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ABSTRACT

19F_nmr spectroscopy and laser Raman spectroscopy are used
to interpret conformational properties of 5SrRNA. When
5-fluorouracil is added to a medium containing actively growing
E. coli cells it is incorporated into the S5SrRNA (FU-5SrRNA)
of the. bacteria. The !°F-nmr spectra of FU-5SrRNA, at 94.1
MHz and 254 MHz, are presented. They cover a chemical shift
range of approximately 8 p.p.m.. At 254 MHz the spectrum
consists of 8 peaks and 2 shoulders, representing fluorine
resonances from approximately twenty 5-fluorouracil residues
in FU-5SrRNA. The most exposed residues have been assigned by
comparison of the resonance frequency of the 5-fluoro-2'-
deoxyuridine monophosphate monomer with that of the heat
denatured FU-5SrRNA. The remainder of the fluorine resonances
(about 70% of the total) are_believed to be due to buried
5-fluorouracil residues. All the T, values of the individual
peaks were approximately the same (between 0.3 and 0.4
seconds). This is in contrast to the T, value of the 5-fluoro-
2'-deoxyuridine monomer which is approximately 5 seconds. A
nuclear Overhauser enhancement experiment confirms that these
residues are rigidly situated within the FU-5SrRNA molecule

and that their molecular correlation time (1) must be the same

as the overall correlation time of the macromolecule.
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Two important results are obtained from laser Raman
spectroscopic studies presented in this work. First, 5—flu§ro—
substitution affects certain vibrational properties of the
uracil base. Second, from the comparison of N-5SrRNA spectra
with FU-5SrRNA spectra, it appears evident that 5-fluorouracil
subétitution in 5SrRNA causes only minimal perturbation of the
structure; thus, conclusions resulting from a study of FU-5SrRNA

structure should be applicable to N-5SrRNA.
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CHAPTER 1

GENERAL INTRODUCTION

Biophysical chemistry uses physical and chemical laws to
interpret structural and functional properties of biological
molecules. During the last two decades X-ray crystallography
has provided the atomic spatial arrangement of numerous mole-
cules with specific biological functions. X-ray structural
analysis has two major limitations. First, highly ordered
single crystals of biological molecules are often difficult or
impossible to obtain. Secondly, the severe constraints on
molecular motion in a rigid crystal lattice are unlike the
native aqueous environment where biological molecules function.
These two limitations have prompted investigators to employ
physical methods able to provide dynamical information about
biological molecules in an aqueous environment. This thesis
uses two methods, nuclear magnetic resonance (nmr) spectroscopy
and laser Raman spectroscopy to investigate the conformation
of a specific ribonucleic acid (RNA) molecule in solution.

Hydrogen, phosphorus, and fluorine all have spin % nuclei
which are 100% naturally abundant. Thei; relative sensitivities
and approximate chemical shift ranges are given in Table 1.
Both hydrogen and. fluorine have substantial signal sensitivity.

Phosphorus has much reduced sensitivity but like fluorine its



Relative signal Approximate chemical
sensitivity at shift range in
Nucleus constant field parts per million (p.p.m.)
Hydrogen 100 12
Fluorine 83.3 500
Phosphorus 6.63 700

Table 1.1. The approximate chemical shift range and relative
signal sensitivity, at constant field, of hydrogen, fluorine
and phosphorus nuclei (1l).

chemical shift range is large compared to the proton. An RNA
molecule contains many phosphorus and hydrogen nuclei. How-
ever, phosphorus-nmr (®!P-nmr) and proton-nmr (lH—hmr) are of
limited utility. This is due mostly to the large numbers of
theSe nuclei (i.e. 5SrRNA has 1301 hydrogen atoms and 120 phos-
phorus atoms). In aqueous solution most of the proton reson-
ances are masked by the large number of proton resonances from
the water. Even in deuterium oxide the small chemical shift
range of the proton resonances combined with the large number
of resonances, due exclusively to RNA, result in a spectral
envelope of unresolvable peaks. There are two small proton
populations in RNA molecules whose chemical shifts are far
enough from the majority of the proton resonances that they
are able to provide conformational information about these
molecules., They can be resolved through the application of
Fourier Transform nmr (FT nmr) and correlative 'H-nmr tech-
niques. One group, the exchangeable ring NH protons, elicit

hydrogen bonding between RNA base pairs (see Figure 1.7).



These resonances are shifted downfield, relative to the proton
resonhances of water, due to ring current effects from the heter-
ocyclic bases involved in the base pair. The same hydrogen
bonded proton resonances are in turn sensitive to ring current
effects from the base pairs which are stacked above and below
them in helical regions of the RNA'mélecules (2). The magni-
tudes of these latter effects are of sufficient variety that
well resolved ring NH hydrogen bonded proton resonances are
spread out over a range of about 7 p.p.m.. A low field'&H-nmr
Val

spectrum of a valine accepting transfer RNA (tRNAV1 ) from

Escherichia coli (E. coli) is shown in Figure 1l.1. The helical

regions of RNA molecules are essentially hydrophobic. Within
these regions the exchangeable NH protons are not accessible
to the external aqueous environment. At elevated temperatures
RNA molecules unravel exposing the hydrogen bonded protons.
The resulting fast exchange of these profons with the aqueous
environment causes broadening and eventual disappearance of
the resonances. This technique has been used to evaluate the
stability of helical stem regions in specific tRNA molecules
(4). It is also applicable to other types of experiments where
conformational change affects base stacking interactions (3).

" The second group of proton resonances, the nonexchangeable
methyl protons of modified nucleosides, are also resolvable

using high resolution !H-nmr techniques. The proton resonances,
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Figuggll.l. The 400 megahertz low field 'H-nmr spectrum of
tRNA, was obtained on the departmental Briker HW 400 FT nmr
spectrometer by G. Luoma and A. Marshall of this laboratory.

The RNA sample was kindly provided by B. Reid (3). It con-
sisted of 1 millimolar tRNA dissolved in an aqueous 10 milli-
molar cacodylate buffer (pH 7) containing 5 millimolar magnesium
chloride and 1 millimolar EDTA. The spectrum was obtained on
single pulse correlation mode at zero dB. It consists of

1000. transients at an acquisition time of 0.82 seconds. The
total accumulation times was approximately 11 minutes.

shown in Figure 1.2, are shifted upfield relative to most. The
temperature dependence of their chemical shifts has been used to

ascertain the order in which the local regions containing the

modified bases unfold (5-7). The determination of line widths
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Figure 1.2. The high-field proton resonances of yeast tRNAPhe
were obtained at several temperatures on a 270 megahertz 'H-FT
nmr spectrometer. The sample concentration was approximately
0.55 millimolar. The deuterium oxide buffer was 0.01 molar
potassium phosphate (pH 6.6) and contained 0.1 molar KCl and
'0.01 molar MgCl,.



and direct measurement of spin-lattice relaxation times are also
potentially useful for the interpretation of their motional
freedom in various parts of the RNA molecule (8). Phosphorus,
unlike the proton, has a potentially large chemical shift range,
but in RNA molecules most of these resonances appear to experi-
ence comparable environmental effects (9-11). This is apparent
from Figure 1.3. Those resonances which are displaced from the
majority are unassignable even though they do appear to be

affected by temperature and ionic strength (12).

1 T LI 1 | 1 l I ] T T

E.coli tRNAS"

(L5) (n m (2} (n

Ph
yeast tRNA ¢

ppm

Figu&iul.3. A 3'P-FT nmr spectrum of yeast tRNAPhe and E. coli
£RNA at 109 megahertz. The water buffer consisted of 0.01
molar sog}gm cacodylate (pH 7) plus 0.1 molar sodium chloridg.
The tRNAPh'e sample also contained 15 millimolar magnesium while
the tRNA sample contained about 3.5 millimolar magnesium.
There was about 25 milligrams of RNA in 0.7 milliliters of buf-
fer which corresponds to approximately a 1.4 millimolar RNA
solution. The accumulation time for each spectrum was about

10 hours (9).



The major disadvantage of both 'H-nmr and 3!P-nmr spectro-
scopy is the presence of a large population of unassignable
resonances. The extremely useful aspect of !'H-nmr is the con-
sideration of a relatively small population of potentially
assignable and interpretable resonances. This observation led
to the formulation of the first technique employed in this
thesis, fluorine-nmr (!°F-nmr) spectroscopy. The in vivo in-
corporation of a small number of fluorine atoms at specific
sites along the sequence of an RNA molecule provides a small
population of spin % nuclei in different parts of the molecule.
Fluorine has only slightly less sensitivity than the proton
(83%) and a much larger chemical shift range (about 41.5 times
the proton's). Therefore, extensive resolution of individual
resonances was expected. The interpretation of these reson-
ances would provide information about the local environment
surrounding the individual fluorine atoms located in different
parts of the RNA molecule.

The in vivo incorporation of fluorine into a biological
molecule and subsequent !°F-nmr spectroscopy was achieved in
1974 (13). Experimentors succeeded in incorporating m-fluoro-
tyrosine into the tyrosine sites of the dimeric zinc contain-

ing metalloprotein, alkaline phosphatase, from E. coli. This

was accomplished by growing a tyrosine auxotroph of E._coli on
a medium containing m-fluorotyrosine. The resulting !9F-nmr
spectra, at 94 megahertz and 235 megahertz, are shown in Figure

1.4. Denaturation of this enzyme:with 6 molar guanidine *HCY
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Figure 1.4. The !°F-FT nmr spectra of fluorotyrosine labeled
alkaline phosphatase at 94 megahertz and 235 megahertz. The
aqueous buffer consisted of 0.1 molar Tris (pH 7.9) and the
protein concentration was 0.30 millimolar. The accumulation
time for these spectra was about 30 minutes (14).




yielded a single fluorine resonance at approximately 58.8
p.p.m. (15). Comparison of this spectrum with those of the
nétive enzyme, shown above, suggest that resonances 7-10 are
the most nearly exposed to the surface environment of the pro-
tein. Resonances 1-6 show monotonic increases in line-width
with increased chemical shift to lower field. This is due to
the buried m-fluorotyrosines which experience tertiary inter-
actioﬁs with the surrounding protein environment. The data
from this !9F-nmr study was comparéd with theoretical models

in an effort to determine the effect of the protein environment
upon these fluorine probes. For example, calculations of spin-
lattice relaxation times (Tl), at 94 megahe;tz, assuming only
dipole-dipole relaxation via the tryosihe ring proton nearest
the fluorine atom provided an absolute minimum value of 0.45
seconds (16). Comparison with experimental values of Tl’ for
each resonance, indicated that all except resonance 10 are sub-
stantially less than the theoretical minimum value. This im-
plied that an intermolecular dipolar relaxation mechanism
existed that involved the fluorine atom and the protons of the
surrounding protein environment. Their distances from the
fluorine atom must be comparable to that of the vicinal proton
on the tyrosine ring. Using a similar strategy experimental
results were combined with theoretical considerations to pro-
vide definitive information about the molecular dynamics of

m-fluorotyrosine alkaline phosphatase from E. coli. They have

examined the effects of increasing magnetic field strength on
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chemical éhift anisotropy, the degree of internal mobility for
individual m-fluorotyrosines and a molecular correlation time
for the enzyme which is consistent with fluorescence depolar-
ization data (15). Also considered were induced conformational
changes in the enzyme through zinec or phosphate binding and
their effects on the !%F-nmr spectrum (17). One of the major
goals of this thesis was to consider the applicability of the
same type of study to a specific RNA molecule of biological
interest. These considerations will be dealt with extensively
in Chapter 3.

- The action of thé anticarcinogen 5-fluorouracil (5-FU) on
E. coli suggested that an experiment analogous to the m-fluoro-

tyrosine labeled alkaline phosphatase study was feasible (18-19).

The drug, shown in Figure 1.5, will incorporate into the bac-
terial RNA if it is added during early exponential growth. The
inéorporation is specific for sites normally containing uridine
or uridine-derived bases. The only known study concerning the
functionality of a specific 5-FU containing tRNA (FU—tRNA\Bl)
indicates that replacement of 95% of the uridine and uridine-
derived bases by 5-FU did not appreciably alter its ability to
become amino acylated (20).

An important consideration for this study of fluorine con-
taining nucleic acids:with !°F-nmr was the necessity for suf-
ficiently large sample quantities to overcome the inherent low

sensitivity of nmr spectroscopy. The study of a specific .-

FU-tRNA would have had distinct advantages. It is relatively
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L

Figure 1.5. The chemical.structure of 5-fluorouracil (R=H)
and 5-fluorouridine (R=ribose sugar).
small in size, has a known secondary structure, and a rather
well understood function in the cell. However, the requirement
of large sample amounts for a sufficient signal to noise ratio
on the department Varian FT-XL100 led to the selection of 58
ribosomél RNA (5SrRNA) for this study. It represents about 3%
of the total cellular RNA of E. coli while a specific tRNA
accounts for only about 0.8% of the total (21).

