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General Introduction



The aim of this thesis |

The purpose of this thesis is to determine the structure of a non-canonical base-pair,
cytidine-uridine (C-U) and to find the required conditions for the formation of such unstable
base-pairs. It is also a goal of this study to establish the methods for the studies on unstable

base-pairing.

Structure and physicochemical properties of nucleic acids

The nucleic acids can be classified into two groups by the chemical structure; one is a
ribonucleic acid (RNA), the polymer of the ribonucleotides, which has a 2'-hydroxy group in
the sugar ring, the other is deoxyribonucleic acid (DNA), the polymer of the
deoxyribonucleotides, which does not have a 2'-hydroxy group in the sugar ring (Figure G.1).
Five kinds of bases are mainly used at the base position of the nucleotides as presented in
Figure G.2. They can make specific base-pairs, that is, the pairing through hydrogen bonds as
drawn in Figure G.3 (Kyogoku ef al., 1966; Kyogoku et al., 1967a,b; Thomas & Kyogoku,
1967; Rosenberg et al., 1976; Seeman et al., 1976). This types of the base-pair are most
frequently observed in nature and called the Watson-Crick type base-pairs. In the polymeric
structure, two polynucleotide strands bind to each other through the base-pair and make an
anti-parallel double stranded helix so that a pseudo dyad axis is always presented between
stacked base-pair (Watson & Crick, 1953; Rosenberg et al., 1976; Seeman et al., 1976). In
cases of self-complementary base sequences, there exist a real dyad axis. There exists
conformational polymorphism of the double helical structure, and they are called B-, A- and
A'-forms (Figure G.4). An example of the complementary sequence and its three dimensional
structure of each conformer is presented in Figure G.4. In the case of the genomic DNA, a
complementary double stranded structure is maintained, but the most of RNA are expressed
as single strands so that they must take various structures. The secondary structure motifs in
RNA are presented in Figure G.5. The variety of motifs is closely related to the formation of
the mismatches incbluding the non-Watson-Crick base-pair, the target of this thesis. The
mismatch means an irregular combination of bases different from the Watson-Crick base-pairs
thus non-Watson-Crick base-pair means the mismatch which can form a certain base-pair.

It is well known that all of the living things utilize nucleic acids as genes, translational
machines and so on. Especially, RNA has varieties of activities such as protein synthesis
through the ribosomal RNA and self-splicing activities of introns in messenger RNA. These
activities are indispensable for living things and known to be dependent on the structures. As
mentioned above, the most of RNAs are present as single strands. Therefore, they include
non-canonical base-pairs in the double helical region. That is the non-Watson-Crick type
base-pairs or the mismatches. Accordingly, it is important to study their structures and
characters in order to know the secondary and tertiary structure of RNAs. However available
structural and nearest-neighbor (thermodynamic) parameters are limited to relatively stable
ones like G-U, G-A and U-U (He et al., 1991; Santalucia et al., 1991; Betzel et al., 1994;
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Katahira et al., 1994; Allain et al., 1995; Baeyens et al., 1995; Jeffrey et al., 1995; Baeyens
et al., 1996; Lietzke et al., 1996; Wang et al., 1996; Biswas et al., 1997; Biswas &
Sundaralingam, 1997). Unstable pairs such as C-U and C-C are not well studied, because the
conformation of the mismatch site in the poly or oligonucleotides is irregular and the two
state model analysis could not be applicable to the thermal denaturation of oligonucleotides.
X-ray crystallography is a good way to determine the precise three dimensional structure of
biological macromolecules. The solution NMR is good ways not only to determine the three
dimensional structure in solution but also to monitor the environment of each site of the
macromolecule. By using both methods, the structure and properties of unstable mismatches

can be investigated.

X-ray crystallography and solution NMR as tools for analyzing the structures of biological
macromolecules.

At this moment, X-ray crystallography is the most reliable method for determining
the three dimensional structure of biological macromolecules. However most of the activities
of biomolecules are expressed in the solution phase, therefore solution NMR is an indispensable
method for the study of their properties in solution. As far as oligonucleotides, sometimes,
their crystal structure does not represent the major conformer in the solution phase. It is
better to use both methods to determine the three dimensional structure. To study the solution
equilibrium or the other physicochemical properties in solution, the solution NMR is quite a
powerful tool. The resolution of the signal by solution NMR is superior to the other spectroscopic
methods for applications to biological macromolecules and thus the information of each site
can be derived directly. Recent development of the site specific labeling techniques allowed

us to pick up only the desired signals of the macromolecule.

Determination of the crystal structure of macromolecules
The structure factor from the X-ray diffraction data, F(h,k,[), and the electron density
at a certain coordinate, p(x,y,z), in a unit cell are related by the equation below

1 il
plr.ya)=~ I F(hk De 2i(hetly+z) G.1)
_ %% % zl: IF(h,k, l)le—27ri(hx+ky+lz—¢(h,k,l)) G2)

F(h, k) = | p(x,y,2)e”™F+*8) gy (G.3)

where X, y and z are the coordinates in a unit cell, h, k and 1 are the indice of the diffraction,
V is the volume of the asymmetric unit, and ¢ is the phase of the diffraction. Although ¢s
can not be known beforehand (phase problem), for biological macromolecules, ¢s are derived
by means of the multiple isomorphous replacement (MIR), the molecular replacement and so
on. Once phases are determined, the electron density can be calculated and approximate
coordinates can be derived. To determine more precise coordinates, refinement is required.

The refinement of the coordinates are achieved by decreasing the crystallographic residual.
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In general, R-factor is used to monitor the extent of refinements.
2| Fol - |Fe]
% |Fol

In the case of the low molecular weight organic compound less than approximately

"R-factor "= (G.4)

1000, diffraction data can usually be recorded over the 1.0 A resolution range. They can be
refined by diffraction data only with the least square method. In the case of biological
macromolecules, however, its crystal does not diffract to 1.0 Ain general, because of the
high mosaicity of the crystal. Therefore, diffraction data are not enough to determine the
coordinates. To compensate the missing data and keep the chemical structure correctly,
restraints on covalent bonds such as bond length, bond angle, chirality and planarity of the
aromatic group are introduced. To avoid steric hindrance, van der Waals potential is also
included. As a result, the target function of the least square is formulated as below

Ewa =FE X-ray +E bond—length + Ebond—angle + Echiral + E planar + Evaw (G-S)
where Ex-ray is the pseudo potential of crystallographic residual, Evond—length> Ebond—angles
Echiral, Eplanar and Eyqw are constraints for a bond-length, bond-angle, chirality, planarity
and van der Waals potential. '

Structure calculation by using NMR data

Structure calculation by NMR is carried out in three steps. At first, most of the proton
signals is assigned, secondly, NOE (nuclear Overhauser effect) cross peaks must be quantitated
from two-dimensional NOESY (nuclear Overhauser enhancement spectroscopy) spectrum;
finally, NOE based structure calculation is performed.

Assignment of proton signals and the structure calculation are performed by means of
the NOE based method. In the NOESY spectrum, NOE cross peak can be observed only
when two protons are located in short distance, less than 5.0 A in practice. For protons A and
B of a macromolecule, the cross relaxation rate, k, is given by

k=1/2)y*(h/12m)* 7.6 (G.6)
where ¥ is magnetogyric ratio of proton, 4 is Plank constant, 7. is the overall correlation
time and  is the distance between protons A and B. When the distance is greater than 5.0 A,
k is approximately zero. NOE can not be observed.

The signal assignment of nucleic acids is achieved by the NOE based sequential
assignment. In the double helical RNA, H6 in pyrimidine base or H8 in purine base give
intra-residue and inter-residue NOE cross peaks to the protons in the sugar moiety, H1', H2"
and H3' as shown in Figure G.6 because their distances are less than 5.0 A. A part of the
signals is assigned by COSY (correlation spectroscopy) spectrum which uses scalar coupling
between protons.

NOE cross peak volume is proportional to the cross relaxation rate, k.

I=k%t, Sk *t, <<1,-;'"X<<1) (G.7)

1
where T{ is the time constant of the longitudinal relaxation of the proton A and ¢, is the
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mixing time of NOESY spectra. Therefore, the relation between NOE cross peak volume, 1,
and the distance, r is given by

1=/, 7 h127)? 1or0 | (G.8)
In the equation (G.8), only 1c is unknown. The overall correlation time, Tc can calculated as
follows. The NOE data include the data on the protons whose distance is fixed and already
known. Therefore, Tc can be calculated from its peak volume and distance. Once 1Tc is
derived, distances can be calculated from the equation (G.8). This equation (G.8) assumes no
spin diffusion which causes an indirect NOE cross peak. Therefore the relationship between
the NOE peak volume and distance are not strictly restrained. To avoid overestimation, one
should calculated the distances from the NOE cross peak volumes with relatively large
tolerances. In practice, the NOE cross peaks are classified into about three groups by their
peak volumes and converted to the distance restraints by comparing with a certain cross peak
as an internal standard like the cross peak of H5-H6 in a pyrimidine base ring whose distance
is 2.49 A. Each group is translated to a specific upper limit of the distance including an
appropriate tolerance. As a result, most of the cross peaks have large tolerances.

Then the structure calculation is performed to satisfy the obtained distance constraints.
As is the case of NOE based structure calculation of macromolecules, number of NOE
distance constraints are not enough to determine the coordinate of each atom. Therefore,
stereo-chemical restraints are introduced. NOE based structure calculation of a protein molecule
is performed by using the equation (G.9) as a target function

Etotal = ENOE + Ebond—length + Ebond—angle + Echiral + £ planar + Evdw (G~9)
where Enog is the NMR derived distance constraints.

However for nucleic acids, the proton density is lower than that of a protein. Therefore,
additional constraints for base-pairing are introduced. They consist of the constraints of the
hydrogen-bonding distances and the planarity of the base-pair, Epase—pair- The target function
of the least square of nucleic acids is given by

E'total = ENOE + Ebond-length T Ebond—angle * Echiral * Eplanar + Evdw t Ebase—pair

(G.10)

Preparation of stable isotope labeled nucleic acids and its advantage for the structure
analysis with NMR.

There are two ways for the preparation of stable isotope labeled RNA. One is the
enzymatic method using labeled nucleoside triphosphates as starting materials. The other is
the synthetic method using the phosphoramidite form of the labeled nucleosides as the
materials.

The enzymatic method is convenient for preparing uniformly labeled oligonucleotides,
that is, all of the nitrogen and carbon atoms are labeled throughout the sequence. The
enzymatic method consists of five steps. 1) The culture of the bacteria in the medium with

''NH,Cl, "C-labeled glucose or both as a nitrogen and carbon sources. 2) Fractionation of
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RNA from bacterial cells. 3) Cleavage of RNA to nucleotides by a nuclease. Fractionation of
each kind of nucleotide if necessary. 4) Exchanging nucleoside to nucleoside triphosphates
(NTP) by kinases. 5) Oligonucleotide synthesis by T7 RNA polymerase using NTP as substrates.
As is obvious from this protocol, labeling at a single nucleotide is very difficult. Only
nucleotide specific labeling can be achieved.

On the contrary to this, position specific labeling can be achieved easily by chemical
synthesis. Another advantage of the synthetic method is point labeling where a specific atom
is labeled in a nucleotide can be done such as labeling only at the amino nitrogen of a
cytidine residue in an oligonucleotide. Once the phosphoramidite form of a nucleotide can be
prepared, the synthesis of the oligonucleotide is achieved by the solid phase phosphoramidite
method. The solid phase phosphoramidite method is summarized in Figure G.7. The synthesis
of the cytidine labeled at amino-nitrogen used in this study is described in Chapter 2.

Advantages of the point labeling in the structure analyses with NMR is as following.
Unambiguous signal assignment can be done. Because only the wanted signal is observed
without disturbing by many other signals of a macromolecule. When two or more signals are
observed even if a single site is labeled, one can immediately the existence of multiple
conformations. For the study of the physicochemical properties and structures of

macromolecules, point labeling is a powerful tool.
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Chapter 1

The crystal structure of the C-U pair in
r(UGAGCUUCGGCUC)
and
studies on the polymorphism of global helicity of
the RNA duplexes

Abstract

The crystal structure of the tridecanucleotide, r(UGAGCUUCGGCUC), was solved
using diffraction data up to 1.8A resolution. Two molecules of the tridecamer, related by the
crystallographic two-fold axis, form a right-handed double helix. The double helix includes
four successive non-Watson-Crick base-pairs in the middle of the helix and a 5' uridine
residue at the dangling end. Each double helix is piled up along the crystallographic c-axis to
form a pseudo infinite double helix through the intermolecular U-U pair. In the major groove
of successive G-U and C-U pairs, there is a hydrogen bond network of water molecules; the
water molecules and phosphate-oxygen are linked together via hydrogen bonds in a cyclic
manner. In this paper, we also studied structural polymorphism of an RNA double helix,
using the single crystal structures of RNA oligomers previously reported as well. On detailed
analysis of structure parameters, we found how to classify A-RNA and A'-RNA, the major
conformers of an RNA double helix. When the mean major groove widths were plotted
against mean inclination angles, two clearly separated clusters appeared. Each cluster contained
canonical A-RNA and A'-RNA, respectively, and the tridecamer belongs to the A-RNA
group. Although the RNA double helix has been thought to be uniform and rigid recently,
this finding implies that the conformation of the RNA double helix is not restricted in
A-RNA and may not be so rigid as to prevent any fluctuation at all.
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Introduction

In this chapter, the crystal structure of the tridecamer which includes C-U pairs, the
target of this thesis, in the non-Watson-Crick base-pairs tract is described. In the former part,
overall structure of the tridecamer and the local geometry around the non-Watson-Crick
base-pairs including a hydration pattern are described. In the latter half of this chapter,
classification of conformation of double helical RNA is discribed as well. _

The oligomers including the sequence CUUCGG are known to form a thermally
extraordinarily stable hairpin loop structure in solution (Tuerk et al.,1988; Sakata et al., 1990;
Cheong et al., 1990; Antao & Tinoco, 1992). To investigate the relationship between the
thermal stability and three-dimensional structure of the "UUCG" loop, many attempts have
been carried out to crystallize the oligomers which contain this loop sequence (Fujii et al.,
1991; Holbrook et al., 1991; Fujii et al., 1992; Baeyens et al., 1994; Cruse et al., 1994).
However all of these attempts including our case resulted in a formation of a double-stranded
helical structure with internal loop instead of a hairpin loop structure. It was confirmed by
NMR that this hairpin loop structure really exists in solution (Sakata et al., 1990; Cheong et
al., 1990; Varani et al., 1991; Allain and Varani, 1995b; Allain and Varani, 1997). The
crystal structures, however, revealed that such a long internal loop by four bases can forms
non-Watson-Crick base-pair: Two G-U and two C-U pairs in the internal loop maintain a
right-handed double helical conformation and also pyrimidihe-pyrimidine base-pair such as
C-U can exist. Although the arrangement of the G-U and C-U pairs are similar to those which
were solved previously (Holbrook et al., 1991; Cruse et al., 1994), it is worthy to reinvestigate
their detailed geometries and hydration patterns because of different surrounding environments
such as unit cell dimensions.

