one broad signal with only a few
coupling constants distinguishable (not extrapolated on
Figure 41),. 1In the CU>P high dimer such similar behaviour
was not seen with the G removed. 1Its absence resulted in a
typical ABMX system over the same tenperatufe range. As
well, the H-5’/H-5" protons of the dimer behave like a
typical right handed helix, as Figure 42 illustrates. Both
H-5’s move downfield to a greater extent than H-5"s with
decreasing temperature. This reveals an important feature of
the CpU 5’-5" unit when bound to G. That is, the same type
of pseudo-symmetrical right handed helix proposed for the
CU>P dimer cannot exist in the dimer unit of CUG high.
Instead of the C ribose being tilted towards the U such that

the H-1’” is towards the inside of the stack, it is orientated
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with the H-1’ shifted away from the stack as Figure 43
fllustrates. Adding a G to the 3’ end of the dimer unit
results in the U C-5’ position changing sufficiently to
equalize the chemical shifts of both H-5’/H~5" protons at
high temperatures. As temperature is decreased, sharp
upfield movement occurs, reflecting a preference for Y+sc
because this would place these protons furthest away from the
deshielding effects of the ribose ring oxygen and the
phosphorus bonded oxygens. This is in accord with the 71%
population of this state calculated at 47.7°C. The H-5"
moves downfield more as well, in agreement with this proton
being further away from the ribose in the Y+sc position.

This ribose orientation would help explain the small
upfield shift of CUG high’s C H~1’ with temperature compared
to the large shift seen in the CUG low counterpart because
the proton is directed away from the center of
base-stacking.

It was unfortunately not possible to compare the
chemical shifts of both G H-5’/H~-5" protons of the two CUG
isomers because at 250 MHz the outer quartets were not
visible in the high isomer. However, from 500 MHz spectra,
plotted in Figure 42, a weak trend appears to be emerging.
The H-5’ proton drifts marginally upfield while the H-5" is
seen to move slightly downfield. This would be consistent
with the effect seen in a right handed helix for CUG low and

expected from the phosphorus data which suggests the UpG part
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behaves similarly in both isomers.

One additional feature to note is the long range four
bond coupling between phosphorus and H-2’. It is possible to
observe this when the phosphodiester backbone assumes a "W*
type conformation with the 3’ ribose in the S pucker. 1In the
ideal case a coupling of 2.7 Hz is expected (Sarma et al.,
1973b). In both isomers a coupling of approximately 1 Hz was
seen at 50°C. Considering that there is only a slight N
preference for both Us at this temperature, such a decreased
coupling would be expected. The near identical coupling seen
in both isomers is additional proof, consistent with
phosphorus and proton NMR data, that suggest the phosphorus

is in very similar chemical environments in both molecules.

4.9.1 The N/S Equilibrium

As described in the Introduction, right handed A-RNA
adopts the 3’ endo (N> conformation when duplexing and/or
base-stacking (Lee and Tinoco, 1980). Figure 44 is a plot of
the 3J(H1’,H2’) coupling constants versus temperature for
both CUG isomers. Because small values of this coupling
constant are assocliated with less S character, such a plot is
a reflection of the shift in the N/S equilibrium. From
Figure 44 it is apparent that the low isomer stacks from the
5’ end, with both C and U taking on more N character. In

constrast, G shows little change suggesting it is doing the
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least amount of stacking or that the 3’ endo conformation is
not as critical for base-stacking to occur. It is
interesting to note that this same trend is seen for UUG by
Lee and Tinoco (1980). This would be expected since both
sequences are pyrimidine-pyrimidine-purine.

Variable temperature plots of H-2’ and H-3’ are
reproduced in Figure 45 for CUG low. These data are the most
difficult to assess because the ribose ring pucker, base
stacking, and the position of the phosphodiester backbone all
contribute to the chemical shifts of these protons (Lee et
al., 1976). One feature to note is that all the protons,
except C H-2’, move upfield, or show no change, to various
degrees with decreasing temperature. Only a comparison of
the CUG high and low isomers will therefore be described
because it illustrates an important point.

Variable temperature plots of the H-2’ and H-3’
protons are compared in Figures 46 and 47. Unfortunately the
C H-2’ and H-3’ protons of CUG high were not obtainable
because they possessed near identical chemical shifts. This
in itself is a forceful indicator that the cherical
environment of these protons differ markedly in both isomers.
The chemical shifts of these high isomer C H-2” and H-3’
protons were upfield of those in the low isomer indicating
less deshielding interference from the phosphodiester
backbone or any other such group because these protons are

directed more towards the solvent in this model.
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This constrasts to the sandwich type position of these
protons in the low isomer which would allow for their
deshielding.