The primary objective of this '?F-nmr study of 5-FU con-

taining 5SrRNA ( FU-5SrRNA) from E. coli was to observe the
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individual fluorine resonances and interpret the effects of a
nucleic acid environment upon them. Then to induce conforma-
tional changes in the molecule and observe the effects on the
fluorine resonances as the immediate chemical environment about
each of the molecular probes changed with alterations in macro-
molecular conformation. A major disadvantage of any study of
this type is that the molecular probe is not native to the
biological system. The covalently bound fluorine atom is

small (about the size of an OH group) and normally unreactive.
However, some fluorinated pyrimidines are highly toxic and
known to markedly inhibit the growth of actively dividing

cells (19). The introduction of a highly electronegative
fluorine atom at a position normally occupied by a proton al-
ters certain physicochemical properties of the vicinal atoms
(i.e. pKa of the N-3 proton of uracil and the extinction co-
efficient at 260 nanometers). Therefore the presence of fluo-
rine could possibly alter base pairing and base stacking inter-
actions involving 5-FU.

The concern over the possible effects of 5-FU on RNA con-
formation led to the formulation of the second physical method
employed in this thesis, laser Raman spectroscopy. Spectra of
native 5SrRNA and . 'FU-5SrRNA were obtained in order to deter-
mine the effects of 5-FU incorporation on macromolecular con-
formation. The Raman spectrum of a polynucleotide is the sum
of ring vibrations from the individual nitrogenous bases plus

vibrational contributions due to the phosphate backbone which



links the nucleotides together. This meant that Raman spectra
of uridine and 5-fluorouridine monomers also had to be com-
pared before it was possible to infer similarities or differ-
ences in the macromolecular conformation of 5SrRNA due to
fluorine incorporation. The utility of laser Raman spectro-
scopy as applied to nucleic acids is that intensities of Raman
lines are sensitive to conformation. This will be discussed
extensively in Chapter 4.

RNA molecules are ribonucleotide polymers of the hetero-
cyclic bases adenine (A), guanine (G), uracil (U), cytosine
(C), and a small number of modified bases. The primary struc-
ture consists of specific sequences of these bases that are
interconnected through phosphodiester linkages between 3' and
5' hydroxyls of the ribose moieties. This is illustrated in
Figure 1.6. Molecules of tRNA are approximately 75-80 nucleo-
tides long while 23S ribosomal RNA (23SrRNA), 16SrRNA, and
5SrRNA are about 3700, 1700, and 120 nucleotides respectively.
These molecules fold into :specific secondary structures in
accordance with the directional hydrogen bonding properties
of the individual bases. The most stable base pairs in RNA
molecules are G-C, A-U, and G-U pairs which are shown in Fig-
ure 1.7. The strongest base pair, G-C, consists of three

~hydrogen bonds while the A-U and G-U pairs have only two
hydrogen bonds.

All of the over 87 sequenced tRNA molecules appear to have

a comparable secondary structure (23). This so-called



H. _o. base

Figure 1.6. The ribose-phosphate backbone structure of an

RNA molecule.

cloverleaf structure is shown in Figure 1.8. It consists of
five distinct regions. The major function of two of these re-
gions, the acceptor stem and the anticodon loop, are well es-
tablished. The 3' terminus of the acceptor stem is the site
of attachment of the amino acid, while the anticodon loop is
the region where tRNA recognizes the mRNA codon, at the ribo-

some, during protein synthesis. The functional roles of the
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Figure 1.7. The directional hydrogen bonding properties of the
three most stable base pairs found in RNA molecules (22).
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Figure 1.8. The generalized cloverleaf secondary structure of
all sequenced tRNA molecules except for initiator tRNAs (24).
other three regions, the D loop, the variable loop, and the
TYC loop, are less well understood. The TYC region may bind
to 5SrRNA during the binding of tRNA to the ribosome. This
will be discussed in some detail subsequently.

A complete tertiary structure is available for only one
specific RNA molecule, yeast tRNAPhe (25-26). X-ray crystal-

lography, to a resolution of 2.5 angstroms, has verified the

cloverleaf secondary structure. The secondary hydrogen bonds



are responsible for most of the structural integrity of this
RNA molecule. All secondary base pairs are of the G-C and A-U
type except for a single G-U pair in the acceptor stem. The
stem regions form RNA-A type right handed antiparallel double
helices of about 10-12 bases per turn and have a diameter of
approximately 20 angstroms. These helical regions consist of
closely stacked base pairs. The secondary hydrogen bonds with-
in these regions are virtually inaccessible to the surrounding
aqueous environment. In fact about 90% of the bases in yeast
tRNAPhe could be classified as internal hydrophobic (27). The
acceptor stem consists of 7 base pairs and the D stem has 4
base pairs. Both the TYC stem and the anticodon stem have 5
base pairs. Besides these ‘secondary hydrogen bonds there are
11 tertiary base pairs which fold the D arm toward the TYC arm.
A schematic diagram of the crystal structure of tRNAPhe is
shown in Figure 1.9. The molecule is L-shaped with the anti-
codon region at one end and the 3' terminus at the‘other end.
The two perpendicular axes are each about 60 angstroms in
length and the site of amino acid attachment (the 3' terminus)
is separated from the anticodon by approximately 80 angstroms.
The 7 bases in the acceptor stem and the 5 bases of the TVY¥C
stem form a continuous helix, with one gap, along the horizon-
tal axis. The vertical axis is a continuous helix, with two

gaps, that consists of the 4 base pairs in the D stem and the

5 base pairs of the anticodon stem.
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Figure 1.9PheA schematic diagram of the crystal structure of
yeast tRNA . The base paired regions are represented as long
bars while single bases are short bars. The tertiary base
pairs are indicated by solid dark rods (28).

Besides secondary and tertiary base pairs there are other
factors which contribute to the molecular stability of tRNAPhe.
They include divalent cations, tertiary hydrogen bonds involv-
ing riboses and phosphates and the ionic strength of the aque-
ous environment. The most important divalent cation is mag-
nesium. Both tRNA and 5SrRNA molecules assume functional
conformations in the presence of magnesium and can exist in
nonfunctional conformations in its absence (29-31). The number

of magnesium binding sites in tRNAPhe has not been agreed upon;



even X-ray crystallography leaves some doubts (32). The second
factor, hydrogen bonding of the riboses and the phosphates,
involves the 2'-oxygens of the riboses and some bases as hydro-~
gen donors or acceptors and a phosphate oxygen as a hydrogen
acceptor (33). These interactions are much less stereospecific
and not as isolated as secondary and tertiary base pairs.
Therefore, they are much harder to assign. The final contri-
butor to RNA stability, the ionic strength of the aqueous en-
vironment, is important for stabilization of the ribose phos-
phate backbone. The backbone is polyaniqﬁic at physiological
pH due to a negative charge on one of the frqe phosphate oxy-
gens. The presence of positive monovalent catiohs, such as'
sodium and potassium, neutralize like charge coulombic repul-
sion between the negatively charged phosphate oxygens.

The three dimensional picture provided by the X-ray struc-

he
serves as a model for struc-

tural analysis of yeast tRNAP
tural interpretations of all RNA molecules. The same types of
interactions mentioned above contribute to the molecular sta-
bility of all RNA molecules. A single crystal of tRNAPhe used
to obtain electron density maps for structural analysis is
abou? 75% water (34). Still these tRNAPlrie molecules are im-
mobile and the picture provided from X-ray studies is a static
one. Numerous studies in a more native agqueous environment
tend to substantiate similarities between the crystal structure
and the solution structure of tRNAPhe. These include low field

lg-nmr (35-36), high field 'H-nmr (37), base specific chemical



modification (38), small angle X-ray scattering (39), fluores-
cence studies (40), complementary oligonucleotide binding (41),
ultraviolet induced cross linking experiments (42), tritium
labeling studies (43), and enzymatic accessibility studies (44) .
However, tRNA molecules are known to have many interactions
with proteins and other nucleic acids. A specific tRNA can be
considered as a substrate for more than a dozen proteins (45).
Many of these interactions are believed to cause (induce) con-
formational changes in tRNA molecules which cannot be monitored
with X-ray crystallographic techniques.

The universal cloverleaf secondary structure is corrobor-
ated by the X-ray structure of tRNAPhe. The secondary struc-
tures of 5SrRNA and other larger RNA molecules are the subject
of much debate. This ambiquity with regard to secondary struc-
ture is in part due to the large sizes of these RNA molecules.

The RNA molecule of primary concern in this study is E.
coli 5SrRNA. It was first isolated by two independent research
groups in 1964 (46-47). Although it lacked methylated bases
and pseudouridines, its overall base composition was similar to
tRNA. This led one of the groups to the erroneous conclusion
that 5SrRNA was a precursor of tRNA and that it became methyl-
ated at a later stage (46). Their inability to amino acylate
58rRNA was a clue that it was not a tRNA precursor (46). The
other group correctly concluded that 5SrRNA was attached to the
bacterial ribosome and estimated its chain length to be approx-

imately 105 nucleotides (47).



During preliminary studies of E. coli S5SrRNA there was much
speculation concerning its origin. Besides being a possible
precursor to tRNA, it was suspected to be a degradation product
of messenger RNA (mRNA) or the other larger rRNA molecules. The
likelihood that it was a random degradation product was excluded
by ifs apparent homogeneity with respect to chain length and a
unique 3' and 5' terminus (48). In 1966, it was confirmed that
the two types of molecules, 5SrRNA and tRNA, did not exhibit
appropriate sequence homologies and that the methyl accepting
activity of 5SrRNA, observed previously, was not due to 5SrRNA
but contaminating submethylated tRNA attached to the ribosome
(49). This eliminated the possibility that 5SrRNA was a pre-
cursor of tRNA. At about this time it became apparent that
5SrRNA was ubiquitous. Besides its presence in E. coli, it was
found to be associated with the ribosomes of yeast (50), rat
livers (51), sea urchins (52) and.amphibians (53). In 1968 the
first sequence of E. coli 5SrRNA was published (54). This se-
guence is shown in Figure 1.10. It consisted of 120 nucleotides
and had a molecular weight of 40,575 daltons. All of the nucle-
otides were A, U, G, and C; unlike tRNA no unusual bases were
observed. Today the 5SrRNA sequences from a variety of organ-
isms are available (55).

The major components of the E. coli ribosome are shown in
Figure 1.11. A 5SrRNA molecule is an integral part of each
bacterial ribosome. It, along with 23SrRNA and approximately

34 proteins, constitutes the 50S ribosomal subunit of E. coli
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Figure 1.10. The first sequence of E. coli 5SrRNA. The se-
quence is drawn with an originally proposed base pairing
scheme (54).

(56) . The three RNA molecules combined account for approx-
imately 63% of the ribosome's mass (56). Through cooperative
interactions between these nucleic acids and proteins the

ribosome functions as the protein assembly apparatus of the

cell.
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Figure 1.11. The constituent parts of an E. coli ribosome.

In E. gé;i, 70S ribosomes undergo continual association
and dissociation into 30S and 50S subunits during protein syn-
thesis (57-58). The fundamental steps involved in the initi-
ation of a fully functional ribosome are outlined in Figure
1.12.

The first step is the dissociation of an inactive 708
ribosome into its two elemental subunits. Next three initi-
ation factor proteins (IF-1, IF-2, and IF-3) bind to the 30S
subunit in the order shown in Figure 1.12. The first.to bind

is IF-3. It is believed to actually be two proteins having
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Figure 1.12. The formation of the initiation complex and the
fully functional 70S ribosome of E. coli. IF-1, IF-2, and IF-3
are the initiation factor proteins (57).

molecular weights of approximately 21,500 and 23,500 daltons

(59). Formation of this 30S-IF-3 complex appears to prepare



the subunit to receive mRNA, which next binds to this complex.
Now IF-1 (a single protein with a molecular weight of 9,400
daltons), guanosine 5'-triphosphate (GTP), IF-2 (two proteins
of 80,000 and 92,000 daltons), and initiator tRNA (N-formyl-
methionyl-tRNA in E. coli) bind to the 30S x IF-3 x mRNA com-
plex (59). The subsequent reassociation of this complex with
the 508 subunit induces the release of the three initiation
factors while converting a molecule of GTP to guanosine 5'-
diphosphate (GDP). Accompanying this reassociation of the two
ribosomal subunits is an alignment of initiator tRNA into the
ribosomal P site located on the 50S subunit. The ribosomal A
site, also located on the 50S subunit, is in close proximity to
the P site. These two sites are implicated in protein syn-
thesis. The first step, elongation, is shown in Figure 1.13.
It consists of the alignment of an amino acyl tRNA into the A
site, followed by peptide bond formation between the amino group
of the amino acid attached to the tRNA in the A site and the
carboxyl group of the initiator tRNA's amino acid in the P
site. This is also illustrated iﬁ Figure 1.13. This peptide
bond formation is accompanied by a cleavage at the ester link-
age holdiﬁg f-methionine to the initiator tRNA. -