Numerous attempts have been concentrated to clarify the conformational polymorphism
of double helical polynucleotides by using the X-ray fiber diffraction technique (Watson &
Crick, 1953; Fuller et al., 1965; Tomita & Rich, 1964; Arnott ez al., 1972) and solid state *'P
NMR of RNA fiber (Shindo et al., 1985). In respect of RNA, it was found that there exists
two major right-handed conformers; one is an A-RNA which has eleven nucleotides in one
helical pitch, the other is an A'-RNA which has twelve nucleotides in a helical pitch (Arnott
et al., 1972). Another characteristic conformational feature of A-RNA is to have a significantly
wider major groove and lower value in inclination angle than A-RNA. However, little attention
has been given to A'-RNA in spite of having a different feature compared with that of
A-RNA. The reason is probably due to the facts shown below. First, the root mean square
deviation (rmsd) value between A-RNA and A'-RNA is not so large at the level of one turn
double helix, so A'-RNA could be interpreted as just a variation of A-RNA. Secondly, most
of the structures of the RNA oligomers obtained from single crystals (Dock-Bregeon et al.,
1988; Dock-Bregeon et al., 1989; Schindelin et al., 1995; Baeyens et al., 1995) showed
characteristic conformational features of A-RNA but not those of A'-RNA. However, once
we consider the RNA-RNA or the RNA-protein interaction, it is very important whether the
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major groove is wide or narrow, and whether something else but an A-RNA conformer exists
or not. It is a good chance to compare the structures of RNA double helix from a view point
of conformational polymorphism, because of increasing crystal structure data of the RNA

oligomers.

Materials and Methods
Crystallization of HUGAGCUUCGGCUC)

The sample for crystallization was synthesized by solid-phase phosphoramidite method
and purified as described by Sakata et al. (1990). The numbering of the bases and base-pair
scheme in crystal is presented in Figure 1.1. Crystals were grown in the sitting drop vessel by
vapor diffusion technique at 10°C from a solution of 0.5mM RNA tridecamer,
r(UGAGCUUCGGCUC), 6.7mM sodium cacodylate buffer (pH6.5), 1.3mM sodium phosphate,
13.3mM NaCl, 3.3mM BaCl,, 3.7mM spermidine-3HCI, 0.8% polyethylene glycol #400
(PEG#400) against 4% PEG#400 as a reservoir. Crystals belong to the monoclinic space
group, C2 with one tridecamer per asymmetric unit and the cell dimensions : a=38.49A,
b=32.30A, c=38.76 A, B=117.56°.

Data collection

Single well formed crystal (1.0x1.0x0.2mm) was mounted and sealed in a glass
capillary and intensity data up to 1.8A resolution were collected. Number of the observed
reflections and the reflections above 1 o (F) is 3556 and 2742, respectively. Completeness is
88% and 68%, respectively. Diffraction intensities were recorded in 26/@ scan mode with
scan speed of 6°/min. and scan width of 1.2° on a Rigaku AFC5R diffractometer using
graphite monochromated Cu Ko radiation (A=1.5418A). The unit cell dimensions were
refined by 2 8 values of 20 reflections in the range of 16°<6<22°.

Structure determination

The crystal structure was solved by the combination of the molecular replacement and
the isomorphous replacement method, using a single stranded A-form dodecamer :
r(GAGCUUCGGCUC) where uridine(U1) at 5' end was omitted at first stage because of its
flexible conformation. The high peaks with 3.0A interval along w-axis in Patterson map
suggests that the bases are stacked to each other, and the oligomer and the one related by
crystallographic 2-fold axis form a double helix with its helical axis approximately parallel to
the c-axis. From this assumption, two polarities are acceptable (Figure 1.2(a)(b)). One is the
polarity where the minor groove of the middle part of the double helix was located in the
minus region of b-axis (Figure 1.2(a)), the other is the opposite direction (Figure 1.2(b)).
Then we performed the rigid body refinement to these two models without any rotation or

translation search. After a few stage of rigid body refinement using 679 reflections in the
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range of 10.0 to 3.0A above 2 o (F), direction (a) and direction (b) showed a crystallographic
residual, R, of 33% and 44%, respectively. So the direction (a) was selected as a correct
orientation because of a significant lower value of R-factor. Then we calculated 2IFol-IFcl
map of whole molecule, and it was confirmed that the model from the direction (a) is well
fitted to the electron density map. Further refinements were performed to the model of
direction (a) and the resolution was gradually extended to 1.8A with a refinement of B-factor
except for Ul. Even at this stage, 2|Fol-IFcl map indicated the disordered electron density
around Ul. The disordered Ul residues around the crystallographic two-fold axis are
incorporated into pseudo continuous double helix. Then we assumed that the disordered Ul
structure is caused by an asymmetric base-pairs around the crystallographic two-fold axis
with the occupancy of each conformer of 50%. Then the models of disordered Ul satisfying
the electron density were searched, and then Ul residue was refined by simulated annealing
with the other part fixed, followed by a water molecules incorporation. We named the Ul
conformer in the major groove side as Ula and the other as Ulb. Final structure contains one
RNA oligomer and 49 water molecules per asymmetric unit. The final R-factor is 16.7% for
2720 reflections from 8.0 to 1.8A with [FI>1 6 (F). From the Luzzati plot (Luzzati, 1952), the
estimated error in atomic coordinates of final model is 0.15 - 0.20A. Deviations from a
standard value of bond length and bond angle are 0.015A and 3.4°, respectively. All structure
calculation was done by X-PLOR version 3.1 (Briinger, 1992) and QUANTA96 at the Research
Center for Protein Engineering for a graphics.

Calculation of helical parameters and torsion angles

Helical parameters and major groove widths are calculated by commercially purchased
program Excel97 with some modifications. At first, target double helices were fitted with a
canonical A-form RNA whose helical axis was parallel to the z-axis by X-PLOR, then we
regarded z-axis as the helical axis. We followed the nomenclature defined by Diekmann et
al., 1989. But we add "*" after the parameter names (e.g., inclination*) to distinguish the
parameter calculated by another program because of the simplification of the calculation
method. The definitions of the all structure parameters are presented in Figure 1.3. Before the
calculation of helical parameters, the center of base-pair (m) was defined as the mid-point of
C8 and C6 atoms for a purine-pyrimidine base-pair or that of C6 and C6 atoms for pyrimidine-
pyrimidine base-pair and the long axis vector (!) of base-pair was defined as the vector from
C8 to C6 atoms for a purine-pyrimidine base-pair or that from C6 to C6 atoms for pyrimidine-
pyrimidine base-pair. X-displacement* is a distance between helical axis and (m): the mid-point
of base-pair (Figure 1.3(a)). Inclination* is the angle between x-y plane and (!): the long axis
vector of base-pair (Figure 1.3(b)). Twist* is the angle between projections of (I)s of the
neighboring base-pair to the x-y plane (Figure 1.3(c)). Rise* is the difference in the z-coordinates
of (m)s of the neighboring base-pairs (Figure 1.3(d)). Before the calculation of the major
groove width and minor groove width, we defined P-P major and P-P minor in Figure 1.3(e).
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The trans zigzag line and character "P" represents backbone and phosphorous atom, respectively.
In A-RNA or A'-RNA, the nearest phosphorous atoms passing over the major groove and the
minor groove are linked by solid line and their linear distances are P-P major and P-P minor,
respectively. In B-DNA, P-P major and P-P minor are represented in the dashed lines. The
major groove width and minor groove width were derived by subtraction 5.8A, the sum of the
van der Waals radii of two phosphorous atoms, from P-P major and P-P minor, respectively.
The mean values and the standard deviations of each structure parameter are calculated in
terms of each oligomer (Table 1.3(a)). The coordinates used for the calculation of the structure
parameters except for the tridecamer of this work are taken from PDB; where ID number is
IRNA for r(UUAUAUAUAUAUAA), , 255D for r(GGACUUCGGUCC),, 205D for
r(GGACUUUGGUCC),, 1SDR for (UAAGGAGGUGAU) * r(AUCACCUCCUUA) (Dock-
Bregeon et al., 1989; Holbrook et al., 1991; Baeyens et al., 1995; Schindelins et al., 1995).
Torsion angles were calculated by X-PLOR as listed in Table 1.2.

Cluster analysis of the RNA oligomers

The mean structure parameters of all the oligomers were averaged in terms of the
structure parameter then the standard deviation of each structure parameter was also calculated
to standardize each structure parameter. The standardized structure parameters of the oligomers
are listed in Table 1.3(b). Then pair-wise Euclidean distances between the oligomers were
calculated using the standardized structure parameters (Table 1.4.). They were clusterized by
means of the nearest neighbor method. Schematic diagram of the cluster analysis is presented
in Figure 1.9.

Results
Overall structure

Crystal structure of the tridecamer, r(UGAGCUUCGGCUC), contains one strand of
the tridecamer and 49 water molecules per asymmetric unit. The 5' terminal uridine residue
takes two conformations with the occupancy of 0.5, because of the statistical disorder around
the crystallographic two-fold axis. The sequence with the number of the bases and the
interactions between the symmetrically related molecules are presented in Figure 1.1. The
final structure gives an R-factor of 16.7% for 2720 reflections from 8.0 to 1.8A with [Fi>1 o
(F). From the Luzzati plot (Luzzati, 1952), the estimated error in atomic coordinates is 0.15 -
0.20A. Deviations from a standard value of bond length and bond angle are 0.015A and 3.4°,
respectively.

Two strands of the tridecamer related by the crystallographic two-fold axis form a
double stranded structure (Figures 1.1 & 1.4), as previously reported (Holbrook ez al., 1991;
Fujii et al., 1992; Cruse et al., 1994), instead of a monomeric hairpin loop structure. All
through the double helix, right-handed structure is kept not only in Watson-Crick base-pair
portion but also in non-Watson-Crick base-pair portion (Figures 1.4). Each double helices are
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piled up along the crystallographic c-axis to make a pseudo continuous double helix through
the U-U pair (Figure 1.1). At the middle region of the helix, four successive non-Watson-Crick
base-pairs (two G-U and two C-U pairs) are formed.

Temperature factors are listed in Table 1.1. It is interesting that there is cooperativities
between the temperature factors of the base-paired residues, for example G2 : C13, A3 : Ul12
and so on, although any restraints of the B-factor between base-pair were not introduced
during the course of refinement. However B-factor is so sensitive to the stacking interaction
and packing interaction that we could not determine whether this cooperativity is an artifact

or the result of base-pairing.

Molecular geometries of four successive non-Watson-Crick base-pairs

The 2IFol-IFcl electron density map of the G-U pair is presented with its wire model in
Figure 1.5(a). As seen in tRNAs and RNA oligomers (Holbrook et al., 1991; Cruse et al.,
1994; Biswas et al., 1997; Biswas and Sundaralingam, 1997), the G-U pair shows a wobble-type
geometry and the electron density map clearly shows the existence of a water molecule (W1)
which bridges the G-U pair in the major groove with hydrogen bonds to O6 of G9* (2.8A)
and to 04 of U6 (2.8A) where "*" indicates the symmetry related molecule. This kinds of
water molecules were often observed in the G-T pairs introduced in the A-, B- and Z-form
DNA in crystal (Kneale et al., 1985; Hunter et al., 1986; Hunter et al., 1987; Ho et al., 1985).
In RNA, the examples of the G-U bridging water molecules in the major groove were
reported recently (Biswas et al., 1997; Biswas and Sundaralingam, 1997). In the minor
. groove, there is also a water molecule (W2) which makes hydrogen bonds between O2' of U6
(2.7A) and N2 of G9* (2.8A). These two water molecules occupy the hydrogen bonding sites
" which lack the counter part of hydrogen bonds, and then they make the G-U pair stable
enough to maintain the wobble-type pair.

The 2IFol-IFcl electron density map of the C-U pair with its wire model (Figure
1.5(b)) indicates that the geometry of the C-U pair is the same as that found in cases of
dodecamer and nonamer (Holbrook et al., 1991; Cruse et al., 1994), and in addition to the
direct hydrogen bond between 04 of U7 and N4 of C8* (2.8A), a water molecule (W3) forms
two hydrogen bonds to N3 of U7 and N3 of C8* with distances of 2.7A, and 2.9A, respectively.
As described in Figure 1.5(b), three angles concerning to the hydrogen bonds of W3 are in
proper geometry (128°, 116°, 118°) in contrast to rather deviated angles of the direct hydrogen
bond of the C-U pair (137°, 157°). Another remarkable feature is that the C1'-C1' distance of
the C-U pair (1 1.9A) becomes 1.2A longer than that of the Watson-Crick base-pair (10.71°\)
in order to hold this water molecule (W3) in proper geometry. Interestingly such kind of
water molecules is commonly observed among all the C-U pairs (Holbrook et al., 1991;
Cruse et al., 1994). All of these data suggests that the hydrogen bonds of W3 are strong
enough to make the C-U pair open to the minor groove as to fix W3 in a proper geometry,
and probably compensates the loss of one direct hydrogen bond between bases. As a result,
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U7 and C8* must rotate by 20° and 17°, respectively, around the normal vectors to the base
plane, toward the minor groove. This rotation also induces the slide of the C-U pair by 1.1A
from the normal position of the base-pair in A-form, and this slide makes the major groove

deeper.

Hpydration patterns around the G-U and C-U pairs

The hydration of non-Watson-Crick base-pair region was presented in Figure 1.6. The
large open circles represent the water molecules and hydrogen bonds are drawn as broken
lines. Inter-atomic distances less than 3.2A are defined as hydrogen bonds. All the hydrogen
bonding sites of bases faced to the major groove are fully occupied by water molecules and
they are located approximately in the base-pair plane of G-U and C-U. On the other hand,
hydrogen bonds between the water molecules in each base-pair plane are observed between
W1 and W6 at G9*-U6 / C8*-U7 step (Figure 1.6(a)(b)) and between W6 and W8 at C8*-U7
/ UT*-C8 step (Figure 1.6(c)(d)) only. Even between adjacent water molecules which are out
of hydrogen-bonding distance, the electrostatic and van der Waals interactions seem to remain.
Interestingly, the existence of W1 enables these water molecules to make a cyclic hydrogen
bond network including the phosphate oxygen of C8* in the major groove of the G9*-U6 /
C8*-U7 step, indicated with thick broken lines in Figure 1.6(a)(b). It might be true that W1 is
an important molecule not only in the G-U pair but also in the hydrogen bond network at the
G9*-U6 / C8*-U7 step.