For the protons of U and G, the striking feature is
that both plots are nearly identical in both isomers for U.
The H-3” proton of G also behaved similarly in both
molecules. The only major difference lay in the G H-2’
proton. Such a similar behaviour would be expected if the
UpG part mimicked each other in both isomers, as the
H-5’/H-5" and phosphorus data suggests. Differences were
seen in their base and H-1’ protons however. This would
indicate that while the phosphodiester backbone may be
similar, the base-stacking is different. In the high isomer
stacking appears less prominent overall with no real base
pucker changes with temperature (Figure 44). Hence the
chemical. shift differences over temperature for G H-2’ must
be due to a differentx torsion angle in ‘thé two isomers. In
earlier parts of the Discussion the H-8 upfield shift was
explained as possibly being due to a shift towards more syn
character. 1In this position the bulk of the purine will be
over top the ribose, particularly the H-2’. 1In such a
position the plane of the base is in the plane of H-2’. This
would have a deshielding effect on this proton. As a result
the evidence for a predominant syn orientation of the G base
in the high isomer is given more support. It would also

explain the observation in the exchangeable proton data which
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indicated the amino protons of the high isomer were more
upfield of those seen in the low isomer. 1In the syn
position, the amino group of G would be in a better position
to feel base/base-stacking shielding effects. It would also
be consistent with the 3J(H1’,H2’) plot (Figure 44) which
indicates that G in the high isomer is the only nucleotide to
show a shift towards the S equilibrium with decreasing
temperature.

It should be stressed that neither isomer exists in a
100% stacked form at any one time as is evident by the lack
of a sigmoidal variable temperature plot of any of the H-1~’
or H-5 protons. However, some stacking is occuring with the
low isomer doing this more readily than the high isomer.
Furthermore, the position of the C base in the high isomer
appears to be such that it is not involved in much stacking
interactions. This allows the UpG part to preferably stack
over CpU. This in itself would necessltate»a different type
of stacking between U and G, for the C is not playing a
significant role. This is further credence for different UpG

stacking behaviour in the two isomers.
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5.1.1. CONCLUSIONS

Through the use of proton, phosphorus and carbon NMR
it has been possible to follow the behaviour of short
ribo~-oligonucleotides in solution. The position of chemical
shifts, their change with temperature, and their coupling to
other nucleil all revealed information concerning the
micro-environment of the effected atom. The manner by which
these nuclei relaxed was harnessed with COSY, RCT,
decoupling, and NOE experiments to obtain proton connectivity
through bonds and space. The ability to show that two nuclei
are related by any of these methods allowed for the
assignment of resonances to a particular atomic site in the
molecule. From here it was possible to use"Karplus-styled'
equations and variable temperature chemical shift plots to
obtain insights into the relative position of these nuclei in
relation to each other.

The first major result of these efforts was the
characterization of the CUG high isomer. Through the use of
HPLC it was possible to separate this species from a mixture
containing the desired product (5’C3’-5’U3’-5’G3’). Using
NMR as an analytical tool it was possible to determine that
this side-product was 3°C5’-5°U3’-5’G3’. This primary

structure was further verified through the use of endo- and
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exo-nuclease which revealed the high isomer was resistant to
spleen phosphodiesterase. However, it was susceptible to
snake venom phosphodiesterase and Phy M vwhich suggested that
the terminal 5’-5’ phosphodiester bond does not play a
critical role in the active site of these two enzymes.
Kinetic studies would be required to determine if such a bond
effected the rate of these reactions.

Carbon-13 NMR studies on oligoribonucleotides are
still in their early stages. The spectra and the nearly
complete assignment of the two CUG isomers represented an
addition to the short list. These assignments were based
largely on the effect a 5°-5’ link had on the carbon chemical
shifts. It may be advantageous to specifically synthesise
molecules with a 5’-5’ phosphodiester bond to aid in the
assignment of carbon-13 spectra of 3’-5" linked nucleotides.
This would be particularly useful in larger sequences because
of the narrow spectral range of most of the C3’ and CS5°’
carbons.

The use of selective CW proton decoupling to assign
the phosphorus signals of CUG low represented the first time,
as far as it Is Known, that these signals have been
unambiguously assigned. These assignments will enable a more
detalled study, and possibly confirmation, of the effect of
frame shift mutagens, such as acridine and ethidium, upon
short RNA minihelices. 1In particular, Lee and Tinoco Jr.