The next step following elongation is called transloca-
tion. It involves a transfer of the peptidyl tRNA at the A
site to the P site and movement of mRNA so that the next trip-
let codon is in proximity to the A site. Concurrently, the

tRNA previously occupying the P site is released from the
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ribosome. The A site is free to receive the next amino-acyl-
ated tRNA. There is at least one'specifié tRNA for each amino
acid. Amino acylation of the 3' terminus of tRNA is catalyzed
by synthetase enzymes that are also specific for each tRNA
§pecies. The binding of an amino acylated tRNA to the ribo-
somal A site is preceded by the binding of one of the subunits
of the dimeric cytoplasmic protein elongation factor-T (EF-T).
The two subunits are called elongation factor—Ts (EF—TS) and
elongation factor—_Tu (EF—Tu). EF-T first associates with GTP
causing the release of the EF—TS subunit. The GTP x EF—-Tu
complex then binds to the amino acylated tRNA (aa-tRNA) to form
a GTP x EF—Tu X aa~-tRNA complex. This complex binds to the
ribosomal A site so that the anticodon loop of tRNA is situ-
ated to hydrogen bond to the complementary mRNA proximal to the
A site. Complementarity is essential for the binding of tRNA
to the A site. The amino group of the amino acylated tRNA in
the A site is situated in close proximityix)theesténifiédcar;
boxyl carbon of the amino acylated tRNA in the P site. Nucleo-
philic attack by the amino group is facilitated by the enzyme
peptidyl transferase (see Figure 1.13). Elongation and trans-
location require approximately 50 milliseconds (61). The poly-
peptide will continue to grow by repetition of these two steps
until the mRNA codon for termination is signaled. 1In E. coli
there are three termination codons, UAG, UAA, and UGA which do
not have complementary tRNA anticodons. During termination, the

polypeptidyl-tRNA shifts from the A site to the P site. Actual



termination is promoted by three proteins called release fac-
tors, Rl’ Ry, and R3. They are able to recognize the termina-
tion codons of mRNA (62). Hydrolysis of the ester bond be-
tween the polypeptide chain and terminal tRNA is most likely
catalyzed by peptidyl transferase whose catalytic properties

are changed by the releasing factors (57). Now the last tRNA
and mRNA leave the 70S ribosome which in turn dissociates into
30S and 50S subunits until another initiator tRNA signals re-
formation of a functional ribosome to construct another protein.
The amino acid sequence of a protein depends upon the order in
which specific amino acylated tRNA molecules bind to the A site.
This order is dependent upon the sequence of the triplet nucle-
otide codons of mRNA. This region of recognition is located in
proximity to the A site and directly adjacent to the preceed-
ing peptidyl tRNA which occupies the P site. Each specific

tRNA has an anticodon loop containing three bases which recog-
nizes the complementary triplet codon of mRNA. During the
elongation-translocation process the mRNA also moves along so
that a new three base codoﬁ is situated in the vicinity of the
A site. The site is now ready to receive a new amino acyl tRNA
according to the complementarity of the codon and anticodon.
Codon-anticodon recognition involves the formation of Watson-
Crick base pairs. According to the "wobble hypothesis" the

base pairing is most stringent for the central of the three
bases and one of the outer bases (63). The base pairing proper-

ties of the third base are probably less well defined.



5S8rRNA is essential for protein synthesis but iﬁs specific
function is not completely understood. The most widely accepted
hypothesis is that it assists in the binding of tRNA to the A
site of the ribosome through a mechanism comparable to codon-
anticodon recognition: that is, by base pairing of a specific
region-of 5SrRNA to the complementary sequence of tRNA. The
most likely candidates for these regions have been suggested
from sequence homology studies of 5SrRNA and tRNA from different
procaryotes and different strains of E. coli. Different strains
of E. coli 5SrRNA exhibit variability at both the 3' and 5'
ends. The middle region, bases 14-91, is highly conserved (64).
Comparisons between the sequences of different procaryotes in-
dicate a C-G-A-A segment near position 45 (55, 65). E. coli
5SrRNA also has the same segment about position 107. This lat-
ter segment is not likely to be functionally important since

Bacillus stearothermophilis (B. stearothermophilis) 50S ribo-

somal subunits reconstituted with E. coli S5SrRNA are biologically

active, but B. stearothermophilis 5SrRNA has only the central

tetrameric C-G-A-A sequence (66-67). Another interesting fea-

ture of B. stearothermophilis ribosomal reconstitution experi-

ments is that‘other bacterial 5SrRNA molecules which possess a
central C-G-A-A sequence can be incorporated in the place of

the native type with resulting biological activity (68). These
observations tend to imply that a spécific sequence- is not en-

tirely critical for function.
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The T-¥-C-G segment found in élmost all sequenced tRNA
molecules can potentially form base pairs with the C-G-A-A
region of 5SrRNA (65, 69). This has suggested that the bind-
ing of tRNA to the ribosome during protein synthesis may in-
volve the base pairing of these two regions. However, X-ray
crystallography (70-715, enzymatic accessibility studies (44),
chemical modification sstudies (44), and oligonucleotide bind-
ing (72) all indicate that the T-Y-C-G segment is buried and
therefore inaccessible. The binding of the C-G-A-A segment
of 5SrRNA would require a conformational change in tRNA that
exposes the T-¥-C-G region (65). Numerous experiments have been
designed to test this hypothesis. Studies ihvolving tetramers
of T-¥-C-G or C-G-A-A tend to substantiate this proposed in-
teraction between 5SrRNA and tRNA. Thevpresence of the tetra-
mer T-¥-C-G competitively inhibits the binding of tRNAPhe to
E. coli ribosomes (73). The same tetramer also binds strongly
to a 5SrRNA-ribosomal protein complex (74). This binding is
reduced ten-fold for free 5SrRNA indicating that conformaéional
changes in the molecule, due to ribosomal proteins, facilitate
binding of the tetramer. Alternatively, the presence of tetra-
meric C~G-A-A inhibits poly U directed polyphenylalanine syn-
thesis of the ribosome (75). Presumably it is competing with
the C-G-A-A region of 5SrRNA for binding to the T-¥-C-G region
of the incoming tRNA. There is also evidence that tRNA under-
goes a conformational change, which exposes its T-Y-C-G seg-

ment, upon binding to the mRNA codon (65). Equimolar amounts



of ¢-G-(3H)A-(%H)A will bind to a 30S x phe - tRNAPhe x EF-T

X GTP x polyU complex. With poly U absent only about % as
much tetramer binds.

It is possible to reconstitute functional 50S ribosomal
subunits of.g. coli where 5SrRNA is added during the last step
of the assembly (76). Elimination of this final step leaves
an inactive 475 ribosomal particle which lacks 5SrRNA and is
partly deficient in four ribosomal proteins known to associate
directly or indirectly with 5SrRNA. Experiments with these 47S
pariticles have provided three important clues to the function-
ality of 5SrRNA. First, 5SrRNA is essential for poly U directed
poly-phenylalanine synthesis. A 47S particle exhibits less than
12 of the activity of a completely reconstituted 50S subunit.
Second, 5SrRNA is likely to be in proximity to the ribosomal
A site.and P site. Chloramphenicol, which binds to the A site
and C-A-C-C-A-acLeu fragments, specific for the P site, does not
bind to 47S particles. Lastly, 5SrRNA is important for the

he

binding of Phe—tRNAP to both the A site and the P site. No

EF-T enzymatic binding of Phe—tRNAPhe to the A site was ob-
served and IF dependent binding of this amino acylated tRNA to
the P site was reduced by 66% for these 47S particles. The
implication is that there is direct involvement between 5SrRNA
and the binding of Phe—tRNAPhe to the A site. The role of
5SrRNA with the P site is apparently less direct.

The E. coli 5SrRNA molecule, at the ribosome, is surrounded

by ribosomal proteins, since it is strongly protected from



degradation by ribonuclease T, and pancreatic ribonuclease (77).
Even after trypsin digestion of the ribosomal proteins the
5SrRNA remains strongly protected from ribonuclease digestion.
This inaccessibility to molecules the size of degradation en-
zymes suggests that the translation enzymes do not interact
directly with 5SrRNA. Chemical modification with kethoxal, a
small molecule that reacts with single stranded G residues
indicates that G44 of the central C-G-A-A segment is not acces-
sible to either ribosome bound or free 5SrRNA (78). Only G41
and G13 react readily for both free 5SrRNA and when incorporated
into the 508 ribosomal subunit. For 70S ribosomes Gl3 is par-
tially protected (79). Neither of these reactive G residues
appears to be functionally significant since 5SrRNA chemically
modified with kethoxal at Gyq and Gj3 can be reconstituted into
508 ribosomal subunits without extensive loss in biological
activity (78). The strong protection of 5SrRNA, at the ribo-
some, from ribonuclease digestion and chemical modification by
smaller molecules means that the C-G-A-A segment, postulated

to interact with the T-¥-C-G loop of tRNA, is not accessible.
This suggests that there may be some requirement for conforma-
tional changes in ribosomal proteins and/or 5SrRNA in order for
the postulated interaction to occur. Exﬁensive conformational
changes of the ribosomal proteins occur during mild dissocia-
tion of the ribosome into its two subunits through magnesium
removal with ethylenediaminetetraacetate (EDTA) (80). This is

evident from changes in the far ultraviolet circular dichroism



spectrum, an indication of alterations in the helical structure
of ribosomal proteins due to subunit dissociations. The near
ultraviolet circular dichroism spectrum, due exclusively to the
three RNA molecules, is unchanged by such dissociation. Only
under extreme conditions:of ribosomal unfolding was any con-
formational change in the RNA observed by circular_dichroism.
These experiments demonstrate the strong conformational integ-
rity of the three RNA molecules in the ribosome and postulate
the possibility for extensive conformational alterations in
ribosomal protein structure.during protein synthesis. Ribo-
somal dissociation does.not alter kethoxal ﬁodification (81)
nor does it expose the C-G-A-A segment of 5SrRNA to enzymatic
degradation (77). However, the possibility that translation
enzymes or tRNA molecules can induce conformational changes in
surrounding ribosomal proteins, which would expose-the C-G-A-A
region of 5SrRNA for binding to the T-¥-C-G segment of tRNA,
cannot be ruled out.

Treatment of E. coli ribosomes with high concentrations of
lithium chloride or ammonium chloride releases 5SrRNA and some
ribosomal proteins (82-83). Dialysis to reduce the salt con-
centration results in 70 -80% reattachment of 5SrRNA to the
ribosome core (84). Further experiments show that only three
proteins, L5; L18, and L25 are required for reattachment. This
suggests that 5SrRNA and these three proteins represent a dis-
crete unit of the ribosomal 50S subunit. The L5, L18, and L25

proteins have also been shown to have the strongest binding



affinity for free 5SrRNA (85-86). Only two other 50S subunit
proteins, L20 and L3, bind very weakly to 5SrRNA (85). The
affinity of L18 for S5SrRNA is the strongest. It is 16 times
greater than L25 and 100 times that of L5 (86). The functions
of L5 and L18 may be related since the association of L5 with
58rRNA appears to be codperatively stimulated by the presence
of L18 while L25 does not exhibit cooperativity with either L5
or L18 (87). Ribonuclease digestion involving L18 and L25 bound
5SrRNA suggést that the most importaﬁt recognition region for
both L18 and L25 is the sequence 69-110 of 5SrRNA (88). Com-
petitive binding studies involving ethidium bromide indicate
that these proteins (L5, L18, and L25) are probably not bind-
. ing to the same site (89). Ethidium bromfde; which intercal-
ates between A-U pairs of double stranded regions of nucleic
acids has 5 or 6 binding sites on 5SrRNA. An L18 x 5SrRNA com-
plex causes a two-fold decrease in the number of bound ethidium
bromides. A complex of L5 x 5SrRNA has a slight effect while
L25 x 5SrRNA has no effect on ethidium bromide binding. These
observations suggest that L18 must be blocking ethidium bromide
binding sites at the same double stranded regions as ethidium
bromide and that the binding sites of the other two proteins,
L25 and L5, are in different locations. This implies that the
apparent cooperativity between L5 and L18 must be fairly in-
direct.

The effects of ribosomal proteins L5, L18, and L25 on the

conformation of free E. coli 5SrRNA have been investigated



(90-92). The ribosomal protein with the strongest affinity for
5SrRNA, L18, causes a marked increase in the ultraviolet cir-
cular dichroism spectral intensity. This is an inaication of
increased secondary structure for the RNA molecule. One study
indicates that an L25 x 5SrRNA complex gives a slight, but sig-
nificant, decrease suggesting a small reduction in secondary
structure (91). The L5 x 5SrRNA complex has no effect on the
near ultraviolet circular dichroism spectrum of 5SrRNA. A
5SrRNA complexed with all three proteins gives a spectrum which
is the sum of the above individual effects. A conformational
change due to protein binding is also indicated from the enzym-
atic and chemical accessibility to the U87—C88—U89 region of
5SrRNA (88). 1In an L18 x L25 x 5SrRNA complex this region is
accessible to both pancreatic ribonuclease and carbodiimide.
Free 5SrRNA is not accessible to either of these agents in this
region. The changes in molecular conformation due to the bind-
ing of ribosomal proteins suggest that free 5SrRNA in aqueous
solution has a different conformation than when it is part of
the ribosome.

A complex of L5, L18, and L25 plus 5SrRNA exhibits in vitro
GTPase activity (92). Cross linking experiments using 4-mer-
captobutyrimide indicatz formation of disulfide bonded cross
links between L5-L7 and L5-L12 (93). Proteins L7 and L1l2 are
known to be located near the peptidyl transferase center (Ll6,

L1l, and L2) (94). This suggests a relationship between the



peptidyl transferase and GTPase centers of the 50S ribosomal
subunit. It also implies that 5SrRNA is vicinal‘to these two
catalytic sites.