At the C8*-U7 / U7*-C8 step, a pseudo cyclic hydrogen bond network is observed
because the hydrogen bond circle is interrupted between W8 and W9. However, the electrostatic
and van der Waals interactions seem to remain as mentioned above. The tandem C-U pairs
are also stabilized by this hydrogen bond network in the major groove, but there is no
hydrogen bond between W3 and the other water molecules.

In the cyclic and pseudo cyclic hydrogen bond networks, the phosphate oxygens of
G9 and C8 are linked to N7 of G9 via three hydrogen bonds through two water molecules,
and the phosphate oxygens of C8 and U7 are to N4 of C8 as well. This kind of hydrogen
bond linkages can be seen in some other base-pair steps of this structure and are strictly
maintained in the crystal structure of ((CCCCGGGG)(Egli et al., 1996) as well. This observation
suggests that this hydrogen bond linkage can reflect the common hydration pattern in the
major groove. However, in the center of the major groove, that is, the deepest part of the
groove, the hydration pattern of the tridecamer is not the same as r(CCCCGGGG). It is
somewhat unclear whether these variations of the hydration pattern are sequence or

conformational dependent.

Geometry of the terminal uridine residue Ul
On the structure refinement process of the tridecamer, the electron density around U1
residue was always broad and not improved. It may be caused by statistical disorder which
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arises from non-symmetrical base-pairing with 50% occupancy around the crystallographic
two-fold axis. As a possible disordered model explainable for the electron density, the anti-anti
(Figure 1.7(a)) and anti-syn models (Figure 1.7(b)) were considerable. In the case of the
anti-anti model, the both pairing U1 residues are in the anti-conformation around the Y
angle with single hydrogen bond, and in the case of the anti-syn model, one residue is in the
anti- and the other residue is in the syn-conformation with two hydrogen bonds. We named
the conformer in the major groove side as Ula and the other as Ulb. To confirm which
model is correct, the omit map of Ulb was calculated and the result supported that the
anti-anti model is better and more plausible than the anti-syn model. 2iFol-IFcl electron
density map of the U-U pair was presented in Figure 1.7(c). It is consistent that this type of
the U-U pair was also observed in RNA hexamer (Wahl et al., 1996), and in general, the
syn-conformation is not preferred for pyrimidine nucleotides because of steric hindrance

between O2 and sugar ring.

Crystallization condition and an equilibrium between hairpin and duplex conformers

We searched thoroughly possible crystallization conditions for the formation of the
hairpin structure. We employed sodium cacodylate (pH6.5) as a buffer, sodium chloride as a
monovalent cation, magnesium chloride or barium chloride as a divalent cation, polyethylene
glycol #400 (PEG#400) or 2-methyl-2,4-pentanediol (MPD) as a precipitant under different
conditions. We also used spermine or spermidine because the polyamine is responsible for
the condensation of DNA in vivo and is often used for crystallization. Under an different
condition using spermine and MPD, a plate-like crystal with the same cell dimension containing
the tridecanucleotide as a double-stranded structure but not a hairpin loop structure.

Even though several NMR and thermal denaturation studies indicated the presence of
a stable hairpin structure (Tuerk et al.,1988; Sakata et al., 1990; Cheong et al., 1990; Antao,
V. P. & Tinoco, 1. Jr., 1992), there is so far no report on the crystal structure of an RNA
hairpin molecule using short oligonucleotides. At first, the reason why the "UUCG" hairpin
loop crystallized in a double stranded form was thought that an equilibrium between the
hairpin and double stranded structure was shifted to the double stranded form because of high
concentrations of the oligomer and salt. However Kanyo et al., (1996) showed by fluorine
NMR that even in the crystallization condition of the dodecamer (Holbrook et al., 1991;
Baeyens et al., 1994), the hairpin molecule was the main component in the solution phase. So

we have to consider the other reason from the solution equilibrium and will discuss it later.

Conformational polymorphism

Overall structure of this double helix was compared with those of the A-RNA and
A'-RNA conformers (Arnott et al., 1972: 11 residues per turn for A-form; 12 residue per turn
for A'-form). The root mean square deviations (rmsd) of the coordinates of a tridecamer
duplex from A-RNA, and from A-RNA are 1.59A and 1.12A, respectively, and the conformation
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of the tridecamer is rather similar to A'-RNA. The non-Watson-Crick base-pair portion also
ishows a small distortion from A-RNA and A'-RNA. Then we calculated the backbone torsion
angles for the comparison with those of A- and A'-RNA (Table 1.2). The mean torsion angles
of the tridecamer are slightly different from the values of both A-RNA and A'-RNA, but
similar to those of the double helical region of tRNA™® calculated by Kitamura et al. (1984).
The regular backbone conformations are conserved but exceptionally large distortions are
found ine and § of U6, B of U7, B and yof G9 and B of G10 which are caused by local
movements of the bases themselves or adjacent bases by introduction of non-Watson-Crick
base-pairs.

To clarify the conformational properties in detail, we listed in Table 1.3(a) the mean
helical parameters and the major and minor groove widths of the tridecamer together with
those of A-RNA, A'-RNA, B-DNA and the single crystal structures of the oligonucleotides in
previous works (255D in PDB code: Holbrook et al., 1991; 1RNA: Dock~Bregeoh et al.,
1988; 1SDR: Schindelin et al., 1995; 205D: Baeyens et al., 1995). All the coordinates are
taken from PDB and their names represent the PDB code. 1SDR contains two double helices
in an asymmetric unit, and they were named as 1SDR1 and 1SDR2, respectively. Their
sequences are written in Materials and Methods. We selected the previously reported oligomers
which were long enough to calculate the major groove width and have little standard deviations
of the structure parameters. Basically, we follow the definitions and the nomenclatures of
nucleic acid structure parameters by Diekmann et al. (1989), but "*" mark means that the
calculation method was simplified. The structure parameters listed in Table 1.3(a)(b) are a
minimum set of the variables which reconstruct the global conformation. There are two
remarkable values. 1) Inclinations* of tridecamer and 255D are much smaller than the others.
2) the major groove width of tridecamer and 255D are significantly wider than the others.
When the Inclinations* are plotted against the major groove width, two clearly separated
clusters appeared (Figure 1.8). Interestingly, each cluster contains a canonical A-RNA and
A'-RNA, respectively. The standard deviations of each point along both axes are much
smaller than the distance between the clusters. Together with these data, we concluded that
these two clusters must be assigned to an A-RNA group and an A'-RNA group. This implies
that the A'-RNA conformation is confirmed in single crystal structures, that is, the tridecamer
and 255D belong to the A'-RNA conformer. On the other hand, 1RNA, 1SDR1, 1SDR2 and
205D belong to the A-RNA conformer. The good separation between the two clusters suggests
that there might exist energy barrier between A-RNA and A'-RNA, and it will be discussed
later.

Cluster analysis
We performed the cluster analysis to reconfirm that the conformation of these oligomers
can be divided into two groups. In the cluster analysis in general, the samples are classified

based on similarity in valuables which describe the structural feature of the samples. As
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mentioned previously, the mean structure parameters in Table 1.3(a) are the valuables which
define the global conformation so that the cluster analysis can be performed using these
parameters directly. However, they include distances and angles and also their values are
dispersed. If the values in Table 1.3(a) are used for the cluster analysis, the result might be
affected only by a certain parameter which has the largest value. It is better for these values
to be standardized in terms of each structure parameter before the cluster analysis. The
standardized structure parameters for the cluster analysis are listed in Table 1.3(b). Then
Euclidean distances based on the standardized structure parameters between all the combinations
of the oligomers, A-RNA, A-RNA and B-DNA were calculated (Table 1.4). The oligomers,
A-RNA, A-RNA and B-DNA were clusterized by means of the nearest neighbor method
(Figure 1.9). B-DNA and all RNA group are separated with quite a long distance of 5.66.
Markedly, the A-RNA and A'-RNA groups in Figure 1.8 belonged to the different clusters by
this method as well, and separated at the distance of 1.68. On the other hand, the longest
distance in each cluster is 0.86 and 0.74, respectively, which are much shorter distances than
that between A-RNA and A'-RNA groups. The difference in the distances of the inter- and

intra-groups is of significance.

Discussion

The structure of the tridecamer reveals that the pyrimidine-pyrimidine pair such as the
C-U pair can exist. Studies on stability of the non-Watson-Crick base-pairs are indispensable
for the prediction of the secondary and tertiary structure of RNA. From this reason,
thermodynamic studies of mismatches in double stranded RNAs were performed (Santal.ucia
etal., 1991; He et al., 1991; Wu et al., 1995). The thermodynamic parameters and molecular
structure of the G-U pair in solution were well studied (He, et al., 1991; Wu et al., 1995;
Allain & Varani, 1995b). However, there was only thermodynamic parameters for the C-U
pair (Santal.ucia, et al., 1991). Although the existence of the C-U pair was predicted in
Eschelichia coli 23S ribosomal RNA (Gutell et al., 1994) and the C-T mismatch pair was
claimed to be stacked in a DNA duplex in solution (Boulard et al., 1997), it is still unclear
whether C and U can form a base-pair in solution as in crystal. The solution structure of the
C-U pair is the next target to be solved. Furthermore, there is no thermodynamic parameters
of asymmetrical tandem mismatches and they should be also determined. Without these
parameters, there still remains ambiguity for the secondary structure prediction of a large
RNA molecule. The geometry and hydration pattern of successive non-Watson-Crick base-pair
in this study are important for the investigation of the meaning of the thermodynamic parameters
and for the understanding of the general principle of RNA folding. ‘

The crystal structure of the P4-P6 domain of the Tetrahymena thermophila intron
(Cate et al., 1996a,b) indicates that the main interaction between two helices located side by
side in parallel is mediated by the minor groove contact. In the crystal structure of the

tridecamer, two helices related by the crystallographic two-fold screw axis interact through
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the minor groove as well. The packing interaction of the tridecamer might reflect a general
principles of the duplex-duplex interaction. The reason why hairpin molecules using short
oligonucleotides crystallize in a double stranded form (Holbrook et al., 1991; Fujii et al.,
1992; Cruse et al., 1994; Baeyens et al., 1996) except for the Z-DNA hairpin (Chattopadhyaya
et al., 1988) can be explained from the point of the minor groove contact. The minor groove
surface area of the self-associated double helix is larger than that of the hairpin molecule so
that the self-associated double helices can make specific contacts with another molecule
through the minor groove, while that of the hairpin molecule is so small that the hairpin
molecules can not contact well enough to make the crystal lattice. To obtain the crystal
containing hairpin molecules, the oligomer with a longer Watson-Crick base-paired stem
should be used. If we want to obtain the structure of the UUCG loop, it may be better to
introduce this loop into a much larger molecule such as the GAAA loop in the hammerhead
ribozyme (Pley et al., 1994; Scott et al., 1995; Scott et al., 1996).

In an early stage of RNA study, the structure of the RNA molecule was thought to be
more flexible than that of DNA molecule, because the most of RNA molecules are expressed
as single strands and take various structures. But in the last decade, its structure came to
regard as more rigid than that of DNA molecule although the RNA molecule can take various
structures (Puglisi et al., 1992; Pley et al., 1994; Scott et al., 1995; Aboul-ela et al., 1995;
Puglisi et al., 1995; Cai et al., 1996; Jiang et al., 1996; Cate et al., 1996a,b; Aboul-ela et al.,
1996; Battiste et al., 1996; Ye et al., 1996; Scott et al., 1996). However, if the RNA molecule
is just a rigid molecule, it seems to be inconsistent with various activities of the RNA
molecule such as the intron excision, the ribonuclease activity of RNase P and the protein
synthesis through the ribosomal RNA. The existence of A'-RNA conformer not only expands
the conformational space but also could introduce the flexibility again through the
conformational exchange between A-RNA and A'-RNA, even if each conformer is rigid.
There is a possibility that biologically active RNA molecules might utilize the flexibility
which arises from the conformational exchange between A-RNA and A'-RNA conformers.

There still exists the problem whether A-RNA and A'-RNA are independent conformers
like A- and B-forms of DNA. To speculate this problem, dynamics data of RNA fiber by
solid-state *'P NMR spectra can be used. Solid-state * P NMR spectrum of RNA fiber shows
that A- or A'-form does not display any conformational change and heterogeneity (Shindo et
al., 1985). The conformational conservation of A- or A'-form is much more evident than the
heterogeneous B-form DNA fiber as revealed by the solid-state *'P NMR spectra (Shindo &
Zimmerman, 1980; Shindo et al., 1984; Shindo et al., 1985; Fujiwara and Shindo, 1985).
These may suggest that in solid state, A-RNA or A-RNA can not be converted to the other
conformer easily and there may exist a energy barrier but the matter is still obscure. In
respect of solution phase, it is much obscurer because of the paucity of the data. Anyway this
problem also must be studied. Then, factors which induce A'-RNA conformation must be

explained. In the case of the present tridecamer, the possible explanation is that an A'-RNA
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conformer which has twelve residues per turn is suitable for the tridecanucleotides to make
pseudo infinite helices in crystal because an intermolecular U-U base-pair is flexible and
seems not to affect the helical phase. The energy levels of both conformers might not be so
different and there is a possibility where A'-RNA conformer could be induced and observed
in natural RNA.

We retrieved the biologically occurring frequency of A'-RNA. In the crystal structure
of the P4-P6 domain of Tetrahymena thermophila intron (1GID: Cate et al., 1996a,b from
PDB), we could not find any A-RNA conformation. We searched the A'-RNA conformation
in the crystal structure of the hammerhead ribozyme ( 1HMH: Pley et al., 1994; IMME:
Scott et al., 1995 from PDB) as well, but the helices are so short that we could not measure
the major groove width to judge the conformation. Therefore, we calculated the rmsd of the
coordinates between stem I, the longest double helix, of the hammerhead ribozyme and
A-RNA as well as A-RNA. The rmsd values between stem I and A'-RNA are smaller than
those between stem I and A-RNA in four out of five crystallographically unique molecules in
1HMH and IMME. The smallest rmsd value between stem I and A'-RNA is 1.03A which
indicates that stem I of this molecule is similar to A'-RNA. In the crystal structure of
hammerhead ribozyme, stem I is located so close to stem II that can contact each other. Stem
I may avoid the steric hindrance between stem I and II, by taking A'-RNA conformation. This
also suggests that A'-RNA conformation could exist in other natural RNA, and the double
helical region in a large RNA molecule may select suitable conformation according to
environment.

The conformation of A'-RNA is different from A-RNA in the helical phase and the
major groove width which affect both RNA-RNA and RNA-protein interaction. Markedly, in
the case of Tat-TAR, rev-RNA aptamer and rev-RRE (Puglisi et al., 1995; Ye et al., 1996;
Battiste et al., 1996), Tat and rev peptides bind to the major groove of target RNAs and
widen the major groove upon their binding. It is obvious that the A-RNA conformer does not
allow these peptides to accommodate in its quite narrow major groove. Although the authors
of the above three papers explained that the widening of the major groove was caused by the
flexible conformation around the bulge loop, now there arises another possibility, that is, the
global conformational change of the double helix to the A'-RNA conformer. The A-RNA
conformation which has the wide major groove must be taken into consideration for the
RNA-protein interaction.