(1978) have suggested that CUG forms duplexes with itself,
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with the U bulged out, upon the addition of ethidium.
Phosphorus NMR following the titration of CUG with ethidium
and other drugs will allow for a analysis of this
behaviour and evidence for its occurrence.

The phosphorus resonance of the 5’-5’ phosphodiester
in CUG high was observed to exist radically downfield of the
corresponding 3’-5’ linked signal in the low isomer. It is
possible that specific synthesis involving a 5’-5°
phosphodiester bond may be used for assignment purposes
because it may be more economical than oxygen isotopes and
more feasible when complete proton assignment is unavailable.

Biologically, as far as it is Kknown, single 5°-5’
phosphodiester bonds do not exist in vivo. However, such
bonds exist with three or more phosphorus atoms in between
the linkage. The most widespread occurrence is their
presence upon the 5’ end of most eucaryote mRNAs in the form
of 7-methylguanosine triphosphate. 1Its function is not
certain, but data suggests that it may be involved in
ribosome binding of the mRNA and/or protection of the mRNA
from enzymatic destruction (Shatkin, 1976). 1Its other
presence is in the form of diadenine tetra and
pentaphosphates. These dimers appear to act as positive
growth signals, binding to the @ unit of DNA polymerase
(Arter and Schmidt, 1976). Analysis of the effect of a
single 5’-5’ phosphodiester bond in a trimer sequence may

therefore help explain its biologlical non-function.
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In the CpU dimers studied, it was observed that the
5’<5’ linked molecule, with a cyclic unit upon the U, behaved
like a right handed psudo-symmetrical helix and showed signs
of stacking. The 3’°-5’ linked counterpart behaved more 1like
an A-RNA helix. Neither of the dimers with a cyclic
phosphate upon the U stacked as well as 3’-5’ CpU without
such a group. The data agreed with Geraldes and Williams’
(1978) conclusion that 2°/3’ cyclic U, in monomers, had the
base in the syn position, because it appeared to exist as
such in the dimers.

In the trimers, a 5°-5’ phosphodiester bond altered
the manner by which the 3’°-5’ linked part of the molecule
base-stacked. In the low isomer stacking occurred from the
5’ end, but changing the nature of the CpU phosphodiester
linkage resulted in the molecule stacking from the other end.
This was due to the C’s inabllity to influence base-stacking
because of its distance from U. It additionally allowed the
G to assume more syn character in the high isowmer.

The 5’-5’ phosphodiester bond did not measurably
effect the phosphodiester backbone of the 3°-5" linked part.
This was indicated by phosphorus NMR data, which revealed
near {dentical variable temperature plots, and analysis of
coupling constants, which indicated near identical @ and £
torsion angles.

The 5’-5’ phosphodiester unit did not exist with the

riboses in the same orientation as in the CU>P high dimer.
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The C ribose was twisted such that the H-1’ proton was
exposed more to the solvent and not sandwiched between
nucleotides. However, the ,aap and J+sc populations were
similar to those seen in 3’-5’ oligonucleotides, indicating that
the backbone conformation of the 5’-5’ 1ink adopted a
similar zig-zag orientation extended one bond more. This
placed the C more distant from the U, accounting for the
decrease in C/U base-stacking in the high isomer.

Adding a G to one end of the 5’-5’ dimer did not
allow the CpU part to stack as they did in CU>P high. Hence
the U/G base-stacking must have been involved in effecting
the structure of the CpU part. This could be why the
biologically active diadenine tetra and pentaphosphates do
not contain another bound nucleotide. In the phosphorus
elongated dimers, the As stack upon each other (Kolodny et
al., 1979). Adding another nucleotide might create a
competition for stacking and disrupt the tertiary structure
of the complex.

These results indicated that a 5’-5’ phosphodiester
bond in a trimer effects the base~-stacking and the
orientation of the ribose of the alternatively linked
nucleotide. The phosphodiester backbone, however, still
assumed torsion angle populations consistent with
Sundaralingam’s “"rigid® nucleotide concept (1973). This
change may be sufficient to alter the structure of the

oligoribonucleotide to make its primary in vivo use as the
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intermediate of transcription and translation faulty. As a
result any such oligoribonucleotide is probably quickly |
destroyed by nucleases to prevent errors in protein
synthesis. Hence the major 5’-5’ bond Iinvolved in capping is
a triphosphate which differs much more significantly so as to

not be confused with anything else.
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