A stable complex between E. coli 23SrRNA and 5SrRNA can
be formed in the presence of the ribosomal proteins L18, L25,
L6, and L2 (95). Only 8 50S ribosomal proteins independently
bind to 23SrRNA (including L2 and L6). L18 and L25, which bind
strongly to 5SrRNA, have no affinity for 23SrRNA. This indi-
cates a cooperative interactionvbetween 5SrRNA, 23SrRNA and the
four ribosomal proteins. When the 50S subunit is split with
high saltvconqentration under conditions of coﬁtrolled pancre-
atic ribonuclease digestion fragments of 23SrRNA result; an 18S
(3' end) and a 13S fragment (96). An 18SrRNA:5SrRNA complex
can be formed with the above mentioned proteins indicating that
the overall integrity of the 23SrRNA is not required for associ-
ation with 5SrRNA. No association of 5SrRNA with either the
135S fragment of 23SrRNA or with the 16SrRNA (from the 30S sub-
unit) has been observed. A proposed site of interaction be-
tween 5SrRNA and 23SrRNA is the 72-83 sequence of 5SrRNA which
is highly conserved in procaryotes. A fragment. of 23SrRNA,
accessible to kethoxal modification, is complementary to this
5SrRNA segment (96) .

The above remarks represent current understanding of 5SrRNA
function at the ribosome. Based on sequence homology studies
and oligonucleotide experiments a likely functional role for-

5SrRNA is shown in Figure 1.14; namely, the recognition of the



- 37 -

Phe

iU)B'.EF-TuxGTP xGTPxEF-T,

el

70 S

Figure 1.14. A proposed model for the function of 5SrRNA. The
model requires that there be an induced conformational change
of the G-C-¥-T region of tRNA which allows it to hydrogen bond
to the C-G-A-A segment of 5SrRNA (69). '

T-y-C-G region of tRNA during its binding to the ribosomal A
site. 5SrRNA and three ribosomal proteins (L5, L18, and L25)
apparently form a discrete unit within the ribosome strongly
protecting it from enzymatic degradation. Besides protein-RNA
interactions there is also evidence for an RNA-RNA interaction
between 5SrRNA and 23SrRNA. Multiple functions for E. coli
58rRNA cannot be ruled out as evident from the apparent prox-
imity of S5SrRNA to the peptidyl transferase and GTPase catalytic
centers of the 50S subunit.

The work which will be presented in this thesis is con-
cerned exclusively with the use of !°F-nmr and laser Raman
spectroscopy to interpret conformational properties of free E.
coli 5SrRNA in aqueous solution. Much information about the

macromolecular conformation of free 5SrRNA is available in the



literature. It has a sedimentation coefficient (S2o,w) of
approximately 415S-4.8S which is fairly insensitive to counter-
ions (97). This is indicati&e of a fairly rigid structure.
According to the most recent small angle X-ray scattering stud-
ies 5SrRNA probably assﬁmes the shape of a prolate elipsoid
with an axial ratio of 571 in solution (98). 1Its radius of
gyration (Rg) has been estimated to be 34%1.5 angstroms. This
compares with a theoretical Rg value of 48 angstroms for a
straight rigid double helix of 120 bases. 5SrRNA in solution'
also appears to be more asymmetric>than tRNA and probably
bulges at one end (98-99). Free 5SrRNA is known to exist in
two stable forms under denaturing conditions (7 molar Urea and
0.01 molar EDTA) (100-101). Both forms are stable and can be
separated by Sephadex G-100 or methylated bovine serum albumin-
coated kieselguhr (MAK) chromatography. The B form will not
reincorporate during reconstitution of 50S ribosomal subunits
while the A form behaves like native 5SrRNA. Under renaturing
conditions, in the presence of magnesium, the B form can be
converted to the A form. Such multiple conformations for RNA
molecules are not uncommon. Numerous examples of biologically
inactive forms of tRNA have been presented in the literature
(102) .

Ultraviolet spectroscopy and !'H-nmr spectroscopy have
been used to obtain generalized base pairing properties of E.
coli S5SrRNA. Optical melting curves at 260 millimicrons in-

dicate that 5SrRNA has a relatively high melting temperature



compared to tRNA and the presence of magnesium and monovalent
cations increases the melting temperature by about 10 degrees
centigrade (103). It is also possible to estimate the total
number of base pairs, the number which are G-C pairs, and the
number of A-U pairs under a variety of buffer conditions. This
data is compiled in Table 1.2. The large number of G-C base
pairs (60-68% of the total) explains the high melting temper-
ature of E. coli 5SrRNA. The !H-nmr spectra also indicate
extensive G-C base pairing (24 G-C pairs) (108). However, the
low number of prediéted A-U pairs (only 4) and the inability
to detect structural alterations between samples containing
magnesium and those without is inconsistent with the available
optical. data.

Chemical modification studies have been used to probe the
secondary structure of E. coli 5SrRNA. The moét widely used
chemical modifiers of RNA molecules are kethoxal, glyoxal,
nitrous acid, monoperphthalic acid and methoxyamine. Both keth-
oxal and glyoxal react with unpaired guanines. The most re-
active site in native 5SrRNA is Ga1 while the second most
reactive site is G13 (109). After 45 minutes treatment of
5SrRNA with kethoxal 100% of G41 has reacted while only about
40% of G13 is modified. Exposures of this time duration will
reduce ribosomal affinity. This is probably due to chemical
modification of G7

13

oxal, does not greatly affect ribosomal affinity (more than

since formylation of only G4l’ with gly-

70% retention) (110). In denatured E. coli 5SrRNA (B form)



Total Melt.

NaCl (M) .. MgClz(M) A-U G-C B.P. Emiigl Range (OC) Reference
0.1 None . 13 28 41 — — 104
0.15 None 38-39 60 (est.) 40-80 (est.) 105
2.0 None 11-14 22-25 36 70 (est.) 60-90 (est.) 106
None 0.01 18 27 45 80 (est.) 65-90 (est.) 107

Denatured or B Form

None 0.01 17 26 43 80 (est.) 65-90 (est.) 107

Accurate Tm determination from derivative curve:

1) low salt (0.01M KC1l, 0.001M Tris-HC1l, pH7) 103
T =56°C
2) physiological salt (0.13M KC1l, 0.09M NaCl, 103
0.06M MgCl,, 0.001M Tris-HC1l, pH7)
2
T =66°C

Table 1.2. Shown above are estimates of the base pairing in E. coli 5SrRNA obtained by
optical spectroscopy. As indicated they are at various concentrations of NaCl and MgCl
for both the native and denatured forms. The accurate melting temperature, T , at physi-
ological salt concentrations and at low salt concentrations is also shown. The most
significant features of this table are the extensive G-C base pairing and the apparent
increase in T, due to the presence of monovalent and divalent cations.
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G is not accessible to these two chemical modifiers while

41
G6l becomes exposed (110). It has been suggested that during
the renaturation-denaturation process G41 and G6l play an im-
portant role. Nitrous acid is a less specific chemical modi-
fier. It deaminates exposed adenines, guanines, and cytosines.
The most reactive regions of 5SrRNA are bases 34-41 and 44-55
(109). These modifications result in loss of affinity for ribo-
somal proteins but the lack of specificity makes interpretation
difficult. Methoxyamine is specific for accessible cytosines in
RNA. The most exposed region in E. coli 5SrRNA is around posi-
tions 35-39 (109). The reaction of E. coli 5SrRNA with methoxy-
amine causes rapid loss of affinity for ribosomal proteins, but
again interpretation is difficult due to the large number of
reactive sites. Oxidation with monoperphthalic:acid indicates
‘that 10 of the 23 adenines of 5SrRNA are unpaired (111). This
also causes a rapid loss in ribosomal affinity. It has been
postulated that two of the adenines which react are those asso-
ciated with the G-C-A-A segment. The basis for this argument is
the inability to bind T-¥-C-G to 5SrRNA after oxidation of the
adenines_(lll). Another more recently developed chemical modi-
fier is 1,4-phenyldiglyoxal (PDG). Unlike kethoxal and other
aliphatic dicarbonyls which only react with unstacked guanines,
PDG can react with base paired guanines (112). 1Its aromatic
character allows it to intercalate into double helical RNA re-

gions producing cross linkages between néighboring guanines.



This modifier gives evidence for a helical stem formed by the
two ends of E. coli 5SrRNA by showing that G2 and Gll2 become
cross linked with PDG. This is only possible if these two bases
are in the direct neighborhood across the large groove of the
double helix and are about 5 base pairs apart. It does however
require that the two bases unstack and protrude slightly from
the helix upon linkage with PDG. The major sites of ehemical
reactivity in E. coli 5SrRNA mentioned above are summarized in
Figure 1{15. Clearly the most reactive regions are segments
34-41 and 44-51 which suggest single stranded loops in these
regions.

Various ribonuclease enzymes are also sensitive to RNA
secondary structure. Sheep kidney ribonuclease, which has no
preferential specificity for purines or pyrimidines, will not
hydrolyze double stranded helices and is even retarded by stacked
single stranded loops (113). This enzyme is particularly reac-
tive in the vicinity of G41 (113). The G41 residue is also most
accessible for ribonuclease IV and ribonuclease Tl (114-116) .
These and other major enzymatic cleavage sites (117) are sum-
marized in Figure 1.15. Another method, which has identified
single stranded regions about 39-50 in E. coli 5SrRNA, consis-
tent with chemical modification and ribonuclease studies, is the
binding of complementary oligomers (118). This is also shown

in Figqgure 1.15.



Ilm|l
l|k n and l|g|l

QWOONOOUTARWN—OWONNUH WM —

[ASEACEASEASE AR AVl ) V]
NOGTA W~

n
[0}

"n" and "m
'n" and "m"
m
m

WWWWwWwwWwwWwnN
OO WN — O W

w w
o0~

"nll and "
unll and (1}

"]

W
w

o
o
CrOO0O00O00OCOOOOOOCOHOOCOOOOMOMDPDCOOOOMMOOOCOOC

4.
42.
43.
44,
45,
46.
47.
48.
49,
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

43

O PCOOCEPOOOOOMPCOOOMOOTEDPOCODIOPOCOPI>IOOOMN

|

Ilkll’ Ilgll’ and IInII 8]-

llmll
llmll
Ilnll
Ilnll
n“pt
Ilnll and Ilmll

Ilnll and llmll
llnll
lln|l

"g" (denatured on1yg] 101.

82.
83.
84.
85.
86.
87.
88.
89.
90.

92.
93.
94.
95,
96.
97.
98.
99.
100.

102.
103,
104.
105,
106.
107.
108.
109,
110.
11,
112.
113.
114.
115.
116.
117.
118.
119.
120,

CrIrOOOPOOOCOPIDPOOOPCOIPOIPOOONCTOOOOOCOCOHOMOOOCO®

Figure 1.15. A summary of the regions of 5SrRNA which are
most accessible to enzymes and chemical modifying agents. The

chemical modifiers considered are kethoxal
("g"), nitrous acid ("n"),
indicate the sites of enzymatic cleavage.

and methoxyamine

("k"), glyoxal
("m"). The arrows
The enzyme respon-

sible for cleavage in each specific region of 5SrRNA is not
indicated (see text). The bracketed regions indicate sites of

oligonucleotide binding.



Unlike tRNA no unique secondary structure for E. coli
5SrRNA can be ascertained. The difficulty with inferring a
secondary structure for this molecule is mostly due to three
factors. First, 5SrRNA is about half again larger than tRNA.
Computer studies have shown that the number of possible struc-
tures increase exponentially with size of the molecule (117).
Secondly, the function of 5SrRNA is still not well understood.
Any proposed secondary structure is therefore debatable on
grounds of functional uncertainty. Lastly, it is not clear that
free 5SrRNA has the same conformation as in its native ribosomal
Venvironment. AS previously mentioned ultraviolet circular di-
chroism studies involving the dissociation of intact E. coli
ribosomes into 30S and 50S subunits indicate conformational in-
tegrity of the three RNA molecules is retained (80). However,
binding studies involving free 5SrRNA and the ribosomal protein
L18, shows changes in the spectrum indicative of substantial
alterations in conformation (90-92).

A number of secondary structures for E. coli 5SrRNA have
been proposed but none are entirely consistent with all the
available physical, chemical, and biochemical data (119-122,
108). Two models which are most consistent with the experimen-
tal results are shown in Figure 1.16. The formulation of the
first model (Figure 1.16A) involved a comparative study of se-
quences from known procaryotic 5SrRNA molecules (120). It
assumes that functionally equivalent 5SrRNA molecules from dif-

ferent procarotes will have similar structures. Based upon this
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Figure 1.16. Two proposed models of the secondary structure of
E. coli 5SrRNA which best fit the experimental data. The model
proposed by Fox and Woese (1.16A) (120) has only 25 base pairs
which is a low value compared to the optical data. The model
proposed by Luoma and Marshall (1.16B) is remarkably similar to
the cloverleaf secondary structure of tRNA (121).

study the model postulates the existence of four conserved heli-
cal regions; a molecular stalk (1-10 base paired to 119-110),

a tuned helix (18-23 base paired to 65-60), a common arm (31-34



base paired to 51-48) and a procaryotic lbop (82-86 base paired
to 94-90). This structure is consistent with most ribonuclease
digestion and chemical modification experiments provided that
allowances are made for the protection of certain residues due
to tertiary interactions. The model for E. coli has a total of
25 base pairs (5 A-U, 17 G-C, and 3 G-U). This is inconsistent
with optical data (see Table 1.2) which suggest more extensive
base pairing. An interpretation of A and B conformatioconal
changes for 5SrRNA, based on this model, have recently been
proposed (123). It postulates a disruption of the helical stem
region of the procaryotic loép to form a new helical segment
involving bases 88f82 paired to bases 41-47. This necessitates
disruption of the tuned helix and the common arm (see Figure
1.16A).