Although the cluster analysis is one of the general statistical methods, it has not been
applied to the classification of the RNA conformations. The use of rmsd of coordinates for
the classification of the RNA conformation in either A-RNA or A'-RNA brought an ambiguous
result, while the cluster analysis gave quite a clear result for this purpose. The major advantages
of the cluster analysis to the method of rmsd can be summarized in the following two points.
1) The double-stranded oligomers which are different in length and sequence can be compared

directly. 2) The Euclidean distance used in the cluster analysis sensitively reflects the
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conformational difference because it is calculated from the structure parameters. For example,
the rmsd of the coordinates from the present tridecamer to those of A-RNA and that to
A-RNA are 1.59A and 1.124A, respectively, while the distances of the cluster analysis from
the tridecamer to A-RNA and that to A'-RNA are 2.12 and 0.74, respectively. The difference

is evident.
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Table 1.1. Summary of B-factors.

phosphate ribose base
Ula 25.06 22.93
Ulb 25.09 23.32
G2  27.26 21.10 14.76
A3 20.60 16.80 11.26
G4 17.05 12.87 9.75
C5 1446 12.62 10.88
U6  12.03 10.68 11.47
U7  10.05 8.65 8.58
C8 1042 11.83 11.38
G9 15.08 13.25 10.53
G10 14.82 11.86 9.60
Cil1 11.64 11.57 8.50
Ul2 1435 13.35 10.28
C13 1736 16.36 14.19

Because of the disordered structure, U1 has two

conformers, Ula and Ulb.




Table 1.2. Torsion angles of the tridecamer, A-RNA, A'-RNA and tRNAPhe,

Ula 624 785 2082 290.5 1945
Ulb 549 817 2181 3089 193.7
G2(Ula) 2948 1675 675 77.7 2044 286.5 189.8
G2(Ulb) 2922

A3 288.8 176.8 584 781 2054 2865 2039
G4 02822 178.7 58.6 819 210.1 292.8 1959
Cs 2863 1624 744 773 204.8 286.1 195.0
U6 2927 1653 544 77.6 187.8 2644 1933
u7 282.1 187.0 602 76.6 207.3 286.6 196.5
C8 2904 1714 568 763 2074 2924 197.5
G9 2863 159.9 78.8 805 2075 2855 178.7
G10 284.0 184.7 548 77.6 2062 2862 1872
Ci1 2925 1764 59.6 80.1 207.8 284.6 201.8
U12 2939 1652 610 774 2142 2858 2053
C13 2834 162.0 68.7 754 2014 2014

ave.(13mer) 2884 1715 622 783 2065 2874 1953
SD(13mer) 4.62 9.15 750 198 6.80 946 7.02

A-RNA 294 186 49 95 202 294 205.0/202.0
A'-RNA 297 189 45 83 196 297 200

ave.(t(RNAPR)272 186 68 79 206 287 196
SD(RNAP) 32 34 21 15 29 23 19

Because of the disordered structure of U1, Y , é , €, & and X of U1,

and ¢ of G2 have two values.
ave.(13mer) and SD(13mer) mean average and standard deviation of
each torsion angle of the tridecamer in this work.

ave.(tRNAPh¢) and SD(tRNAPh®) mean average and standard deviation

of each torsion angle of the double helical region of tRNAPhe,
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Table 1.4. Pair-wised Euclidian distances between the oligomers, A-

RNA, A-RNA and B-DNA by the standardized structure parameters.

255D 1RNA 1SDR1 1SDR2 205D A'-RNA A-RNA B-DNA

13mer 049  2.75 3.02 307 223 074 212  5.66

255D 229 255 260 178 094 168 581
1RNA 030 041 076 3.02 099 6.62
/1SDR1 027 097 326 1.16 6.80
1SDR2 111 3.30 128 693
205D 259 086 6.01
A'-RNA 224  6.20

A-RNA 6.44
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Figure 1.1. The numbering of the bases and the base-pair scheme are shown.
The crystallographically independent molecule is presented in boldface and
symmetrically related molecules are presented in normal type with asterisks.
The helix piled up along the c-axis is also presented in italics. Because of the
disordered structure, Ul has two conformers, Ula and Ulb, which are
denoted as Ula,b for short. The bold and thin broken lines represent
Watson-Crick base-pairs and non-Watson-Crick base-pairs, respectively.

The black ovals represent the crystallographic two-fold axis.
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Figure 1.2. Two possible orientations which satisfy the crystallographic symmetry. All
oligomers in a unit cell are included in this figure and a crystallographically unique
molecule is presented as a ball-and—stick model. The a—axis and c—axis of the unit cells are
indicated as a parallelogram in the figure, and the b—axis is perpendicular as to the paper.
The crystallographic two—fold axes and two—fold—screw axes are also shown. Each figure is

viewed from the plus region to the minus region of the b—axis.
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Figure 1.3. The definitions of the structure parameters are shown. "m" represents the mid-point between the C8 and
Cé6coordinates in the case of a purine-pyrimidine base-pair, and that between the C6 and C6 coordinates in the case of
apyrimidine-pyrimidine base-pair. "I" represents the long axis vector between C8 and C6 in the case of a purine-
pyrimidinebase-pair, and that between C6 and C6 in the case of a pyrimidine-pyrimidine base-pair. z is the difference in
the z-coordinates of C8 and C6 for a purine-pyrimidine base-pair, and those of C6 and C6 for a pyrimidine-pyrimidine
base-pair.The filled black circles in (a) and (c), and the vertical thick lines in (b) and (d) indicate the helical axis. (a) X-
displacement* is the distance between m and the helical axis (viewed down the helical axis). (b) Inclination* is the
anglebetween the vector, /, and the x-y plane (v.iewed perpendicular to the helical axis). (c) Twist* is the angle between
theprojections of vectors Is to the x-y plane of the neighboring base-pairs (viewed down the helical axis). (d) Rise* is
thedifference in the z-coordinates of ms in neighboring base-pairs (viewed perpendicular to the helical axis). (¢) P-P
majorand P-P minor was defined before calculation of the major groove width and minor groove width. The trans zigzag
line and”P" represent the backbone and phosphorus atoms of the double helix, respectively. In A-RNA or A-RNA, the
nearestphosphorus atoms through the major groove and the minor groove are linked by a solid line, and their linear
distances areP-P major and P-P minor, respectively. In B-DNA, they are represented by dashed lines. The major groove

width andminor groove width were obtained by subtracting 5.8A from P-P major and P-P minor, respectively.



Figure 1.4. Stereo view of the double—stranded form of the tridecamers.
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Figure 1.5. (a) 2|Fol|-|[Fc| map of the G-U pair drawn at the level of 1.2 o with a wire model.
(b) 2|Fol-|Fc| map of the C-U pair drawn at the level of 1.20 with a wire model. The names
of the residues used here are given in Figure 1. The light green, red, blue and yellow in the
wire model represent carbon, oxygen, nitrogen and phosphorus atoms, respectively. The red
asterisks represent the oxygens of water molecules. The names of the water molecules which
are discussed in the text are also presented. The green broken lines represent the hydrogen
bond, with their distances. The hydrogen-bonding-related angles and the C1'-C1' distance of

the C-U pair are presented as yellow and grey characters, respectively.



Figure 1.6. The hydrogen bond networks around the G9*-U6 / C8*-U7 step and the C8*-U7
/ U7*-C8 step are shown. The sparked, double, shaded, small open and large open circles
represent phosphorus, oxygen, nitrogen, and carbon atoms in RNA, and oxygen atoms in
water molecules, respectively. The broken lines represent the hydrogen bonds with distances
of less than 3.2A. The bold broken lines represent the cyclic hydrogen bond network, with
the names of the water molecules. (a) A stereo diagram of the G9*-U6 / C8*-U7 step viewed
down the helical axis. (b) A stereo diagram of the G9*-U6 / C8*-U7 step viewed into the
major groove. (c) A stereo diagram of the C8*-U7 / U7*-C8 step viewed down the helical
axis. (d) A stereo diagram of the C8*-U7 / U7*-C8 step viewed into the major groove.
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Figure 1.7. (a) The anti—anti model is drawn with a hydrogen bond as a broken line. The
solid line indicates the crystallographic two—fold axis. (b) The anti—syn model is drawn with
two hydrogen bonds as broken lines. The solid line indicates the crystallographic two—fold
axis. (c) A 2IFol-IFcl map of Ula and U1b drawn at the level of 0.8c with a wire model. The
names of the residues used here are the same as in Figure 1.1. The broken wire model
represents the half of the disordered molecule which is related by the crystallographic
two—fold axis. The light blue line represents the crystallographic two—fold axis. The green

broken line represents the hydrogen bond, with its distance. The distance between C5 of
Ulb* and O4 of Ulais 3.4 & (white broken line)
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Figure 1.8. The mean inclination* value of each oligomer duplex isplotted
against the value of the mean major groove width of each oligomerduplex.
Each point represents the corresponding oligomer duplex in thekey. The
coordinates and names of the oligomers were taken from PDBand its code.
1SDR includes two duplexes in an asymmetric unit, whichare named
1SDR1 and 1SDR2, respectively. See Materials and Methodsfor the names
and sequences of the oligomers. A-RNA (fiber) and A'-RNA(fiber)

represent the structures obtained from fiber diffraction data.
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Figure 1.9.  Schematic diagram of the cluster analysis is drawn.
Oligomers are linked by the nearest neighbor method at the Euclidean
distances, which are also listed in Table 4 in boldface. See Materials and

Methods for the names and sequences of the oligomers.



Chapter 2

NOE based structure calculation
of the C-U pair in solution

Abstract

The structure of the C-U mismatch pair in double stranded RNA oligomers,
r(CGACUCAGG) * r(CCUGCGUCQG), in solution was studied. The NOE based signal-
assignment allowed to assign most of the proton signals, 164 out of 196, with the combination
of COSY and 'H-*'P hetero COSY spectra. These signals include three 2'-hydroxy protons
which are rarely observed. On the other hand, the imino proton signal of the C-U pair was
not observed at all. This indicates that the imino proton of the C-U pair is exposed to the bulk
water. From the NOE based structure calculation, the RNA oligomers formed a double
stranded helical structure with the C-U pair. The ) angles of the cytidine and uridine in the
C-U pair were in the anti-conformation. All the results suggested that the configuration of the

C-U pair is the same as that in crystal.
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Introduction

In the previous chapter, the existence of the C-U pair was demonstrated in crystal. In
this chapter, it is studied whether the C-U pair can exist in solution. To prove this, NOE
based structure calculation was performed. As mentioned in General Introduction, it is no
easy to determine the structure of thermally unstable base-pairs because there may be
conformational distributions. The problems accompanying with the structure calculation also
will be discussed. As well as the structure calculation, sample preparation of labeled RNA is
also described. To study the structure of the C-U pair, sequences were newly designed. This
is because the tridecamer in Chapter 1 forms monomeric hairpin loop structure in solution
without the C-U pair. Since the C-U pair makes a double helix unstable, a double helix
(rCU9) include many C-G pairs was designed to make the double helix as stable as possible.

It is very important to study the structures and characters of the mismatches in
solution in order to know the secondary and tertiary structure of RNAs. In Eschelichia coli
23S ribosomal RNA the existence of the C-U pair was predicted, and putative a single C-U
pair site exists (Gutell et al., 1994). However data are limited to rather stable mismatches
such as G-U and G-A which are the non-Watson-Crick base-pairs with two hydrogen bonds.
The G-U mismatch pair which is frequently observed in tRNAs and other RNAs is stable
enough to maintain a double helix (He et al., 1991). The G-A mismatch pair also makes a
stable base-pair in the analogous sequence to the hammerhead ribozyme (Katahira et al.,1994).
Both of these mismatches form specific base-pairs in crystal (Fujii et al., 1992; Pley et
al.,1994) and solution (Katahira et al., 1994, Allain & Varani, 1995a,b). On the other hand,
thermodynamic studies showed that the pyrimidine-pyrimidine type mismatch such as C-U
makes the double helix unstable except for U-U when a certain base-pair comes to the next
(SantaLucia et al., 1991; Wu et al., 1995). In spite of the fact, the C-U pair is formed in a
specific manner in crystal as described in the previous chapter and the other papers (Holbrook
et al., 1991; Cruse et al., 1994). The C-U pair in crystal has a single direct hydrogen bond
between bases and seems not to be so stable. It is interesting to see whether such a C-U pair

is formed in solution or not.

Materials and Methods
Synthesis of the phosphoramidite form of labeled nucleosides

Synthetic route of phosphoramidite form of the cytosine labeled at the amino-nitrogen
is drawn in Figure 2.1. TIPDSCL, and (Bz),0 represent 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane and benzoylanhydrous, respectively. The final product "9" is the
phosphoramidite form of cytidine for the material of the following oligomer synthesis by the
solid phase phosphoramidite method. It is the same as that commercially available except for
the 2'-hydroxy-protecting group. It has a tetrahydropyranyl (THP) group on the 2'-hydroxy
group instead of the tert-butyldimethylsilyl (TBDMS) group. The purity of the final product
"9" was judged by *'P NMR.
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Synthesis of oligonucleotides

The concepts of the sequence design is as follows. 1) The C-U pair should be located
in the middle of the double helix. If the C-U pair is located at the end of the helix or near the
end, it may fluctuate. 2) To make the double helix as stable as possible, high ratio of the C-G
pair is desired. 3) To maximize the possibility of the formation of the C-U pair, both side of
the C-U pair should be the C-G pair. 4) Each sequence should not form a stable self-associate
double helix. 5) Other stable combination of the base-pairing should not exist. As a result, the

sequences below were designed.

1234 5 6789

s cGAC VCAGE »  (rU9)

3 GCUG @GUCC 5 (@xC9)

18171615 14 131211 10

rCu9

Scheme 2.1

Oligomers, rU9 and rC9, shown above were synthesized by the solid phase
phosphoramidite method with leaving the 5'-dimethoxytrityl (DMTr) groups on the 5'-hydroxy
groups by a DNA synthesizer Model 380B (ABI). The labeled cytidine was incorporated at
the 14th base indicated by the outlined character (Scheme 2.1). For the other residues, the
phosphoramidite forms of the non-labeled nucleotides (PerSeptive biosystems) with 2'-TBDMS
group as a 2'-hydroxy-protecting group were used. Their base-protecting groups were
deprotected in the solution containing aqueous ammonia and ethanol at the ratio of 3:1 at 55
°C for 16 hours in a screw vial. The solvent was evaporated and 1M tetrabutylammonium
fluoride in tetrahydrofuran was added to the residuals. They were incubated at 37 °C for 16
hours in a screw vial to remove the 2'-protecting group, 2'-TBDMS group. The fraction of the
oligomers with 5'-DMTr groups were collected by a reversed phase column C18 (Waters).
Solutions containing the samples were evaporated, and aqueous HCI solution at pH 2.0 was
added to the residuals to deprotect the 5'-DMTr groups at room temperature for 15 minutes.
In the case of the oligomer with the labeled cytidine, the treatment of HCI solution pH 2.0
was done for 24 hours to remove 2'-THP group as well. They were neutralized and purified
again by reversed phase column COSMOSIL (nacalai tesque). Then they were adsorbed on
an anion exchange column Mono-Q (Pharmacia) and eluted by 2.0M NacCl for the counter-ion
exchange. The excess amount of NaCl was desalted by gel filtration G3000PW (TOSO).

They were quantitated from UV absorbance at 260 nm after nuclease P1 digestion.

Measurement of NMR
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The solutions for NMR measurements contain 2 mM duplex oligomer, 20 mM sodium
phosphate buffer at pH 7.0 and 50 mM NaCl in 90% H,O and 10% D,0O. When we measured
the sample in D,0, we evaporated H,O from the sample then dissolved it in the same volume
of D,0 without adjustment of pD. The NOESY spectra in H,O at 0 °C for obtaining NOE
data necessary for the structure calculation and signal assignments were measured in 1024%512
column points for the spectral width of 13998.16*13987.53 Hz, 16 scans for each column
point on a 600 MHz spectrometer, JEOL alpha600. The NOESY spectra in 90%, H,0 and
10% D,O at 30 °C for the structure calculation and signal assignments were measured in
1024*512 column points for the spectral width of 14367.82*12002.66 Hz, 16 scans for each
column point on a 600 MHz spectrometer, Bruker DRX600. The NOESY spectra in D,O at
10 °C for the structure calculation and signal assignments were measured in 1024*512
column points for the spectral width of 14367.82*12002.66 Hz, 16 scans for each column
point on a JEOL alpha600. All of them were measured for the mixing times of 50, 100 and
200 msec. The COSY spectra were measured at 25 °C in 1024*256 column points for the
spectral width of 5000*5000 Hz, with 8 scans on a 500 MHz spectrometer, Bruker ARX500.
The NOESY spectra at every 10 °C from O °C to 70 °C were taken in 1024*256 column
points for the spectral width of 5000*5000 Hz, with 4 scans per column point and mixing
time 50 msec on a JEOL alpha600. 'H-*'P hetero COSY spectrum (Sklendr et al., 1986)was
measured at 27 °C in 512*256 column points for the spectral width of 7042.25%2024.6 Hz,
with 32 scans on a Bruker ARX500. HSQC spectrum was measured at 10 °C in 512%20
column points for the spectral width of 4006.4*¥709.56 Hz, with 32 scans on a Bruker

DMX500. Proton chemical shifts were calibrated by the equation below (Hartel et al., 1982).

T
S(H,0)=7.83 - —— 2.1
(H;0) 96.9 @D

where 5(H20) is the chemical shift (ppm) of the water protons and T is a temperature (K).

Assignment of proton signals and classification of NOE intensities

Assignment of proton signals were done mainly by use of the NOE connectivities
including the sequential NOEs, as explained in General Introduction. H5-H6 proton signals
were determined by the COSY spectrum, but proton signals in the sugar rings were not
determined because coupling constants were so small that the cross peaks between them
could not be observed. Peak picking and the measurement of peak heights from the NOESY
spectra was performed by a program NMRPipe/PIPP system (Garrett, 1991; Delaglio, 1995).
For the measurements of the cross-peak heights between non-exchangeable protons, the
NOESY spectrum at 30 °C, mixing time of 200 msec. was used. Then, for those of the
cross-peak heights for exchangeable protons, the NOESY spectrum at 0 °C, mixing time of
200 msec. was used. |

They were classified into three groups by their peak heights, strong, medium and
weak. In the case of the cross-peaks between the non-exchangeable protons, an internal

standard which separates strong and medium peaks was a mean half height of the cross peaks
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between H5 and H6 of pyrimidine bases whose distance is fixed at 2.49 A. That which
separates medium and weak peaks was the height of the cross peak between H2 and H1' of
A3 whose distance is approximately 5.0 A.

In the case of the cross peaks between the non-exchangeable protons and the
exchangeable ones, an internal standard peak is that of H5-H42 in cytidine at the eleventh
residue (C11) whose distance is fixed at 2.48 A. Its peak height was defined as I(n-e). The
threshold between strong and medium peaks is 0.9*I(n-e), and that between medium and
weak peaks is 0.35*%I(n-¢). In the case of the cross peaks between the exchangeable protons,
internal standard peak is that of H1-H41 in the G-C pair between G9 and C10 whose distance
is fixed at 2.48 A. Its peak height was defined as I(e-e). The threshold between strong and
medium peaks is 1.0¥I(e-e), and that between medium and weak peaks is 0.65*I(e-e). Some
peaks from the other NOESY spectra were included in the weakest group because the same
threshold can not be applied. These cross peaks were converted to the distance constraints
‘where strong, medium and weak peaks correspond to 0~3.5 A, 0~5.0 A and 0~6.5 A distance
constraints, respectively. 450 distance constraints were included in the NOE constraints table.
Constraints to keep the configurations of Watson-Crick base-pair were also included. They
consisted of distance constraints for hydrogen bonds, those which prevent base-pair sharing
and base-pair planarities. In respect of the C-U pair, this kinds of constraints were not

introduced at all. All of the constraints employed here were summarized in Table 2.1.

NOE based structure calculation

In principle, structure calculations were performed as to satisfy the experimental
constraints and geometries around covalent bond (covalent geometries for short) as described
in General Introduction. The equation (G.10) was used as a target function. All structure
calculations were done by X-POLR ver. 3.1 (Briinger, 1992) based on the NOE constraints
and constraints for the base-pairing. The calculation was composed of three steps (Figure
2.2). 1) The initial coordinate was generated from two independent helical single strands then
molecular dynamics at 350K without the experimental constraints was performed to those
strands to generate random structure. 2) Simulated annealing was performed to a random
structure to get a roughly folded structure. In this step, experimental constraints such as NOE
distance constraints and constraints for base-pairing were introduced. The base-pair constraints
are composed of distance constraints for hydrogen bonds, those of base-pair sharing resistance
and base-pair planarities For van der Waals potential, that of square-well type generating
only the repulsive force was employed. 3) Refinement was performed using Lennard-Jones
potential as a van der Waals potential with larger van der Waals radii of the atoms in the
bases than default values. Otherwise, significant short contacts between bases remain. At the
same time, the weighting factor of NOE distance constraints was set 1000 times bigger than
step 2 to make the structure which strictly satisfies the NOE distance constraints. Step 1 and
step 2 were circulated for 500 cycles and 22 structures were accepted at this moment. After

26



refinement step, energies of above 22 structures and mean rmsd values from the averaged
coordinates as functions of the numbers of averaged structures were plotted (Figure 2.8(a),
(b)) Between the eighth and ninth structures of the energy order, rmsd values were significant
different. The structures which have larger energy values than the ninth structure were
rejected, and eight structures were acceptable. These structure calculations and selection

protocols were the same as those described by Allain and Varani (1997).

Results
Synthesis of the phosphoramidite form of cytidine and oligoribonucleotides

Synthetic route of the phosphoramidite form of the cytosine labeled at the amino-nitrogen
is drawn in Figure 2.1. The yield of each step was presented in Figure 2.1 and the yield of the
final product "9" from non-labeled uridine as a start compound is 28%. In the reaction of the
final product "9", some aducts form the phosphoramidite reagent which inhibit the oligomer
synthesis are also produced. It was purified by a silica-gel column and divided into five
fractions in the order of the elution time from the column. The purity of each fraction was
checked by *'P NMR (Figure 2.3). Two peaks around 150 ppm correspond to product "9"
because there exists chiral center around the phosphorus atom. The peaks around 10 ppm are
the aducts which inhibit the following oligonucleotides synthesis. The fractions 1 to 3 were
merged together for the use of the following oligonucleotide synthesis by the solid phase
phosphoramidite method. Then 580 mg of the final product "9" was obtained. It is enough to
perform the solid phase synthesis of oligonucleotides.

The oligomers of each strand was synthesized by the solid phase phosphoramidite
method. They were purified as described in "Materials and Methods" as to become a single
peak on the chart of HPLC by the analytical grade reversed phase column.

Assignment of the proton signals

In the sequential NOE region between base protons of H6 or H8 and H1' in the sugar
ring of the NOESY spectrum in D,0O at 10 °C, sequential NOEs were completely observed
through the sequence of each strand (Figure 2.4). They were indicated by solid lines (from
the first to 9th residues) and broken lines (from the 10th to 18th residues). The sequential
NOEs were observed between base protons and sugar protons H2" or H3' as well. These
results strongly suggested the existence of a double stranded structure. In the NOESY spectrum
in H,O at O °C, there existed strong intra-residual cross peaks between HS and the amino-protons
in the cytidine bases. These amino-protons also gave cross peaks to the imino-protons of
guanosines which were the counterpart of the base-pair. Then residual two imino proton
signals in this region were assigned to those of two uridines in U-A pair because they showed
cross peaks with the H2 protons of adenosines. There are eight peaks corresponding to the
number of the Watson-Crick base-pairs. NOE cross peaks between the imino protons were

also consistent with the combination of base-pairs in scheme 1. The expected NOE connectivities
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for the double helical structure are presented in Figure 2.5 and all of these NOEs were
observed except for those from the amino proton signals of guanosines which were not
observed because of the exchange between water hydrogen atoms. The assignment of partial
H1' and the imino protons of G2, G8, Ul2, G13, G15 and U16 were confirmed by the
procedure as described in the paper by Heus & Pardi (1991) (Figure 2.5). This method also
assume the double helical structure, and the double helical structure of rCU9 was also
confirmed.

All of the cross peaks except for several weak ones were assigned consistently. H2"
proton signals were confirmed by the cross peaks between H1' and H2" on the NOESY
spectra at different temperatures (0 to 30 °C) because H1' and H2" protons are only three
bonds apart from each other and always gives cross peaks at any temperatures. H3' proton
signals were confirmed by 'H-*'P hetero COSY spectrum. In the assignment of H4', H5' and
H5" protons, proton signals which showed strong intra-residual cross peaks with H1' were
assigned to H4' protons and residual peaks to H5' and H5". These three types of protons were
not confirmed because of no other characteristic cross peaks. As a result, most of the non-
exchangeable protons were assigned except for a part of H5' or H5" protons. Among the
exchangeable protons, the imino proton of US5 at the C-U pair site, the amino protons of G2,
G9, G13 and G18 were not observed. Interestingly, a part of the H2' protons of the 2'-hydroxy
group were observed. They were confirmed by the NOE cross peaks with H1', H2", H3' of
the same residue and base protons of the neighboring residues of the 3'-side. We confirmed
that these signals were not those of the amino protons of guanosines which have not been
assigned yet. Although there were several signals which seemed to be 2'-hydroxy proton
signals, they were not assigned to them. Because there still remained the possibility that those
signals arose from the amino protons of guanosines.

For an unambiguous assignment of the amino protons in the C-U pair, "N-HSQC
spectrum was used. Because only the cytidine in the C-U pair was “"N-labeled. It is presented
in Figure 2.6 with the NOESY spectrum. Two peaks which correspond to two amino protons
were observed on the same chemical shift of the nitrogen which means two protons were
located on the same nitrogen atom. In the amino proton region of the NOESY spectrum,
cross peaks of intra-residual amino protons in the C-U pair were also observed. Because of
very fast exchange with the hydrogen of water molecule, these cross peaks could be observed
only when the mixing time was short (50 msec. and 100 msec.). Interestingly, their chemical
shifts were greatly shifted to upfield when compared with those of the C-G pairs. This will be
discussed in Chapter 3.

The sequential NOEs suggested that U5 and C14 at the C-U site were incorporated in
the double helix. As mentioned above, neither imino proton signal of uridine in the C-U pair
nor its exchange peak with the hydrogen atoms of water molecules was observed. The imino
proton of uridine could be exposed to bulk water. These results are consistent with the crystal
structure of the C-U pair in Chapter 1.
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NOE distance constraints

For the structure calculation, NOE peak volumes or heights must be quantitate at first.
Then the cross peak heights were quantitated by a program NMRPipe/PIPP system (Garrett,
1991; Delaglio, 1995). As described in General Introduction, the NOE intensity correlates
with the corresponding distance. When the three dimensional structure of the sample is
assumed beforehand, the predicted structure is confirmed by comparing the NOE intensities
with the corresponding distances. In the case of double helical RNAs, two major conformations
of A- and A'- forms is known as mentioned in Chpater 1. Unfortunately, they are
indistinguishable from each other by any NMR data. Therefore, A-form double helical structure
of rCU9 was generated as the structure of rCU9. The correlation between the observed peak
heights and the predicted distances from the A-form structure were examined to confirm
whether double stranded A-form structure was plausible for that of rCU9. From the equation
G.7, the NOE peak volume is proportional to r® but its width is not affected by the peak
height, thus, NOE peak height is proportional to r®. In Figure 2.7, the sixth roots of NOE
peak heights ((NOE peak height)'®) are plotted to the reciprocal of the predicted distances
(1/r) (Figure 2.7). This scattergram shows approximately linear correlation between NOE
peak heights and predicted distances. It was confirmed that the assumption of the structure of
rCU9 was almost plausible. However, their strict correlation of the equation G.7 was not
maintained in the following two points: the fitting line did not pass over the origin and data
were considerably deviated from the fitting line. For the reasons of the first point, the
equation G.7 work out only when the mixing time of the NOESY spectrum is short enough.
In this case, mixing time of 200 msec is too long. It is known that the evolution of NOE
depend on the residual magnetization which is not transferred by the NOE. This effect makes
the slope of the fitting line smaller as presented in Figure 2.7. For the second problem, it is
mainly due to the inaccuracy of the quantitation of peak heights from severe peak overlaps.
Secondly, in the equation G.7, no spin diffusion which causes the loss of NOE intensities of
strong peaks is considered. This also affects the first problem and makes the slope of the
fitting line smaller as well. Anyway, it should be noted that the correlation between the NOE
peak heights and the distance does exist. Since their correlation is not strict for the
macromolecules in general, NOEs were classified into approximately three groups. Then,
appropriate upper limits of the distance constraints are given to each category in practice.