More recently, G. Luoma and A. Marshall of this laboratory
have proposed a universal secondary structure for RNA molecules
of this length (121). It is remarkably similar to the cloverleaf of
tRNA as shown in Figure 1.16B. The model has a total of 37 base
pairs (9 A-U, 22 G-C, and 6 G-U) which is consistent with the
optical data. .Ribonuclease accessibility and chemical modifi-
cation experiments are also consistent with single stranded or
strained regions of this structure.

Besides the work presented in this thesis two other nmr
studies and one laser Raman study of 5SrRNA have appeared in the
literature. One study involved 'H-nmr spectroscopy of the low

field exchangeable ring NH protons of E. coli 5SrRNA (108).



Spectra at vérious temperatures are shown in Figure. 1.17. They
have'determinéd that there are 4 A-U and 24 G-C base pairs.
However, these spectra are poorly resolved and as previously
mentioned there is no significant difference between the mag-
nesium containing sample and the one not containing magnesium.
A low value for the degree of base pairing, as compared to the
optical data, may be attributed to the integration technique
which is known to give low values for tRNAPhe (124). The only

other published nmr study used !'3C-nmr of enriched C-4 labeled

uracil. The in vivo incorporation into Salmonella typhimurium

5S5rRNA, whose sequence is similar to E. coli 5SrRNA, provided
the spectra'shown in Fiqgure 1.18 (125). The 37°C spectrum shows
8 well resolved peaks and indicates that at least 75% of the
uracils are involved in secondary interactions. Most recently

a laser - Raman spectrum of E. ggliKSSrRNA, in aqueous solution,
has appeared in the literature. It is shown in Figure 1.19
(126). This spectrum has been compared with a number of dif-
-ferent tRNA molecules in order to infer some specific conforma-
tional information about 5SrRNA. Their results indicate more

Phe

effective stacking of G residues than in tRNA and the frac-

tion of G residues in the stem must be larger than expected.
On the other hand the fraction of stacked A residues must be

less in 5SrRNA than in tRNAPhe.
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Figure 1.17. 300 megahertz low field 'H-nmr spectra of E. coli
5SrRNA at various temperatures. The sample concentration was
1.4 millimolar. The aqueous buffer contained 0.0l molar caco-
dylate (pH 7) and 0.1 molar NaCl. The presence of magnesium had
no effect on the spectra (108).



Figure 1.18. The !3C-nmr spectrum of the C-4 urldlne carbons of
Salmonella typhimurium 5SrRNA at 37 °c (A) and 75 °c (B). The
sample was millimolar. An aqueous buffer of 5 millimolar di-
thiothreitol (pH 7.4), containing 40 millimolar magnesium chlor-
ide and 2 millimolar EDTA, was used. Spectrum A required 18,000
transients while spectrum B is from 14,000 transients (125).

There were three major objectives in writing this chapter:
first, to convey to the reader the reasons for formulating this
study; Second, to provide the reader with background inférma—
tion about the structure and function of E. coli 5SrRNA which
is available in the literature; 1lastly, to acquaint the reader
with physical and chemical techniques that have been applied to
the elucidation of the structure and function of E. coli 5SrRNA.

The remainder of this thesis will consider the utility of
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Figure 1.19. A laser Raman spectrum of a 5% agqueous solution
of E. coli 5SrRNA (126).

"ponmr spectroscopy and laser Raman spectroscopy for inter-

preting conformation properties of E. coli 5SrRNA.
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CHAPTER 2

EXPERIMENTAL

2.1 Introduction

The Experimentation involved in this thesis is described
in sections 2.2 - 2.8. The first consideration was the growth
of E. coli, in the presence or absence of 5-FU, on chemically
defined minimal media (section 2.2). Next the bacterial 5SrRNA
(or FU-5SrRNA) was isolated by extraction and chromatographic
procedures. The initial feasibility of this study was deter-
mined by two specific experiments. The first one involved de-
termination of the amount of radiocactive 5-FU (labeled with
carbon-14 at the 2-carbon position of 5~FU) incorporated into
the bacterial tRNA (section 2.6). This experiment showed that
the incorporation was extensive. The second feasibility exper-
iment concerned the obtainment of an !°F-nmr spectrum of heter-
ogeneous tRNA from E. coli. After practicability was estab-
lished a specific RNA molecule was selected for further study.
The choice of 5SrRNA was determined largely by the relatively
large sample requirement for !°F-nmr spectroscopy. For an ad-
equate signal to noise ratio in a convenient amount of time on
the departmental Varian XL-100 spectrometer, 90 milligrams of
sample in 3 milliliters of buffer was required. At a later

‘stage of this study a Bruker HX-270 spectrometer (University
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of Alberta biochemistry department) was employed. Then only 15
milligrams of 5SrRNA in 0.5 milliliters of buffer was required.
The !9F-nmr spectra are presented in section 2.7.

The concern about possible alterations in 5SrRNA conforma-
tion due to 5-~FU incorporation led to the second technique em-
ployed in this thesis, laser Raman spectroscopy. The Raman
spectrum of a specific RNA is the sum of the wvibrational con-
tributions from all the bases plus vibrational components from
the ribophosphate backbone. Conformatiénal change affects the
intensities of many of these vibrational components. Raman
spectra of native 5SrRNA and ', .FU-5SrRNA are given in section
2.8. Also considered in the final section are the effects of
5-fluoro- substitution on the Raman spectrum of the uracil and

uridine bases.



2.2 Bacterial Growth

Cultures of E. coli B cells, provided by the U.B.C. micro-
biology department, were grown on a chemically defined minimal
media (l1). The constituents for one liter of media are given

in Table 2.1. These chemicals were weighed, dissolved in the

Chemical Amount (grams)
Potassium Phosphate Dibasic 7
Potassium Phosphate Monobasic 3
Magnesium Sulfate 0.1
Ammonium Sulfate 1
Sodium Citrate 0.5
2

Glucose

Table 2.1. The chemical composition of one liter of minimal
media (1).
appropriate volume of deionized water, mixed, and autoclaved.
This liquidlmedia was used for all'bacteria grown in this lab-
oratory. Solid media for slants and petri dishes contained 0.2%
agar. A requirement for relatively large quantities of 5SrRNA
made necessary the use of fermentation devices of various capa-
cities. The fermentors employed during various stages.of this
work are listed in Table 2.2. The yield for celis treated with
5-FU was about one gram (wet weight) per liter of media while
untreated cells gave yields of at least two grams per liter.
Suitable inocula were usually prepared in erlenmeyer flasks
the night before a fermentation. They were allowed to grow

overnight at room temperature. The size of the inoculum



Fermentation Device Capacity (liters)
Erylenmeyer Flask 1-4
New Brunswick Batch Fermentor 10

(Chemistry Department, University
of British Columbia)

New Brunswick Batch Fermentor 25
(Microbiology Department, University
of British Columbia)

New Brunswick Batch Fermentor (Food 60
Sciences, University of British

Columbia)

New Brunswick Batch and Continuous Flow 100

Fermentor (Biochemistry Department,
University of Washington, Seattle,
Washington)

Table 2.2. The fermentation devices used during various stages
of this work.

represented at least 3% of the fermentor volume. Larger inocula
were desirable since they markedly diminished the initial lag
phase prior to exponential growth and reduced the possibility
of contamination. 1In all caseé the fermentation temperature
was 37 degrees centigrade and growth was with constant agita-
tion and aeration. Progress of bacterial growth was monitored
by measurement of the media's dispersion at 686 millimicrons
(A686) usually on a Gilford 240 spectrometer. This involved
withdrawing two milliliter aliquots at various time intervals
and determining the media's turbidity from its A686 value. The
growth curves for untreated and 5-FU treated E. coli B cells

are shown in Figure 2.1. Untreated bacteria grew to an A686
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Figure 2.1. Bacterial growth curves of E. coli B grown on
minimal media. Figure 2.1A shows normal exponential growth.
In Figure 2.1B 25 milligrams of 5-FU was added to each liter
of media during early exponential growth (Aggg = 0.3). The
reduced lag-phase, prior to exponential growth, for Figure
2.1A is due to the addition of a larger inoculum.




of about 0.85 before leveling to a stationary phase. The addi-
tion of 5-FU (25 milligrams per liter of media) during early ex-
ponential growth (A686 = 0.3) caused inhibition of cell growth
and apparent cell destruction. Media turbidity would continue
increasiné until about one hour after the addition of 5-FU.

This was followed by a 50% reduction in turbidity prior to a
stationary phase. This indicated cellular destruction due to
the presence of 5-FU. In>support of this hypothesis was the ap-
parent increase in viscosity of the media which led to extensive
foaming shorfly after the addition of 5-FU. No foaming was ob-
served in bacteria grown without 5-FU. The foaming was presum-
ably caused by the release of highly viscous deoxyribonucleic
acid and protein material due to cell lysis. After addition of
5-FU agitation and aeration was continued for three hours. The
cells were psually harvested with a Sharples continuous flow
centrifuge. The harvested cells were washed two times with 0.01
molar tris+HC1l (pH 7.4) containing 0.0l molar magnesium acetate
and stored at -20 degrees centigrade.

The reduction in the bacterial population due to the pre-
sence of 5-FU caused concern about the extent of incorporation
iﬁto bacterial RNA. Evidence that the remaining bacteria were
able to metabolize and incorporate 5-FU is given in sections
2.6 and 2.7.

At one stage of this work two pounds of 5-FU treated E.
coli B cells were graciously provided by Professor Ivan Kaiser
at the University of Wyoming. His kindness is greatly appre-

ciated.



2.3 Isolation of 5SrRNA

The isclation procedures for 5SrRNA from untreated and 5-FU
treated E. coli B cells were identical. The water séluble RNA
(sRNA) was extracted from the bacteria with an emulsion that
consisted of equal volumes of water and phenol. The phenol
facilitates extraction of the sRNA by increasing the porosity
of the cells through the extraction of lipids and proteins from
the cell membrane. Phenol also denatures ribonucleases to pre-
vent enzymatic degradation.of the RNA. The combined effects of
the phenol allow intact tRNA, 5SrRNA, and a small amount of the
larger rRNA to leak out of the cells and dissolve in the aque-
ous phase of the water~-phenol emulsion. DNA and most of the
rRNA remain insidé the cell membrane due to their larger size.
The aqueous phase can be separated from phenol and cellular
debris by centrifugation.

The sRNA isolated by the above technique consists of about
8%. rRNA, €6% tRNA, and . 6% S5SrRNA (see Figure 2.2). Since
this mixture consists of three molecules which differ in size
and shape, the 5SrRNA was conveniently separated from the other
two RNA species by éel filtration chromatography using Sephadex
G-100 or G-75 gels. The final step of the isolation procedure
was to desalt the SSrRNA on a Sephadex G-25 column and then
lyophilize it. The resulting freeze dried powder was then stored

at -20°C.



The detailed isolation procedures are outlined below in
five steps. Steps I, II, and III were designed by Dr. Gordon
Tener of the University of British Columbia Biochemistry De-
partment. Gel filtration procedures similar to step IV have
been employed by others (2). It was possible to obtain between

10 and 20 milligrams of 5SrRNA per 100 grams of E. coli B cells.

Step I. Preparation of Buffers and Columns

The tris buffer referred to in steps I-IV was prepared

with deionized water and contained 0.0l molar tris- (hydroxy-
methyl)-methylamine-hydrogen chloride (tris-HCl) adjusted to
pPH 7.5 using a solution of sodium hydroxide. To assure the
presence of a native concentration of magnesium ions the buffer
also contained 10 millimolar magnesium chloride. Fresh tris-
buffer was prepared every two days to prevent bacterial growth
in the buffer and on the various columns.

A diethyl amino cellulose (DEAE-cellulose) column was pre-
pared prior to the isolation of sRNA. For each 100 grams of
E. coli B cells to be used in step II 40 grams of Whatman DEAE-
cellulose (0.86 milliequivalents per gram) was mixed with 4
liters éf deionized water. To facilitate a convenient flow
rate fines were removed by allowing the DEAE-cellulose to set-
tle for about 30 minutes. Then most of the water was decanted
off and the process repeated a second time. The DEAE-cellulose
was then poured into a column which was at least 2.5 centi-

meters in diameter. This column was washed with tris buffer
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that contained 1 molar sodium chloride until the A260 of the

eluent was less than 0.05. Then it was equilibrated with at

least 3 volumes of tris buffer containing 0.3 molar sodium
chloride.’ |

Sephadex G-100 (or G-~75) columns were prepared according
to the manufacturer's specification (3). For the isolation of
S5SrRNA used in !39F-nmr experiments the gels were poured into
5 x 90 centimeter columns. Longer narrower columns (2 x 180
centimeters) were later adapted for laser Raman studies. The

eluent in all cases was tris buffer containing 1 molar sodium

chloride.