To determine the appropriate thresholds which divide the cross peaks into three
groups can be derived by using the scattergram of Figure 2.7. The H5-H6 cross peak heights
were often used for the internal standard. However, if the mean value of the H5-H6 cross
peak heights is selected as the lower limit of "strong" peaks, the number of peaks in the
category "strong" will become too small. Then the half value of the mean of the H5-H6 cross
peak heights is selected as the lower limit of "strong" peaks. According to this threshold, the

maximum inter-proton distance in the category "strong" of Figure 2.7 is approximately 3.5 A.
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Therefore, the maximum inter-proton distances for the category "strong" was defined as 3.5
A. As the lower limit of the medium strength peaks, the peak height of the cross peak
between H2 and H1' of A7 was employed, because it seems to have no spin diffusion
pathway and be the longest distance (4.7 to 5.3 A) among all the cross peaks due to the direct
dipole-dipole interaction. From these threshold, there are some cross peaks in the shaded area
of Figure 2.7 which violate the upper limit of the distance constraints, but their violations are
small and seem to reflect the sequence dependent local geometry. They do not matter. In the
case of the cross peaks from the exchangeable protons, the classifications of NOE distance
constraints were checked by the scattergrams as mentioned above. In the calculation of
nucleic acids structures, constraints to keep the Watson-Crick base-pair geometry are introduced
in general. It is plausible to introduce such kind of constraints because imino protons of the
Watson-Crick base-pair was observed and they gave cross peaks to the protons of the counterpart
of base-paired residues: those of guanosines to the amino protons of cytidines and those of
uridines to the amino protons and H2s of adenosines. For the C-U pair, however, this kinds
of constraints were not introduced at all. All of the experimental constraints are summarized
in Table 2.1. Structure calculations were performed as to satisfy these experimental constraints

and covalent geometries.

NOE based structure calculation

‘The correlation between NOE peak heights and the distances above suggests that the
structure of rCU9 is a double helix. However, simulated annealing method was employed to
avoid local minimum structure. To eliminate the record of the A-form helical structure from
the initial ones, single stranded A-form helical structure were randomized by the molecular
dynamics without experimental constraints before the simulated annealing. From 500-time-
repeated structure calculations, 22 structures were accepted out of 500 initial structures. Then
the refinements were performed and eight structures were accepted from 22 structures. Energies
of 22 structures after refinements are presented in Figure 2.8(a). They are aligned in the order
of total energies. It must be noted that these energy terms are not realistic energies, but just
target functions of the least square for the structure calculation. Total energy is a summation
of all the energy terms. Bond, angle, vdw represent the energies of bond length, bond angle
and Lennard-Jones potential. Improper includes pseudo energies of chirality and planarity of
aromatic rings. NOE and plan represent pseudo energies of the NOE distance constraints and
base-pair planarity. The constraints for the hydrogen bonding and the sharing resistance are
basically the distance constraints, thus, they were included in the NOE distance constraints.
In Figure 2.8(b), mean rmsd values from the averaged coordinates are plotted as a function of
the number of averaged structures. They were calculated from the structure with the lowest
total energy. Total energies showed almost flat until the fourteenth structure. However rmsd
plots showed large fluctuations at the fifth and ninth structures. These fluctuations means that
the last structure included for averaging has different structural feature from the former ones.
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In the case of fifth structure, rmsd values are decreased again after it and the structures from
the fifth to eighth ones are accepted. However, after the ninth structure rmsd values are
basically increasing and they were eliminated from the acceptable structures. Then, accepted
eight structures were fitted to each other as presented in Figure 2.9. Their mean standard
deviations of the coordinates from those of the averaged structures of the eight calculated
structures was 1.77 A. Covalent geometries of the final structures were checked. Their
deviations from the standard bond lengths and bond angles were 0.00675 A and 1.25°,
respectively. They were summarized in Table 2.3.

All of the eight structures were converged to the right-handed double helical structures.
'The end of the helices were deviated each other because the some calculated helices show
kinks around the C-U site. Due to the lack of the NOE data of the minor groove side at the
C-U site, this side tends to open.

One calculated structure of rCU9 is presented in Figure 2.10(a), where highlighted
lines indicate the C-U pair. In Figure 2.10(b), the superposition of the C-U pair is presented.
In Figure 2.10(c), two examples of the C-U pair are chosen from the eight calculated structures.
One is an example which form a hydrogen bond between the amino group of cytidine and
the keto-oxygen of uridine (Figure 2.10(c) lower), the other is the one which can not form
any hydrogen bond (Figure 2.10(c) upper). Through the eight calculated structures, the C-U
pair was stacked between the neighboring base-pairs in the double helix. There is no evidence
for the presence of other conformer where the C and U base rings are flipped-out from the
double helical structure. It is very interesting that such a thermally unstable pair like C-U
prefers the stacked conformer at the room temperature and the flipped-out conformer could
not be detected.

The structures of the C-U site were not converged very much. This is because the
precision of the structure determination by NMR is limited because of large tolerances of
distance constraints. However, all the x angles of U5s and Cl14s in the eight calculated
structures showed the anti-conformation. The % angle around the glycosyl bond (the bond
between the sugar ring and the base) is one of the important structure parameters which
determine the relative orientation of the base from the sugar ring. In the case of the anti-
conformation of pyrimidine bases, C2 atom in the base moiety is located at the far side for
O4' of the sugar ring. This result is consistent that the crystal structure of the C-U pair
showed anti-conformation and the pyrimidine nucleosides strongly prefer anti-conformation.
The mean value of the distance between the amino nitrogen of C14 and the keto-oxygen of
U5 (N-O distance) is larger than the hydrogen-bonding distance and the mean value of the
distance between C1' of C14 and U5 (C1'-C1' distance) is 10.1 A with the standard deviation
of 0.39 A. This value is different from that in the crystal structure of C-U pair. However, the
lower structure in Figure 2.10(c) is similar to the one in crystal (Figure 1.5(b)): N-O distance
of the lower structure in Figure 2.10(c) is 3.2 A (2.8 A in crystal) where a hydrogen bond can
be formed, its C1'-C1' distance is 11.4 A (11.9 A in crystal). To examine whether the
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geometry of the crystal structure satisfies the NOE distance constraints, structure calculation
was performed with additional constraints for the formation of the C-U pair as in crystal. The
result showed that the crystal structure of the C-U pair was also acceptable for the NOE
constraints. The absence of the imino proton signal of U5 at the C-U site also suggests that
the C-U in solution adopts the same conformation as in crystal. The further analysis of the
C-U pair will be studied in Chapter 3.

Discussions

Until the crystal structures of the C-U pairs were solved, the pyrimidine-pyrimidine
base-pair was not known to exist. Since the size of the pyrimidine base rings are small, the
backbones of the pyrimidine-pyrimidine base-pair was said to be located closer than those of
the Watson-Crick base-pair. It was thought that this kind of distortion makes a double helix
unstable. However, the crystal structure showed that the C-U pair could be incorporated into
a double helix with small distortions. Rather, the C1'-C1' distance of the C-U pair was longer
than that of the Watson-Crick base-pair. At the moment, the detailed structure of the C-U
pair in solution was not determined. However, it was found that at the room temperature or
lower the C-U in solution prefers the stacked conformer, and their ) angles were in the
anti-conformation. This finding is also interesting, because The C and U bases in the mismatch
site have no strong affinity each other and their base-pair seems to be unstable as an isolated
base-pair in solution. In conclusion, the C-U pair in RNA molecules do not disrupt the
continuity of a double helix. This is a very important point to predict the secondary structure
of large RNA molecules. The putative C-U pair site in Eschelichia coli 23S ribosomal RNA
is expected to form a base-pair. To clarify this, cooperativity of the denaturation process also
must be studied. If there is a cooperativity of the denaturation process to the other part of a
double helix as is the case of the Watson-Crick base-pair, the probability of the existence of
the C-U pair will be increased. The stacked conformation of the C-U pair is consistent that
the C-T pair in DNA was claimed to be stacked in a duplex DNA in solution (Boulard et al.,
1997). (In DNA, T (thymidine) is used instead of U (uridine) but the conformation of the
double helix is B-form usually.) The remaining problem is to clarify the precise configuration
of the C-U pair in solution. For this purpose, the presence of hydrogen bond between the C-U
pair should be examined.

It was difficult to define the precise structure of the C-U pair in solution, because the
imino proton signal of U5 in the C-U pair was not observed. In the Watson-Crick base-pair
region of rCU9, there are many NOE cross peaks among the imino protons as claimed by
Heus and Pardi, (1991). The distance constraints on the exchangeable protons are efficient
for the convergence of the structure (Allain & Varani, 1997). In fact, the region where the
Watson-Crick base-pairs are formed was well converged. It was impossible to determine the
fine structure of the base-pairs whose imino protons were not observable by using the NOE
distance constraints with large tolerances.This kind of difficulties existed even in the case of
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the U-U pair whose imino proton signals could be obseved (Wang et al., 1996). There are
two ways to overcome this problem. 1) Back calculation refinement using a full relaxation
matrix assuming a single correlation time. 2) Incorporation of the other experimental constraints
such as constraints on the hydrogen bond, torsion angles and so on. The first way was
examined by Kojima (Kojima, 1995). The NOE data derived from different mixing times led
to different structures. Their inclination values of the base-pairs were systematically chariged.
This means that an assumption of a single correlation time may not be correct. Therefore, an
accuracy of the structure derived from this method is questionable. However, it should be
noted that the structure derived from all the NOE data of different mixing times gave a
plausible structure (Kojima, 1995). This might suggest that the systematic errors in NOE data
can be canceled out when NOE data from a certain range of the mixing times are used. At
this moment, this method must be performed carefully and some improvement is required.
The safer way is the second one where the other experimental data must be incorporated.

From this requirement, the existence of the hydrogen bond must be studied.
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Table 2.1. Number of experimental constraints

(a) NOE distance constraints

. : strong medium weak
o Q Q t
NOE intensity (3.54) (5.04) (6.54) otal
E E 22 23 9 54
E N 5 15 72 92
N N 50 205 49 304
total 77 243 130 450
(b) Constraints for Watson-Crick base-pairs
hydrogen-bond 22
sharing resistance 32
- base-pair planarity 8 base-pairs
(c) Internal standards for NOE distance constraints
lower limit of "strong" category for E - E | I[H1-H41(GY-C10)]
lower limit of "medium" category for E - E 0.65*I[H1-H41(GY-C10)]
lower limit of "strong" category for E - N 0-9*I[H5’H42(C11)]
lower limit of "medium" category for E- N 0.35*I[H5-B42(C11)]
lower limit of "strong" category for N - N I[H2-H1'(A3)]
lower limit of "medium" category for N-N 0.5*I[H5-H6(pyrimidines)]

"E" and "N" represent exchangable and non-exchangable protons, respectively.
I[H1-H41(G9-c10)], 1[H5-H42(C11)] and I[H2-H1'(A3)] represent heights of cross
peaks between H1 of G9 and H41 of C10, between HS and H42 of C11 and
between H2 and H1' of A3, respectively. I[H5-H6(pyrimidines)] represents a mean

peak height between H5 and H6 of all the pyrimidine bases. The upper limit of
the distance constraint for each category are presented. For the "strong",
"medium" and "weak" peaks, their distances are 3.5 ;X, 50 A and 6.5 fo\,
respectively.
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Table 2.3 Quality of the structure

(a) Rmsd values from the standard values of bond lenghs and bond angles, and
those from NOE distance constraints for each structure.

bond length(A)  bond angle(®) N OE(A)

coodinatel 6.60x 1073 1.20 5.53x 1074
coodinate? 6.73% 1073 1.23 5.68x 1074
coodinate3 6.67 % 10‘3 1.23 5.58x 1074
coodinate4 6.87x 1073 1.26 5.77x 1074
coodinate5 6.71x 1073 1.24 5.55x 1074
coodinate6 6.78x 1073 1.24 5.56x 1074
coodinate? 6.82x 1073 1.29 5.80x 1074
coodinate$8 6.86x 1073 1.28 5.46x 1074

average 6.75% 1073 1.25 5.62x 1074

SD 9.6x 1072 0.028 1.21x 107

(b) Summary of the structure analysis

rmsd from the mean structure 1.77A
number of accepted structures
(number of initial structures) 8(500)
number of violations for NOE 0

(> 0.01A)

(a) Average means mean rmsd value of all the coordinates. SD means standard
deviation from mean value. Accepted coordinates are numbered sequencially in
the order of energy values. (b) If the distance from the calculated structure is
longer than the upper limit of the NOE distance constraints by 0.01 A, it is
regarded as violations for NOE (> 0.01A).
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Figure 2.3. 31P-NMR spectrum of each fraction of the silica-gel column.
Spectra are presented in the order of elution time.The peaks around 150 ppm
arise from the products, and those around 10 ppm come from the byproducts.
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U-A paii'
H1'(m-1)

3 H1'(n+1)
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Hli(m)
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HI'(n-1) H1'(n)
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Figure 2.5 Expected NOE connectivities are presented with arrows. Protons are
presented in shaded circles and hydrogen bonds are in black thin broken lines.
The thickness of arrows represents the strength of NOEs. Sequential NOEs are
presented in green arrows. Essential NOEs to prove the presence of base-pairing
are presented in magenta arrows. NOEs through the diffusion proposed by Heus
and Pardi (1991) are presented in red broken lines. H1'(n), H1'(n-1) and H1'(n+1)
represents intra-residual H1' proton, H1' proton of the neighboring residue at 5'
side and H1' proton of the neighboring residue at 3' side, respectively.
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Figure 2.6. Assignment of the amino protons of the cytidine in the C-U pair.
(a) IH-15N-HSQC spectrum and (b) 2D-NOESY spectrum of the amino proton
region. Intra-residual cross peak of the amino protons in the C-U pair are
connected by bold lines. Their signals in both spectra are connected by thin
lines. The Amino protons in guanosines and cytidine in the C-G pair are
surrounded by obals.
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Figure 2.8 (a) Energy value of each structure as a target function of the
least square is plotted. Total energy is a summation of all the energies.
Bond, angle, vdw represent the energies of bond length, bond angle and
Leonard-Jones potential. Improper includes pseudo energies of chirality
and planarity of aromatic rings. NOE and plan represent pseudo energies of
NOE distance constraints and base-pair planarity. (b) Mean rmsd values
from the averaged coordinates are plotted as a function of the number of
averaged structures. Coordinates were averaged from the structure which is
the lowest total energy. In the case of "5", 5 lowest energy structures were

averaged and mean rmsd value from its averaged coordinate was calculated.
Broken line repersents the upper limit of acceptance.
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Chapter 3

Physicochemical properties of the C-U pair in solution

Abstract

Thermal denaturation process of the oligonucleotide containing the C-U pair was
studied by the temperature profiles of the amino nitrogen chemical shifts and CD spectra. The
temperature profile of the amino nitrogen chemical shifts showed a sigmoidal curve in the
transition from a duplex to single strands. This profile implies the existence of the hydrogen
bond of the amino group in the C-U pair, in comparison with the temperature profiles of the
duplex with the C-G pair and cytidine itself. Furthermore, transition curve of the chemical
shift of the amino nitrogen in the C-U pair was also explainable by the thermodynamic
parameters obtained from the thermal denaturation experiment with CD spectra. This implies
that the dissociation process of the C-U pair is highly cooperative with the other part of the
duplex. The duplex containing a single C-U pair could be approximated by the two-state
model between a duplex and single strands through concentrations from 2 mM to approximately
1 uM. This is the same as the denaturation process of the Watson-Crick base-paired duplex.
Finally, the arrangement of the C-U pair was reinvestigated. The NOE peak heights were
better correlated with the distances of the same arrangement as in crystal. All the data
strongly suggest the presence of the C-U pair in the double helical oligoribonucleotides in
solution.
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Introduction

In the previous chapter, it was found that the C-U pair w‘as stacked in the double helix
at room temperature. In this chapter, it was studied whether the C-U pair is still stacked in the
double helix or flipped-out at higher temperature, and whether any hydrogen bond is really
formed between the amino nitrogen of cytidine and the keto-oxygen of uridine. |

To study the process of the thermal denaturation of the oligonucleotide, the temperature
profiles of the circular dichloism (CD) spectrum and ultraviolet (UV) absorption spectrum
are often used. These methods are suitable to know the global equilibrium between duplexes
and denatured single strands. On the contrary, the temperature profile of the NMR chemical
shifts was suitable to observe the equilibrium of each residue of an oligonucleotide. There
were several experiments on the behaviors of the non-exchangeable protons (Pardi ef al.,
1981; Williams et al., 1989), and exchangeable protons (Pardi et al., 1981; Leroy et al.,
1988) of DNA. The non-exchangeable protons are observable after denaturation, therefore
the whole process of denaturation is followed. However, the exchangeable protons which are
directly involved for the formation of hydrogen bonds are not observed at higher temperatures
because of the fast exchange with the hydrogen atoms of water molecules. To overcome this
problem, the temperature profile of the "N chemical shifts was used. N chemical shift is
known to give a sigmoidal transition to upfield as the hydrogen bond was broken (Gao &
Jones, 1987; Goswami et al., 1993; Gaffney et al., 1993; Gaffney et al., 1995; Zhang et al.,
1997). ®N chemical shift is sensitive to the existence of protons on it. Therefore the pKa
value of each nitrogen atom was also determined by >N chemical shift (Wang et al., 1991;
Biichner et al., 1978). ,

The patterns how the signals look like can be classified in three cases, by the exchange

rate (k,,) between the duplexes and denatured single strands,

k,. >>2mAv 3.1
k., =2rAv : : (3.2)
k,. <<2mAv (3.3)

where AV is the chemical shift difference in Hz between duplexes and denatured single
strands. In the case of 3.1, the temperature profile of chemical shifts gives a sigmoidal curve.
In the case of 3.2, signals are broaden out during the transition. In the case of 3.3, two signals
which come from the duplexes and denatured single strands are separately observed. In any
case, approximate temperature of transition can be known.

To know the dissociation process of the C-U pair, the temperature profile of ’N-chemical
shift is a suitable method. By comparing its dissociation process with that of the other pért of -
the helix, cooperativity of the dissociation of the C-U pair can be examined.

Materials and Methods
Synthesis of a control RNA oligomer
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Scheme 3.1

Oligomer, rG9 in scheme 3.1 was prepared as described in Chapter 2 for a control
duplex, rCG9.

Measurements of NMR spectra

The samples used here were rCU9, rCG9, rC9 and cytidine monomer. They were
dissolved in the solution containing 20 mM sodium phosphate buffer at pH 7.0 and 50 mM
NaCl in H,0. Concentrations were 2 mM for the oligomers, 100 mM and 400 mM for the
cytidine monomer.

Thermal denaturation experiments on non-exchangeable protons were performed from
0 to 70 “C by the NOESY spectra and from 50 °C to 70 °C by the COSY spectra by changing
every 5 °C. Each spectrum was taken in 1024%256 column points for the spectral width of
5000*5000 Hz, with 4 scans per column point and mixing time 50 msec on a JEOL alpha600.
"N one dimensional (1D) spectra were measured at various temperatures for 1024 points
with the spectral width of 100.67 Hz, on a Bruker ARX500. HSQC spectra were measured at
various temperatures in 512*20 column points for the spectral width of 4006.4*709.56 Hz on
a Bruker DMX500. The pulse sequence of the improved HSQC spectrum were described by
Mulder et al. (Mulder et al., 1996). 'H one dimensional spectra were measured at various
temperatures for 1024 points with the spectral width of 5000 Hz, on a Bruker DMXS500.
Calibration of the proton chemical shifts was referred to the chemical shift of water hydrogen,
5(H20), as described in "Materials and Methods" of Chapter 2. The absolute frequency, v{,
of a proton at 0 ppm was calculated by the equation below,
-500.13* §(H,0) 3.4)
where v is the frequency of observation center when the water-hydrogen signal is at the

vé{ = vc};nter
center of the spectrum. The chemical shift of nitrogen was calibrated by the equation below
(Live et al., 1984; Bax & Subramanian, 1986),

v oy (hj (3.5)
Vn

where v’ is the absolute frequency of nitrogen at O ppm, ¥ y and Y, are the gyromagnetic
ratios for nitrogen and proton, respectively. Then the absolute frequency of each signal was
converted to a chemical shift by using v;'.
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Thermal denaturation experiments with CD spectra

Temperature profiles of rCU9 and rCG9 with CD spectra were measured in the same
buffer and salt condition as NMR measurements. The concentration of the rCG9 was 125 uM
and those of rCU9 were 250, 125, 67.5, 31.3, 15.6, 7.81, 3.91, 1.95 and 0.98 uM. The
solutions containing from 250 to 15.6 UM oligomer were measured in a sample cell of 1 mm
path length, and then the solutions containing from 15.6 to 0.98 uM oligomer were measured
in a sample cell of 10 mm path length. CD spectra were measured at 22 temperatures between
6 and 69 °C for rCU9, and 20 temperatures between 6 and 84 °C for rCG9. Each spectrum
was acquired from 320 to 200 nm in each 1 nm for the response of 1 second at the scan speed
of 50 nm/min with 7 scans. The least square fittings to the temperature profiles of CD spectra
were performed by means of the global analysis method (Kodama, 1997; Sugeta, 1981). In
the global analysis method, following equations are used,

AG = AH(T) - TAS(T) (3.6)
AH(T) = AH(T,)+ [ACydT 3.7)
T ACp

AS(T) = AS(T,) + jTo T (3.8)
where T and T}, are temperature and that of the standard state, respectively, AG, AH, AS and
AC, are the molar Gibbs's free energy, molar enthalpy, molar entropy and molar heat capacity
under the constant pressure, respectively. In the case of non-self-complementary double
helix, the equilibrium is given by

[S.]+[Ss] = [D] (3.9)
K(T)= (f—_zo(zl)—zc (3.10)

where [S,], [Sg] and [D] are concentrations of free strand-A, free strand-B and double helix,
respectively, K(T) is a binding constant, C is a total single-strand concentration, and o is a
molar fraction of the double helix. The relationship between the CD spectrum and the molar
fraction is given by

Ag(T) = Ag;, (T)+(1- a)Ag, (T) + ade,(T) (3.11)
Agg (T) = Ag; (T,) + a, T (3.12)
Ag; (T) = Agg, (T;) + a,T (3.13)
Ae,(T) = Ae,(T,) + a,T : (3.14)

where Ae(T), Ag; (T), Agg (T) and Ae(T) are observed molar ellipticity, molar ellipticity
of strand-A, molar ellipticity of strand-B and molar ellipticity of double helix at a certain
wavelength, respectively, Agg (T,), Ag (T;) and Ae,(T,) are the molar ellipticities of strand-
A, strand-B and double helix at the temperature of T, a,, a,, and a,, are the slopes of the
plots of the molar ellipticities of strand-A, strand-B and double helix against temperature.
Each Ag(T) is an observed molar ellipticity at each temperature, and, AH(T,), AS(T,), ACLT,),
Aeg (T,), Agg, (Ty), Aey(T,) a4, ay, and ay, are variables for the least square fitting.

The least square calculations were performed to the 3D temperature profiles of all the
concentrations, simultaneously. Because of the computational limit, data on the wavelengths
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of every 5 nm were picked up.

Results
Thermal denaturation process of rCU9 monitored with NMR

Temperature profile of the ’N chemical shift at amino nitrogen of C14 is presented in
Figure 3.1(a) and those of the non-exchangeable protons, H5s and H6s, are presented in
Figures 3.1(b) and (c). The predicted fraction of the double helix from the thermal denaturation
experiment with CD spectra is presented in Figures 3.1(d). The detailed description of the CD
experiment is described in the next section. Temperature profile of the °N chemical shift
showed sigmoidal transition, but those of the non-exchangeable protons did not. However,
both temperature profiles showed that the transition from double helix to denatured single
strands seems to occur between 40 and 60 °C. In the case of the non-exchangeable protons,
exchange rate (k, ) between duplexes and single strands seemed to be relatively slow against
the chemical shift difference (Av) and existed between the states shown by equation 3.2 and
3.3. This is because the signals from all the residues in the double helix and the partial
residues in the denatured single strands could be seen in the same COSY spectrum at 50 °C.
Although the mid-point of the transition (7m) determined by the non-exchangeable protons is
obscure, the transition of each site seemed to occur simultaneously. Unfortunately, the signals
from the denatured single strands could not be assigned. Tm values from the "N chemical
shift and non-exchangeable protons seemed to be the same. The predicted fraction of the
double helix from the thermal denaturation experiment with CD spectra described later also
showed that the transition occurred approximately between 40 and 60 °C, which is consistent
with the temperature profile of the "N chemical shift. All the data suggest that the C-U pair is
dissociated cooperatively with the other base-pairs.

Surprisingly, the Tm values determined by the "N chemical shift is about 50 °C,
which is as stable as the A-U-base-pair-rich double helix of this size. The Tm value is known
to increase, as the ratio of the G-C pair increases. Therefore, this high 7m value is mainly due
to the high ratio of the C-G pairs in rCU9. This high 7m value, however, can not be explained
without strong stacking interaction between the C-U pair and the neighboring base-pairs.

Thermal denaturation experiment with CD spectra.

The denaturation process of rCU9 examined with NMR looked cooperative dissociation
of all the base-pairs. To confirm this, the denaturation process of the duplex must be monitored
through the wide range of the concentrations. For this purpose, CD spectrum is suitable
because the wide range of the concentrations of the samples can be measured by using
different path-length cells. The CD spectra of rCU9 at each temperature (3-dimensional (3D)
temperature profile) were measured at various concentrations. Their concentrations were
logarithmically reduced from 250 uM to 0.98 uM by the factor of 1/2. The 3D temperature

profile at 31 pM, 1/8 concentration of the initial concentration, is presented in Figure 3.2(a).
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In the figure, one of the horizontal axes is wavelength, the other horizontal axis is temperature,
and the vertical axis is signal intensity of the CD spectrum. As the temperature was raised,
the CD spectra were also changed due to the denaturation of the double helix to single
strands. The observed spectrum at each temperature is the summation of those from the
species in solution. In Figure 3.2(b), temperature profiles of the CD signal intensities at every
10 nm from 300 to 210 nm taken from the 3D temperature profile are also depicted. In Figure
3.3, the temperature profile (270 nm) at each concentration is presented. As the concentration
decreased, the Tm value decreased.

The least square fittings were performed to the 3D profiles. At first, in the least square
fitting, the two-state equilibrium between a duplex and denatured single strands with AC, of
zero was assumed and then the two-state equilibrium with a constant AC, was examined. The
results of the least square fitting to all the 3D profiles are summarized in Table3.1. Calculated
parameters for rCG9 are also given as a reference of all-Watson-Crick base-paired double
helix. Tm value of rCU9 is less than that of rCG9 by 19 °C. Although Tm value of the double
helix decreased significantly by substitution of the C-G pair to the C-U pair, its value still
keeps the level of the least stable double helices of this size. Observed data and calculated
temperature profiles in the case of AC, of zero are presented in Figure 3.4. The calculated
thermodynamic parameters well accounted for the 3D temperature profiles at all concentrations
(Figure 3.4). This implies that the two-state model was applicable to analyze the thermal
denaturation process of rCU9, that is, the denaturation process of rCU9 is highly cooperative.
It was demonstrated that the cooperative denaturation observed with NMR spectra was true.
However, systematic errors between the data from different cells of different path-lengths
could not be eliminated at present study. Therefore, it is hard to estimate whether AC, was
correctly determined or not by this method. Anyway, it should be noted that the thermal
denaturation process of the double helix including a single C-U pair is highly cooperative. In
the case 1 of Table 3.1 for both rCU9 and rCG?9, these parameters were consistent with those
from the calorimetry. Denaturation process of rCU9 described in the previous section was

simulated by using these thermodynamic parameters of rCU9 in the case 1 of Table 3.1.

Behavior of the amino nitrogen chemical shifts

To study the existence of the hydrogen bond between the amino-nitrogen of cytidine
and the keto-oxygen of uridine, temperature profiles of the chemical shifts of the amino-nitrogens
in rCU9, rCGY9, rC9 and cytidine monomer were compared (Figure 3.5). Because of the
double strand formation of rC9 at low temperature, °N chemical shift of cytidine monomer in
natural abundance was used as a control of a hydrogen-bond-free amino nitrogen (magenta
triangles). However, at higher temperature than 44 °C, rC9 existed as a denatured single
strand, and its chemical shift value is also useful as a reference of non-hydrogen-bonding.
Observed chemical shift (rC9) was plotted as green squares with a linear line from the least

square fitting to the data. A broken line means the putative chemical shift of the amino-nitrogen
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in C14 as a single strand. The chemical shift of the amino-nitrogen in cytidine monomer was
different from that in rC9. This is because the concentration of each sample is different: rC9,
2 mM; cytidine monomer, 400 mM. It is also said that pyrimidine bases such as uracil and
cytosine tend to stack themselves at higher concentration (Nagata et al., 1965; Varghese &
Wang, 1968). Therefore, high concentration of cytidine monomers could promote the association
and then its chemical shift could be shifted to upfield by the ring current shift. It is important
to note that its temperature profile can be approximated by a linear line. Thus the intrinsic
chemical shift of the amino-nitrogen in rC9 at lower temperature became to be predictable.
This kind of linear correlation between the temperature and the chemical shift of the nitrogen
was observed in the case of the chemical shift of exo-cyclic amino group of [2-*N]- O°-
methyl-2'-deoxy-guanosine (O°MeG) monomer (Gaffney et al., 1993). Temperature profile of
the amino-nitrogen of C14 in rCG9 (blue circles) showed a linear change at temperatures
lower than 50 °C. This is a reference example whose amino-nitrogen is included in the
hydrdgen bonding in the Watson-Crick base-pair.