Step II. Extraction of sRNA from E. coli B cells

To each 100 grams of frozen E. coli B cells 300 milliliters

of tris buffer and an equal volume of water saturated phenol

were added. The resulting water-phenol emulsion was mixed with
the bacterial cells for at least 30 minutes and then centri-
fuged at 10,000 g for 15 minutes on a Sorval RC2-B refrigerated
centrifuge. Centrifugation facilitated the separation of the
aqueous phase from the phenol and the cellular debris. The top
aqueous phase was removed by suction and another 300 milliliters

of tris buffer was added to the remaining phenol-cell debris

mixture. After mixing and centrifugation this second aqueous
phase was combined with the first and 0.1 volumes of 2 molar
potassium acetate (pH 4.5) was added. The sRNA was then pre-

cipitated by the addition of 2.5 volumes of 95% ethanol



pre-cooled to -20 degrees centigrade. The precipitate was al-
lowed to flocculate and settle dvernight in the freezer. The.
next day most of the ethanol-water solution was decanted off

and the remaining RNA precipitate-ethanol mixture was centri-
fuggd at 10,000 g for 10 minutes. The resulting sRNA pellet was
washed twice with cold 95% ethanol. After the second washing

and centrifugation the RNA was thoroughly drained of the ethanol.

Step III. Attachment of sRNA to a DEAE-cellulose column and
subsequent washing of the RNA

The sRNA from Step II was dissolved in a minimal amount of

tris buffer containing 0.3 molar sodium chloride (approximately

50 milliliters for sRNA from 100 grams of frozen E. coli B cells).
The solution was then centrifuged at 10,000 g for 15 minutes to

remove a small amount of insoluble debris. The sRNA solution was
applied to the DEAE—cellulose column which was equilibrating with

tris buffer containing 0.3 molar sodium chloride (see step I).

At this salt concentration the sRNA will attach to the DEAE anion

exchanger and can be washed with tris buffer containing 0.3 molar

sodium chloride. This facilitates removal of carbohydrates,
phenol, mononucleotides and proteins which do not bind in the
presence of 0.3 molar sodium chloride. Washing is continued
until the A, ., reduces to a minimum (about 500 milliliters).

The sRNA was then eluted from the column with tris buffer con-

taining 1 molar sodium chloride. The eluent with an A260 great-
er than 0.5 was collected and 20 milliliters of 0.1 molar mag-

nesium chloride was added. The sRNA was then precipitated with
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2.5 volumes of 95% ethanol pre-cooled to -20 degrees centigrade.
The "washed" sRNA was allowed to flocculate and settle overnight
at -20 degrees centigrade. Decantation and centrifugation

(10,000 g for 10 minutes) was then used to obtain the sRNA pellet.

Step IV. 1Isolation of 5SrRNA from sRNA

The separation of 5sRNA from tRNA and rRNA was accomplished
by gel filtration chromatography on Sephadex G-100 or G-75
columns. An elution profile of sRNA from a Sephadex G-75 col-
umn is shown in Figure 2.2. According to this profile sRNA
from step III consists of about 86% tRNA, 6% S5SrRNA, and 8%
rRNA. This is in agreement with the relative proportions ob-
tained by others (2).

Sephadex G-75 (or G-100) was prepared according to the
manufacturer's specifications and before using the columns were

equilibrated with at least 2 volumes of tris buffer containing

1 molar sodium chloride. The best separation was obtained with
long narrow columns. The 5SrRNA prepared for the laser Raman
experiments was purified using 2 x 190 centimeter columns. The
5SrRNA for the '°%F-nmr experiments, where substantially larger
sample amounts were required, was purified on shorter and wider
columns (about 5 x 90 gentimeters). The latter samples contained
slightly larger traces of tRNA contamination as judged by poly-
acrylamide gel electrophoresis (see section 2.5).

Elution profiles were obtained with an LKB 8300 Uvicord II

connected to a Fisher Recordall Series 5000 chart recorder.



5SrRNA  rRNA

L
N\

Elution Volume

Figure 2.2. A complete elution profile of sRNA applied to a
Sephadex G-100 column (5 X 90 centimeters). The largest mole-
cular weight component, rRNA, elutes at the column's void
volume. The tRNA, which is the smallest, is retained longest
on the column. The 5SrRNA, which is intermediate in size,.
elutes just before the tRNA peak. According to this elution
profile sRNA consists of about 86% tRNA, 8% rRNA, and 6%
5SrRNA.



In general the Sephadex column was overloaded with respect to
tRNA and rRNA. This was done to achieve larger yieldé of
5SrRNA per run. A single run on a 2 x 190 centimeter column
required at least 8 hours. The sRNA from about 50 grams of
cells was the maximum that could be used for a single run with-
out completely destroying peak resolution. The elution profile
for sRNA from about 25 grams of cells eluted from a 2 x 190
centimeter column is shown in Figure 2.3. The eluent was col-
lected qsing a Gilford microfractionator and aliquots from the
center most peak, corresponding to 5SrRNA, were collected and
precipitated by the addition of 0.1 volumes of 0.1 molar mag-
nesium chloride followed by the -addition of 2.5 volumes of 95%
ethanol cooled to -20 degrees centigrade. After the precipi-
tate was allowed to settle for at least one day it was collected
by decantation and centrifugation at 10,000 g for 10 minutes.

The resulting pellet, consisting predominantly of 5SrRNA, was

dissolved in a minimal amount of tris buffer containing 1 molar
sodium chloride and reapplied to the Sephadex célumn.; An elu-
tion profile of a second run on this column is shown in Figure
2.4. The fractions corresponding to 5SrRNA were again collected
and precipitated as mentioned above. After the second run the
5SrRNA sample was judged pure according to Sephadex chromato-
graphy. The elution profile of purified 5SrRNA run on the same
Sephadex column is shown in Figure 2.5. Superimposed with it

is an elution profile of tRNA.
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Figure 2.3. The elution profile for sRNA from approximately 25
grams of E. coli B cells. Separation is on a Sephadex G-75
column (2 x 180 centimeters). The intermediate peak, corres-
ponding to 5SrRNA, was collected and precipitated with 95%
ethanol pre-cooled to -20" C as described in the text.
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Figure 2.4. An elution profile of the 5SrRNA component ob-
tained from Figure 2.3. After this second pass over the column
the sample was judged homogeneous according to Sephadex G-75

chromatography (see Figure 2.5).
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Figure 2.5. A demonstration of 5SrRNA homogeneity according ta
Sephadex G-75 chromatography. The solid lined profile repre-
sents a 5SrRNA sample. The dotted line represents a tRNA
sample which was run independently. These profiles were both
obtained on the same column used in Figures 2.3 and 2.4.
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Step V. Desalting and Lyophilization of 5SrRNA

The 5SrRNA pellet from step IV was dissolved in a minimal
amount of deionized water and applied to a Sephadex G-25 column
(4) . The eluent was monitored with the LKB Uvicord II and frac-
tions absorbing at 260 millimicfons were collected. The eluent
was poured into a lyophilization flask and f:ozen by immersing
the Spinning flask in an N-propanol-dry ice bath. After the
solution was frozen the flask was attached to a Virtus Unitrap
II lyophilization apparatus. The resulting pure freeze-dried

5SrRNA was weighed and stored at -20 degrees centigrade.



2.4 Separation of Normal 5SrRNA from FU-5SrRNA

The 5SrRNA isolated from E. coli B cells grown in the pre-
sence of 5-FU consisted of a mixture of normal unfluorinated
5SrRNA and . FU-5SrRNA. 1Ivan Kaiser has shown that both un-
fluorinated native tRNA and 5SrRNA can be separated from the
5-FU containing molecules by DEAE-cellulose chromatography (5-6).
A reduction of the pKa for 5-FU (8.15 compared to 9.45 for nor-
mal uracil) means that at a buffer pH of 8.9 most of the 5-FU
bases in 5-FU containing RNA will be deprotonated at the N-3
position of the 5-FU base. This provides a greater affinity of
the FU-RNA for the DEAE-cellulose column. Therefore, when a
mixture of normal 5SrRNA and . FU-5SrRNA is eluted with an up-
wardly concave salt gradient of increasing sodium chloride con-
cehtration the FU-5SrRNA is more strongly retained on the column
and elutes after the normal 5SrRNA. The resulting enriched
FU-5SrRNA has been shown to exhibit about 83% replacement of
the U base by 5-FU (6).

Most  FU-5SrRNA enrichment experiments were performed with
a 0.9 x 40 centimeter Whatman DE 32 column according to the pro-
cedure of Kaiser (6). The DEAE~cellulose was precycled as pre-
scribed by the manufacturer (7). After the precycled material
was poured into the column it was generally washed with 3 vol-
umes of high salt buffer (pH 8.9). The high salt buffer con-
tained 0.02 molar tris (pH 8.9), 0.01 molar magnesium chloride

and 1 molar sodium chloride. Then it was:equilibrated with 3



volumes of 0.02 molar tris buffer (pH 8.9) containing 0.3 molar

sodium chloride and 0.01 molar magnesium chloride (low salt
buffer). The 5SrRNA sample, dissolved in low salt buffer, was
applied to the column and allowed to-wash in with a small amount
of the same buffer. The maximum amount of 5SrRNA that could be
applied to the column was about 200 A260 units. |

A schematic diagram of the gradient maker used for most
enrichment experiments is shown in Figure 2.6. The diameter of
the mixing reservoir was 5.7 centimeters while the smaller re-
servoir had a diameter of 3.0 centimeters. To the mixing reser-
vbir 235 milliliters of the low salt buffer k0.3 molar sodium
chloride) mentioned above and a stir bar were added. The smaller
reservoir was filled with about 70 milliliters of the same buf-
fer containing 0.7 molar sodium chloride. The two reservoirs
were interconnected by means of polyethylene tubing inserted into
their bases. The shape of the gradientwas estimated according
to the formula derived in Figure 2.6.

A Gilford microfractionator was used to collect the eluent
and separation was monitored by measurement of the A260 either
by an LKB Uvicord II connected to a Fisher Recordall Series
5000 recorder or as individual fractions on a Gilford 240 spec-
trometer. The A280:A260 ratio was used as an indication of
5-FU enrichment since the | FU-5SrRNA has an increased value for
this ratio (approximately 0.55 as compared to 0.52) (6). A

typical elution profile is shown in Figure 2.7.
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£ - the initial distance between the surface of the buffer solution and
the bottom of the reservoir.
ry - radius of the high salt cyclindrical reservoir.
ry - radius of the cyclindrical mixing reservoir.
Ci(i) - initial concentration of buffer in the high salt reservoir.
C2(i) - initial concentration of low salt buffer in the mixing reservoir,
Vpz - initial volume of low salt buffer in the mixing reservoir: Vg =&lir,”.
h™ - change in surface height of the buffer resulting from the flow of
buffer in the high salt reservoir.
Vi (h) ~ the volume og buffer in the high salt reservoir as a function of h:
Vi (h) = hiir,2.
Vz(h) - tke volume & buffer in the low salt reservoir as a function of h:
Vz(h) = hnr2 .

From the above parameters the salt concentration of the buffer in the
mixing reservoir (C,(h)) as a function of h is derived as follows:

c,(h) = vyt e ] +0Vgp, - vomJ[C,ti]
CVp = V2]

(1)

Vy(h) i )
" Tpg - vy L D] @
T2 2
Substituting the following equations into equation 2:
2

V., (h) = hir (3)
1 12
V,(h}) = hir (4)
2 22
Vig = A5, (5)
one arrives at the final expression for Cz(h). This is given by equation 6.
C,(h) = -1 2 h ] Cc, )] + eyt (6)
2™ = 5| [z Eawd 2

Figure 2.6. A schematic side view of the cyclindrical reser-
voirs used to generate concave upward gradients of increasing
salt concentration. Such gradients were used to separate N-
5SrRNA from FU-5SrRNA on DEAE columns (see text). Also in-
cluded is a derivation of the salt concentration of the mixing
reservoir (C,(h)) as a function of the change in surface
height (h) wﬁich results from the flow of buffer to the DEAE
column.
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Figure 2.7. The separation of N-5SrRNA from FU-5SrRNA by DEAE-
cellulose chromatography. The solid dots represent the elution
profile of the RNA monitored by Ajgg. The solid diamonds in-
dicate Ajgp:Ajzgp ratios and the circles represent the estimated
NaCl concentration calculated according to the equation shown
in Figure 2.6. The column dimensions were 0.9 X 40 centimeters
and the eluent per tube was about 3.4 milliliters.



The fraction corresponding to enriched  FU-5SrRNA was
precipitated with 95% ethanol cooled to ;20 dégrees centigrade .
after the addition of 0.1 volumes of 0.1 molar magnesium chlor-
ide. The precipitate was allowed to settle overnight at -20
degrees centigrade. Then after most of the solution was de-
canted it was centrifuged at 10,000 g for about 10 minutes.

The enriched FU-5SrRNA pellet was then drained and dissolved
in a minimal amount of deionized water. Desalting and freeze-
drying of the sample was according to the procedure outlined
in Step V of Section 2.3.

The purpose of this 5-fluorouracil enrichment procedure
was to improve the !'°F-nmr signal to noise ratio by removing
unfluorinated 5SrRNA. This reduced the acquisitioh time re-
quired to obtain FU-5SrRNA !°F-nmr spectra. Both the broadness
of the DEAE profile and the A28O/A260 ratios shown in Figure
2.7 suggest heterogeneity with respect to number of fluoro-
uracils per molecule. However each of the fluorine resonances
is really the sum of the fluorine label (or labels) from a
specific region of each S5SrRNA molecule contained in the nmr
sample tube. Incomplete fluorination of some of the FU-5SrRNA
molecules will have some effect on the intensity but not the

position or T, of resonances due to the absence of fluorine

1
labels in specific molecules. Consequently heterogeneity with
respect to 5-fluorouracil labeling in FU-5SrRNA should not

affect the structural and conformational interpretation of the

19F_nmr results.



- 80 -

2.5 Sample Purity by Polyacrylamide Gel Electrophoresis

The purity of 5SrRNA samples was periodically checked by
polyacrylamide gel‘electrophoresis. A photograph of a sample
gel is shown in Figure 2.8. As shown tRNA samples were run
concurrently as standards to better discriminate the position
of 5SrRNA. The band characterizing 5SrRNA is actually two
closely positioned bands representing the A and B conformations
of this RNA species (8). All samples indicated slight traces of
tRNA contamination. The amount of contamination was smallest
for samples obtained from the longer-narrower columns (2 x 190
centimeters instead of the 5 x 90 centimeters). The homogeneity
of 58SrRNA from the- longer columns was judged to be much greater
than 95%. The electrophoresis. procedure outlined below is

divided into 4 steps (9).

Step I. Preparation of the Electrode Buffer

The electrode buffer consisted of 20 millimolar tris-ace-
tate, pH 8.0, prepared with deionized water and containing 1
millimolar EDTA and 4 molar urea. Usually 1 liter of this buf-

fer was sufficient for each experiment.

Step II. Preparation of Polvacrylamide Gel Slabs

First, 50" milliliters of acrylamide solution was prepared.
This solution consisted of 10% acrylamide and 0.5% bisacrylamide
prepared with the electrode buffer of step I. The solution was

then mixed with 0.025 milliliters of N,N,N',N'-tetramethyethylene
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diamine and 0.2 milliliters of freshly prepared 10% ammonium
sulfate. This mixture was immediately placed in the slab making
device and allowed to solidify. After solidification it was

pre-run for about 3 hours with 20 milliamperes of current.

Step III. Preparation of RNA Samples for Electrophoresis

RNA samples were dissolved in a 20% sucrose solution pre-
pared with the electrode buffer (step I) and containing 0.05%
bromophenol blue. Usually a 1 milligram RNA per milliliter
solution was prepared by mixing 0.1 milligrams of RNA with 0.1
milliliters of this soluﬁion. Then the solution was heated to
65 degrees centigrade for 1 minute. After pre-running of the
polyacrylamide slab 10 microliters of this RNA solution was
carefully applied to appropriate slots on the slab. Electro-
phoresis was carried out, at room temperature, for approximately
4 hours with a current of 15-20 milliamperes. The migration of
the bromophenol blue dye to the end of the slab indicated com-

pletion.:

Step IV. Preparation of the RNA Stain

The RNA staining solution consisted of 0.2% methylene blue
in deionized water that contained 0.02 molar sodium acetate and
0.02 molar acetic acid. The gel slab was immersed for about
30 minutes in this solution and then washed overnight with cold

tap water.



Figure 2.8. Sample purity was periodically checked by poly-
acrylamide gel electrophoresis. As indicated tRNA samples were
run concurrently to better discriminate the position of 5SrRNA.
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2.6 Verification of 5-FU Incorporation into E. coli RNA

The addition of 5-~FU to media containing actively growing
E. coli B cells caused céllular destruction and the cessation
of cell division. This prompted concern about the extent of
5-FU incorporation into the bacteria's RNA. In order to deter-
mine whether 5-FU was being actively metabolized by the remain-
ing E. coli B cells an experiment was devised using 5-FU labeled
with carbon-14 at the 2-carbon position. Since small quantities
of cells were employed the radioactivity in isolated tRNA was
used to evaluate the degree of 5-FU incorporation.

One liter of sterilized media (see section 2.2) was in-
oculated with 10 milliliters of an E. coli B culture which had
been growing overnight at room temperature on a shaker. After
inoculation the flask was placed on a shaker, at ambient tem-
perature, until turbidity measurements indicated early expo-
nential growth (A686 * 0.3). Then 25 milligrams of 5-FU was
added. After about 5 minutes 20 microcuries of carbon-14 la-
beled 5-FU with a specific activity equal to 10.26 millicuries
per millimole was added. The flask remained on the shaker for
3 hours. The cells were harvested by centrifugation (10,000 g
for 10 minutes) and the yield was about one gram of cells (wet
weight). The sRNA was isolated according to the procedure out-
lined in section 2.3, step II. The tRNA was separated from the
rRNA on a small Sephadex G-100 column (about 0.5 x 40 centi-
meters). Fractions were collected with a Gilson microfraction-

ator and the A260 was monitored on the Gilford 240 spectrometer.
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Measqrement of radioactivity was obtained on the departmental
scintillation counter. Fractions of 1.5 milliliters each were
collected on the microfractionator. Aliquots of 0.5 milliliters
were accurately withdrawn from alternate fractions and placed in
scintillation vials which contained 5 milliliters of Fisher
Scintiverse scintillation fluid. Then the counts per minute
for each vial was obtained on the scintillation counter. Pre-
vious to this experiment a standard curve was determined from
samples of known disintegrations per minute (D.P.M.). This
curve is shown in Figure 2.9. The D.P.M. for each sample was
then determined from its counting efficiency obtained from Fig-
ure 2.9,

The Sephadex G-100 elution profile and corresponding D.P.M.
measurements are recorded in Figure 2.10. The area under this
curve, which corresponds to tRNA, represents 18.9 A260 units or

5

0.86 milligrams (3.44 x 10 > millimoles) assuming that highly

purified tRNA has an A of 7.45 per micromole phosphorus (or

260
22 A260 units per milligram tRNA) (10). The area underneath the

radioactivity curve, associated with the tRNA elution profile,

8

corresponds to about 93,108 D.P.M. or 4.19 x 107° curies. Given

that the specific activity of the radioactively labeled 5-FU was

10.26 millicuries per millimole the radiocactive 5-FU in 0.86

milligrams of tRNA (3.44 x 10_5

6

millimoles) was determined to
be equal to 4.09 x 10 ° millimoles. Since 20 microcuries of
labeled 5-FU (1.94 x 10_3 millimoles) and 25 milligrams of un-

labeled 5-FU (0.2 millimoles) were added to the growing E. coli
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Figure 2.9 A calibration curve of counting efficiency versus
channel-ratios for samples with known D.P.M. values. This
curve was used to determine the D.P.M. values for unknowns by
extrapolation of their countlng efficiency from the channel-

ratios of each sample using this curve.
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Figure 2.10. A Sephadex G-100 chromatography of sRNA which
contains !*C labeled 5-FU residues. The dimensions of the
column were about 1.5 X 40 centimeters. The solid line con-
necting the solid dots indicates the A240 measurements of the
eluent from individual fractions. Each tube contained 1.5
milliliters of eluent. For the radioactivity measurements
(the dotted line connected by hollow circles) 0.5 milliliters
of eluent were withdrawn from alternate fractions and placed
in scintillation vials containing Fisher Scintiverse scintil-
lation fluid. Channel-ratios for the samples were obtained
on the departmental scintillation counter. Counting efficien-
cies were obtained from these ratios by extrapolation using

Figure 2.9. From the efficiencies the D.P.M. values for the
samples were computed.



B cells the ratio of labeled to unlabeled 5-FU was 102.6. Mul-

tiplication of this ratio by the number of millimoles of radio-

6

active 5-FU (4.09 x 10 ‘millimoles) gives the total number of

millimoles of 5-FU in the 3.44 x 10°°

4

millimoles of tRNA. That

millimoles of 5-FU in 3.44 x 107>

is, there was 4.2 x 10
millimoles of tRNA. This corresponds to an average of approx-
imately 12 5-FU residues per tRNA molecule.

The remaining fractions, corresponding to the tRNA in Fig-
ure 2.10, were pooled and 0.1 volumes of 0.1 molar magnesium
chloride was added followed by 2.5 volumes of 95% ethanol pre-
cooled to -20 degrees centigrade. The precipitated tRNA con-
sisted of a mixture of FU-tRNA and components containing lit-
tle or no 5-FU. 1In order to improve !°F-nmr signal to noise it
was desirable to remove the unfluorinated components. An en-
richment procedure of this type had been devised using DEAE-
cellulose chromatography (éee section 2.4).

Precycled Whatman DE 32 (microgranular) was poured into a
5 milliliter pipet which had a glass wool stopper at the bottom
end. The column was washed with the buffer described in section
2.4 containing 1 molar sodium chloride. When the A260 reading
was less than 0.05 it was equilibrated with 3 volumes of 0.325
molar sodium chloride in the same buffer. An apparatus similar
to the one shown in Figure 2.6 was constructed to generate a
concave upward sodium chloride gradient of increasing concentra-

tion. The mixing reservoir had a diameter of 1.8 centimeters.

It was connected to a standard 10 milliliter gradu&ated cyclinder
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Figure 2.11. A DEAE-cellulose salt gradient of the tRNA
fractionated in Figure 2.10. Each tube represents 1.5 milli-
liters of eluent. The line connecting the solid dots repre-
sents AggQ values of the eluent while the dotted line con-
necting the hollow circles indicates the D.P.M. values for
0.5 milliliter aliquots. The estimated salt concentration is
indicated by the line connecting the triangles.
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(1 centimeter diameter) via a glass tube siphon. The mixing
reservoir was filled with approximately 20 milliliters of the
buffer described in section 2.4 and containing 0.325 molar sodi-
um chloride. About 10 milliliters of the same buffer containing
0.6 molar sodium chloride was added to the graduated cyclinder.
A portion of the tRNA pellet obtained from the preceding experi-
ment was dissolved in a minimal amount of the low salt buffer
and washed onto the equilibrated DEAE-cellulose column. Separa-
tion of normal tRNA from FU-tRNA is evident from the elution
profile and the corresponding D.P.M. measurements which are given
in Figure 2.11. They were obtained as previously described for
Figure 2.10.

Evaluation of the areas underneath the Bsen and D.P.M.
curves of Figure 2.11 indicate that the enrichment technique was
successful. The total radioactivity corresponds to 15,354 D.P.M.
or 6.92 x 10_6 millicuries. With a specific activity of 10.26
millicuries per millimole of radiocactive 5-FU this corresponds

to 6.74 x 10/

millimoles of radiocactivity in 0.11 milligrams
(4.22 x 107% millimoles) of tRNA. The total 5-FU incorporation
is then equal to 6.92 x 10_5 millimoles. This corresponds to
about 16 5-FU molecules per tRNA molecule.

This experiment provided evidence that 5-FU incorporation
into the bacterial tRNA was extensive (averaging about 12 5-FU
per molecule of tRNA). It also demonstrated that enrichment of
the FU-tRNA was effective in removing the non-fluorinated com-

ponent and increasing the average number of 5-FU residues per

molecule.
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2.7  !9F-FT nmr Spectroscopy of FU-5SrRNA

Feasibility was initially demonstrated with unfractionated
FU-tRNA. Samples were prepared from E. coli B cells grown
according to the procedure given in section 2.2. The FU-tRNA
was isolated as outlined in section 2.3 excépt that the tRNA
- fraction instead of the 5SrRNA fraction was collected and pre-
cipitated following Sephadex G-100 chromatography (see Figure
2.3). The final lyophilized product from step V of section 2.3
was dissolved in deuterium oxide (D20) and re-lyophilized. This
was repeated a second time with D,0 to yield unfractionated FU-
tRNA having 15 Ase0 units per milligram per milliliter. The
sample was then dissolved in a DZO buffer of 0.01 molar sodium
- cacodylate, 0.002 molar EDTA (disodium salt) and adjusted to
pH 7 with sodium deuteroxide. The final sample concentration
was approximately 11 milligrams per milliliter. The FT !3F-nmr
spectra of FU-tRNA, at 16 degrees centigrade and 72 degrees
centigrade, are shown in figure 2.12. They were obtained on
the departmental Varian XL 100 FT nmr spectrometer equipped with
a Varian 620 L computer. Magnetic field strength was stabilized
using an internal D2O lock. The acquisition time was 0.2
seconds, with a sensitivity enhancement time constant of 0.1
seconds and a total time of 1.5 seconds between successive 90
degree pulses.