The temperature profile of the amino-nitrogen of C14 in rCU9 is presented in red
diamonds with a simulated line by using thermodynamic parameters with the CD spectra in
the case 1 of Table 3.1. It showed sigmoidal curve which is similar to that of the amino-nitrogen
in a Watson-Crick-base-paired guanosine in a RNA octamer (Zhang et al., 1997). It is known
that an upfield-shifted sigmoidal transition curve is concerned with the hydrogen bond breaking
of the Watson-Crick base-pair (Zhang et al., 1997; Gao & Jones, 1987; Gaffney et al., 1993).
The downfield shift of the amino nitrogen atom is expected when the proton attached to the
nitrogen atom is involved in the hydrogen bond (Haushalter ef al., 1996). Thus, the upfield-
shifted sigmoidal transition curve at higher temperatures means the breakage of the hydrogen
bond.

On the other hand, the amino-nitrogen of the guanosine in the G-U pair showed the
downfield-shifted sigmoidal transition as the G-U pair was broken (Zhang et al., 1997).
Zhang et al. claimed that its downfield shift was due to the deshielding effect caused by
altered stacking (Zhang et al., 1997). If the transition curve of the amino-nitrogen of C14 in
rCU9 is due to the alteration of stacking, it means that the amino-nitrogen is sandwiched
between the other bases at higher temperatures. This assumption is inconsistent with the
character of denatured single strands.

There still remains the other explanation for the upfield-shifted sigmoidal transition.
This is a planar ring current shift which means a ring current shift by the pairing base in the
same base-pair plane. Planar ring current shift is known to cause a downfield shift the same
as hydrogen bonding. However, no sigmoidal transition was observed for the nitrogen atom
which was not involved in the hydrogen bond but was located near the pairing base in the
case of N1 of O°MeG (Gaffney et al., 1993). This implies that the planar ring current shift
can be neglected. Accordingly, the upfield-shifted sigmoidal transition of the amino nitrogen
in the C-U pair must be due to the breakage of the hydrogen bonding.
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When the chemical shift values of rCU9, rCG9 and rC9 blow 40 °C are compared,
their relations are always

815, (rCG9) > b5, (rCU9) > 6, (rC9) (3.15)
where 0 N(rCG9) is the chemical shift value of the amino-nitrogen of C14 in rCG?9,
O 4(rCU9) is the chemical shift value of the amino-nitrogen of C14 in rCU9 and 6, L(7C9)
is the chemical shift value of the amino-nitrogen of C14 in rC9. This relation seems to reflect
the strength of the hydrogen bond. Because the electron density around the amino-nitrogen
becomes lower when the attached proton forms hydrogen bond, shielding effect decreases,
and then its chemical shift value becomes larger, that is, the downfield shift is observed when

compared with that of the non-hydrogen-bonded amino-nitrogen.

Chemical shifts of the amino-protons

HSQC spectra of the amino groups of the C-U pair in rCU9, the C-G pair in rCG9 and
cytidine monomer at 10 °C are presented in Figure 3.6. In the case of rCG9, the hydrogen-bonded
amino-proton of C14 showed significantly large downfield shift when compared with that of
cytidine monomer. The chemical shift value of the other amino-proton of C14 has similar
value to that of the corresponding amino-proton in cytidine monomer. On the contrary, both
amino-protons of C14 in rCU9 showed significantly large upfield shift from those of cytidine
monomer. In general, a hydrogen-bonded proton shows large downfield shift. It looks
inconsistent with the data of the N chemical shift. Here we have to remind the crystal
structure of the C-U pair in Chapter 1 (Figure 1.5). There are two structural features which
affect the chemical shifts of the amino-protons. 1) The angles on the hydrogen bond between
the amino-nitrogen of cytidine and keto-oxygen of the uridine were deviated from the proper
geometry. 2) The C-U pair was significantly slided toward the minor groove side. If the
solution structure is the same as that in crystal, the following phenomena are expected. The
first feature makes hydrogen bond weaker. It does not cause the large downfield shift in
contrast with the large downfield shift by a strong hydrogen bond. The second feature locates
the amino group of the C-U pair between the rings of the neighboring bases. Therefore, the
chemical shifts of the amino protons are expected to be shifted to upfield significantly.
Accordingly, the crystal structure of the C-U pair well account for chemical shift values of
the amino protons. This also suggests that the structure of the C-U pair is similar to that in
crystal.

Temperature profiles of the amino-protons of rCU9, rCG9 and cytidine monomer are
described (Figure 3.7). In the case of rCG9, the chemical shift of two amino proton signals
were almost flat until 42 °C and then both of them shifted to that of water hydrogen at higher
temperature than 42 °C. They were observed independently until their signals disappeared. In
the case of the cytidine monomer, two amino proton signals were converged at 39 °C.
Chemical shift difference between two signals became smaller gradually as the temperature

was raised. This implies that the exchange rate between two amino-protons increases gradually.
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In the case of rCU9, the chemical shift of the two amino-proton signals almost flat below 21
°C. Suddenly, the averaging of the amino-proton signals started at 21 °C and théy converged
at 36 °C. These imply that the exchange rate of the two amino-protons in the C-U pair does
not change until 21 °C but it is accelerated after 21 °C. This type of acute transition was
observed in the case of the mixture of urea and acetate in dimethylformamide. In the mixture,
hydrogen bonds exit between urea and acetate (Haushalter et al., 1996). Therefore, such an
acute transition of the chemical shifts on the amino protons in urea must be due to hydrogen
bonding. In the absence of acetate, the temperature profiles of their chemical shifts were
gradually averaged (Haushalter ef al., 1996). This is the same as the case of a cytidine
monomer. The temperature profile of the amino proton‘ chemical shifts also indicate the

existence of a hydrogen bond.

Arrangement of the C-U pair in solution.

As the existence of the hydrogen bond was proven, it is worth reinvestigating the
arrangement of the C-U pair. The data on the C-U pair in solution are summarized in three
points.

1) The C-U pair is stacked in the double helix and their % angles are in anti-conformation.

2) The imino proton signal of US in the C-U pair can not be observed at all.

3) The amino nitrogen in the C-U pair is incorporated in the hydrogen bonding.

From the absence of the imino proton signal of U5, it is thought to be exposed to bulk water.
Possible candidate for the counterpart of the hydrogen bonding of the amino group in C14 is
either O4 of U5 and O2 of the US. Accordingly, there are two possible arrangement of the
C-U pair for satisfying these data (Figure 3.8(a),(b)). At first, structures of the two arrangements
were calculated with additional constraints to fix the arrangement of the C-U pair. Both
arrangements satisfy NOE constraints because of large tolerances. Then correlations between
the distances and NOE peak heights for these two arrangements were examined as described
in Figure 2.4 of Chapter 2. The correlations for the arrangements shown in Figure 3.8 (a) and
(b) are given in Figure 3.9 (a) and (b), respectively. In those figures, only the NOE constraints
concerning with U5 and C14 were picked up. There should be a linear correlation between
sixth root of the NOE peak height ((the NOE peak height)) and the distance from equation
G.5. The best-fit lines for the data and correlation factors for (a) and (b) are shown in Figure
3.9. The correlation factor of (a) is a little smaller than that of (b). In Figure 3.9 (b), the points
enclosed by ovals showed large deviation. They correspond to the cross peaks of G13H2"-
Cl14H6, G15H8-C14H6, USH2"-U5SH6 and USH2"-C6HS. The fact implies that for the
arrangement of the C-U pair, (a) is more plausible. Accordingly, the averaged structure of the
C-U pair is the same as that in crystal.
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Discussion

Here we reinvestigate the chemical shift values of the amino prdtons and nitrogen.
For the origin of the upfield-shifted sigmoidal transition of the nitrogen atom, ring current
shift from the neighboring base-pairs was denied. However, the absolute value of its chemical
shift could be affected by a ring current shift when the C-U pair is stacked in the double
helix. The chemical shift difference between the hydrogen-bonded and non-hydrogen-bonded
nitrogens of the C-G pair is at least 3 ppm, and that of proton is approximately 1 ppm. On the
contrary to this, the maximum ring current shift observed for the non-exchangeable base
proton was about 1 ppm. Basically, the ring current shift equally affects the chemical shifts of
both protons and nitrogen atoms in ppm order. Therefore, the maximum ring current shift of
nitrogens is also expected to be 1 ppm. Accordingly, their orders of the effects on their
chemical shifts are as follows.

nitrogen: hydrogen bonding > ring current shift (3.16)

proton: hydrogen bonding = ring current shift (3.17)
In the case of the chemical shift values of nitrogen atoms, the hydrogen bonding effect is
superior to the ring current shift in general. However, in the case of those of protons, the ring
current shift could come over the effect of the hydrogen bonding. In the case of the C-U pair,
a ring current shift may occur to it. If it is right, the intrinsic chemical shift value is closer to
that of the C-G pair. In conclusion, the chemical shift value of nitrogen atoms is a better
probe of the hydrogen bonding than that of protons

Thermal denaturation experiments showed highly cooperative dissociation of the C-U
pair to the other part of the double helix. This property is the same as those of Watson-Crick
base-pairs. These results suggested that the two-state model is applicable to the thermal
denaturation of the oligoribonucleotide containing a single C-U pair. Accordingly, the concept
of the nearest neighbor parameters as thermodynamic parameters also seems to be applicable
to the C-U pair. A single C-U site seems to be incorporated in the double helix. From the
results, the single C-U mismatch site in Escherichia coli 23S ribosomal RNA can be stacked
in the double helix. For the secondary structure prediction, a single C-U mismatch site is
acceptable for double helices. Once the nearest neighbor parameters for the C-U pair is
derived, the secondary structure prediction will be more accurate. Instead of these facts, the
occurrence of the C-U pair in biological system is low. Substitution of Watson-Crick base-pairs
to the C-U pair makes double helices weaker. Thermally unstable double helices are easy to
be cleaved by nucleases. Therefore, the C-U pair was eliminated from double helices through
the evolution of RNA molecules in biological system

It should be noted that the best-fit model of the C-U pair to the NOE data is the same
as that in crystal. This indicates that the arrangement seen in the crystal structure is not an
artifact which arose from the crystal packing and the flexibility of the internal loop of four
successive non-Watson-Crick base-pairs. Remarkably, this arrangement is conformationally

acceptable for a single C-U mismatch site in duplexes as well.
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To determine the precise structure of the C-U pair, the back calculation method could
be applicable because of the high correlation between distances and NOE peak heights. By
the method more plausible structure of the C-U pair will be determined.
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Figure 3.1 (a) Temperature profile of the amino nitrogen chemical shift of C14. (b)
Temperature profiles of protons (H5) chemical shifts of rCU9. The area where signals
from denatured strands were observed is shaded. (c) Temperature profiles of protons
(H6) chemical shifts of rCU9. The area where signals from denatured strands were
observed is shaded. (d) Fractions of the double helix predicted from temperature profiles
of CD spectra are plotted to temperature.
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Figure 3.2 (a) 3-dimensional (3D) temperature profile of CD spectra. One of
horizontal axes is wavelength and the other horizontal axis is temperature.
Vertical axis is a signal intensities of CD spectra. (b) Temperature profiles of CD
signal intensities are presented from 210 to 300 nm by every 10 nm.
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Figure 3.3 Temperature profiles of CD spectra for different concentrations
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Figure 3.4 Least square fitting for the temperature profiles of the CD spectra.
Observed data given by several kinds of shaped points were taken at 270 nm
fro 9 different concentrations. The relative concentrations to the initial one are
indicated in the figurre. "obs" means observed datum and "calc" means
calculated profile.
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Figure 3.5  Temperature profiles of the amino nitrogen chemical shifts. Those
of rCGY, rCU9, rC9 and cytidine monomer are presented as blue circle, red
diamond, green square and magenta triangle, respectively. The least square fitting
was performed and the results are presented in a thick lines. The broken lines
represent predicted temperature profiles which are extrapolated from the least
square fitting lines.
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Figure 3.7 Temerature profile of the amino protons of cytidine monomer (magenta
triangles), rCU9 (red diamonds) and rCG9 (blue circles). Chemical shifts were

derived from 'H-1D spectra for cytidine monomer and from HSQC spectra for
rCU9 and rCG9.
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Figure 3.8 Two possible arrangements of the C-U pair are presented. (a)
The arrangement which has hydrogen bond between the amino group of
cytidine and the keto-oxygen (O4) of uridine. This is the same configuration
as in crystal. (b) The arrangement which has hydrogen bond between the
amino group of cytidine and the keto-oxygen (O2) of uridine.
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In Chapter 1, the crystal structure of oligoribonucleotide, (UGAGCUUCGGCUC), is
pfesented. First of all, it was demonstrated that the pyrimidine-pyrimidine base-pair such as
the C-U pair exists. It was not expected before its crystal structure was solved. This is because
introduction of the pyrimidine-pyrimidine mismatch makes a duplex more unstable in general.
Therefore, it had seemed that the pyrimidine-pyrimidine mismatch does not form a base-pair
in a specific manner. However, all the crystal structures of the C-U pair ever solved were
adopted in the same arrangement. It was also found that hydrogen bond network through the
water molecules is important for its stabilization. Secondly, the global conformation of the
tridecamer was found to adopt in the A-RNA conformer. This is the first observation of
A'-RNA conformation in a single crystal. The method to classify the conformation of RNA
double helix was also established.

In Chapter 2, NOE based solution structure calculation with NMR was performed to
clarify the structure of the C-U pair in solution. It revealed that nonamer duplex RNA including
the C-U pair, rCU9, forms a right-handed double helix, and the C-U pair was stacked in the
double helix with the y angles in the anti-conformation. Since the imino proton signal was
completely absent, it is suggested that the imino proton is exposed to bulk water. This result is
consistent if we assume that the arrangement of the C-U pair in duplex in solution is the same
as that in crystal.

In Chapter 3, physicochemical properties of the C-U pair were studied with CD
spectrum and NMR. Firstly, the dissociation process of the C-U pair was highly cooperative
to the other part of the duplex such as that of the Watson-Crick base-pairs. This implies that
the nearest neighbor parameters on the thermodynamics can be determined for the C-U pair.
From the view-point of the secondary and tertiary structure prediction, it has become clear
that a single C-U mismatch site does not interrupt the continuity of the double helix. Secondly,
the existence of the hydrogen bond between the C-U pair was demonstrated with "N-NMR.
Strictly saying, the amino group of the C-U pair is involved in the hydrogen bond. Thirdly,
from the correlation between NOE peak heights and the distances, the best-fit model for the
NOE distance constraints was the same structure as in crystal. This indicates that crystal
structure of the C-U pair reflected the nature of the C-U pair in solution.

Finally, all the methods employed here are applicable to the C-U pair as well. The
findings extremely widen the use of above techniques. The structures and properties of other

mismatches will be solved in the future.
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