The first FT !?F-nmr spectra of FU-5SrRNA were obtained on

the same spectrometer mentioned above. Samples were prepared
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5FURNA |
16°C
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Figure 2.12. FT 19F—nrgr spectra of unfractionated native (16°C)
and heat-denatured (76 C) 5-fluorouracil transfer-RNA. Total
tRNA concentration is 0.627 0.D. (260 nm), or about 11 mg tRNA
per ml, in a buffer of 0.01M cacodylate, 2mM EDTA (disodium
salt), in D0 with a pH meter reading of 7.55. Both specgra
are plotted with 5 Hz/point, based on 4000 transients (16 C)
or 1000 transients (76 C), with a sensitivity enhancement time
constant of 0.1 sec. Chemical shift, §, in parts per million,
is referred to the chemical shift for free 5-fluorouracil at
the same temperature in the same buffer. Heat denaturation of
this sample was reversible.
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from E. coli B cells grown according to the procedure given
in section 2.1. 1Isolation and enrichment were according to
the methods outlined in sections 2.3 and 2.4. The enriched
FU-5SrRNA samples were lyophilized twice against D,0 and then
dissolved in a D20 buffer consisting of 0.02 molar sodium caco-
dylate (pH 7) containing 0.0l molar EDTA (dosodium salt) and
0.02 molar magnesium chlbride. Sample concentration was ob-
tained from A260 measurements where a 1 milligram per milli-
liter solution of FU~-5SrRNA corresponded to 21 A260 units (11).
The !°F-nmr spectra of FU-5SrRNA, at 35 degrees centigrade and
72 degrees‘centigrade, are compared to monomeric 5-FU and 5-
fluoro-deoxy-uridine monophosphate in Figure 2.13. When the
sample at 72 degrees centigrade was returned to 35 degrees the
spectrum'was‘identical to the original 35 degree spectrum prior
to heat denaturation. A spectrum was also obtained, at 35
degrees centigradé, for an FU-5SrRNA sample which contained no
magnesium chloride. This is shown in Figure 2.14. The 35
degrees !°F-nmr spectrum shown in Figure 2.13 is divided into
4 regions labeled a, b, ¢, and d. They are respectively cen-
tered about 6.6, 4.6, 3.6, and 2.1 p.p.m. relative to 5-FU.
The entire chemical shift range that encompasses these 4 re-
gions is about 8 p.p.m.. The spectrum of FU~5SrRNA in buffer
containing no magnesium (Figure 2.14) indicates only two pro-
minent peaks at 1.9 and 4.9 p.p.m.. |
A spin-lattice relaxation time (Tl), at 94.1 MHz, for the

thermally denatured sample was obtained from the signal to
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Figure 2.13. FT '°F-nmr spectra of 5-fluorouracil (5-FU) in various
molecules: (Top) Approximately equimolar mixture (each 0.0075 M)
of FU and 5-fluoro-deoxy-UMP in 0.01 M Cacodylate D0 buffer,

pH 7. This sample was used to determine correct phase adjust-
ment for this spectral range. (Middle) 3 x 10~4 M FU-5SrRNA at
350C, 30,000 transients, 0.01 M Cacodylate buffer, pH meter
reading 7.6 in D70. The four resolved groups of peaks are
labeled from a to d. (Bottom) 3 x 104 M FU-5SrRNA at 72°C,
10,000 transients, 0.01 M Cacodylate buffer, pH meter reading
7.6 in D,0. The dominant signal, labeled "b", corresponds to
FU residues which are exposed to the external solution (see
text). No proton decoupling was employed in any of the spectra.
The buffer for the RNA sample also contained 20 millimolar
magnesium chloride (13).
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Figure 2.14. The FT !°F-nmr spectrum of FU-5SrRNA in 0.02 molar
sodium cacodylate D,0 buffer containing 0.0l molar EDTA. The
absence of monovalent (Nat) and divalent (Mg**) has caused al-

terations in the spectrum. The spectral conditions are the same
as those given in Figure 2.13.
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Figure 2.15. The T, determination of thermally denatured FU-
5SrRNA (see Figure %.13) employing a 900, T, 90° pulse tech-
nique. A constant number of transients (1000) were acquired
for each data point. The reciprocal of the slope of B, equal
to Ty, is 0.6 seconds with a standard deviation of about 12%.
AT ‘and PD are acquisition and pulse delay times respectively.



noise ratio of a constant number of transients (1000) at var-
ious pulse delays and acquisition times. The data is indicated
by the two graphs shown in Figure 2.15. A linear regression
of the data points in Figure 2.15(b) gives a best fit straight
line with slope -1.51 and standard deviation of 0.17. The
reciprocal of the slope, equal to Tl’ is 0.6 seconds with a
standard deviation of about 12%. |

The !°F-nmr spectra of FU-5SrRNA, at 254 MHz, were ob-
tained on an HX270 BrlUker FT nmr spectrometer at the Univer-
sity of Alberta Biochemistry Department in Edmonton. The
assistance of Dr. Brian Sykes, whose earlier work on the fluor-

ine labeléd alkaline phosphatase enzyme led to formulation of

this study (12-15), is greatly appreciated. The samples were
prepared as above and dissolved in either a D2O or an H20
phosphate buffer (pH 7) that contained 0.01 molar phosphate,
0.01 molar magnesium chloride and 0.1 molar sodium chloride.
The HZO and D20 spectra are shown in Figures 2.16 and 2.17
respectively. Also included in each of these figures is a
spectrum in which a convolution difference technique has been
employed to enhance the spectral resolution. The peak posi-
‘tions for the D,O and H20 spectra are tabulated in p.p.m.

2
relative to 5-FU in Table 2.1. Tl estimates of individual
peaks were obtained from the graphs. shown in Figure 2.18.
This data was acquired from the signal to noise ratio of peak

intensities obtained during a 180°-1-90°-AT pulse sequence

where 1t was varied between 0.03 and 0.6 seconds. The Tl
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Figure 2.16. The FT !°F-nmr spectrum of FU-5SrRNA in Hp0 buffer
(see text). This spectrum was obtained at 254 MHz on a Bruker
WH-270 nmr spectrometer. The top spectrum was obtained from the
Fourier transformation of the free induction decay accumulated
from 38,000 time-domain transients (5 mm sample). Typical ex-
perlmental parameters were: 8k time-domain data set, 5000 Hz
spectral width, 0.5 sec relaxation delay, quadrature detection,
10 microsecond pulse width (approximately 90° )y, and 51gnal to
noise enhancement by exponential multlpllcatlon to give a line
broadening of 5 hertz. The bottom spectrum is the convolution
difference which 1mproves the resolution of individual peaks.
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Figure 2.17. The FT !°F-nmr spectrum of FU-5SrRNA in the D0
buffer described in the text (A). The spectrometer and the
spectral parameters are the same as indicated in Figure 1.16.
A convolution difference technique was employed to improve the
spectral resolution of the individual peaks (B). Spectrum C
gives the relative positions of the 5-fluoro-2'-deoxyuridine
monophosphate (5FAUMP) and 5-fluorouracil (5-FU).



Figure 2.18. The T, determination of individual 8eaks of FU-
SSCRNA (in D,0 buffér) at 254 MHz. A.180°, 1, 90° pulse se-
quence was employed to collect 4 data points for each peak.
In this figure signal-to-noise ratios (from 1000 transients)
are plotted against time delay, t, in seconds. 1In order to
determine T, values the data points were assumed to lie along
an exponential.



- 100 -

DZO H20
p.p.m. p.p.m. A =Pp.p.m. (DZO)
Peak from 5-FU from 5-FU pP.p.m. (HZO)
1 7.64(?) 7.02(?) 0.62(?)
2 7.14 6.70 0.44
3 6.52 ' 6.00 0.52
4 5.78 5.22 0.36
5 5.06 4.90 0.36
6 4.91 4.56 0.35
7 4.28 a) 4.00 a) 0.28
b) 3.76 b) 0.52
8 3.00 2.7 0.3
2.64 2.20 0.44
10 1.56(?) 1.36(7?) 0.4(?)

Table 2.3. The peak positions measured in p.p.m. relative to
5-FU for the H,0 and D0 spectra of FU-5SrRNA obtained at 254
MHz. The 5-FU position in H20 is shifted 0.2 p.p.m. downfield
from the D20 spectrum (14). This correction is included in
the determination of the peak positions of the H,O0 spectrum.

values were obtained from the x-intercept where M, = 0 and
T1 = t0 . These values are given in Table 2.4.
In 2

The final experiment obtained on the Bruker HX270 involved
a nuclear Overhauser enhancement study. This is shown in
Figure 2.19. Broad band irradiation of the protons at 270
MHz reduces the peak intensity to zero: except for a.very
slight amount of peak intensity as indicated.

The presence of monovalent cations stabilize the RNA struc-
ture by neutralizing the coulombic repulsion of the negatively
charged phosphates. The result is a tighter and more efficient

stacking of base pairs in helical regions. This is evident from
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Figure 2.19. A nuclear Overhauser enhancement experiment of
" FU-5SrRNA (in D9O buffer) at 254 MHz. The !9F gspectrum shown
in A (from 1000 transients) was obtained immediately following
broadband saturating irradiation of the corresponding 'H-nmr
spectrum. The decoupling oscillator was turned off during 19p
data acquisition. Spectrum B was obtained from 1000 transients

for the same system, but in the absence of irradiation at the
ly resonant frequencies.



0
o Ty =152
2 0.3 0.43
3 0.27 0.40
4 0.23 0.33
5 0.27 0.39
6 0.23 0.33
7 0.20 0.29
8 0.24 0.35
9 0.24 0.35

Table 2.4. T, determinations for the individual peaks of the
D20‘sample of "FU-5SrRNA obtained at 254 MHz. values were

T
eStimated from tO values (x-intercept where Mz=&) of Figure 2.18.

a linear dependence of the transition temperature on the loga-
rithm of the acti§ity of the monovalent counterions (16). The
divalent cation magnesium also appears to be important in sta-
bilizing RNA structure. The 5SrRNA of E. coli has at least 4
strong magnesium binding sites (17). The 94 MHz spectrum of
FU-5SrRNA was obtained in a buffer containing only the divalent
cation magnesium (at a concentration of about 20 magnesium per
FU-5SrRNA molecule). It is likely that the molecules in the
94 MHz sample exist in a somewhat less compact state than the
FU-5SrRNA sample used for the 234 MHz study where 0.1 molar
NaCl was also present. However, the overall rigidity of the
molecule is not likely to be altered significantly since the
sedimentation coefficient (820,w)’ obtained by ultra-centrifu-
gation, is fairly insensitive to changing counterion concen-

tration (18).
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2.8 Laser Raman Spectroscopy of 5SrRNA and =~ FU-5SrRNA

2.8.1 Introduction

Raman spectroscopy has been used extensively to interpret
conformational properties of biological molecules. These in-
terprétations are based largely on observed changes in the
intensities of various Raman lines due to changing macromole-
cular conformation. The major purpose of the experiments shown
in this section was to compare the conformations of normal
5SrRNA (N-5SrRNA) and FU-5SrRNA. The Raman spectra of aanNA
molecule is the sum of the ring vibrations of the bases which
compose it plus'vibrational contributions from the ribophos-
phate backbone.

This section is divided into two parts. The first part
(section 2.8.2) gives Raman spectra of aqueous solutions of
uracil, 2-deoxyuridine, 2-deoxyuridine monophosphate, 5-FU,
5-fluoro-2-deoxyuridine, and 5-fluoro-2-deoxyuridine monophos-
phate. Spectra of polyciystalline uracil and polycrystalline
5-FU were also obtained. Comparison of all these spectra pro-
vided information about the effects of 5-fluoro- substitution
upon the ring vibrations of the uracil base. Intensity changes
due to 5-fluoro- substitution is a necessary consideration for
the interpretation of the FU-5SrRNA spectra. In section 2.8.3
the Raman spectra of N-5SrRNA and FU-5SrRNA in aqueous buffer
are given. Comparison of these spectra provided information
about conformational differences and similarities between the

two molecules.
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2.8.2 Laser Raman spectra of 2-deoxyuridine 5-fluoro-
2-deoxyuridine and related monomers

Aqueous {(or D2O) solutions of 50 millimolar 5-FU, 5-fluoro-
2-deoxyuridine, 5-fluoro-2-deoxyuridine monophosphate, or 2-
deoxyuridine were prepared with deionized water containing 50
millimolar sodium perchlorate. The sodium perchlorate was
used as an internal frequency and intensity standard. The
aqueous uracil sample was only 20 millimolar due to its lower
solubility and contained no internal standard. The solutions
were titrated to desired pH values with small aliquots of con-
centrated sodium hydroxide or concentrated hydrochloric acid.
All pH measurements were obtained with a Radiometer pH meter
28, equipped with a Radiometer type GK 2322 C combined elec-
trode. Raman samples were prepared by loading 20 microliter
aliquots of solution at the desired pH into Kimax melting
point capillary. tubes (0.8-1.1 mm i.d.). For the polycrystal-
line spectra of uracil and 5-FU the powder was added to the
same size capillary tubes.

Raman spectra of the above samples are presented in Fig-
ures 2.20 - 2.24. All spectra were obtained with a Spex Ramalog
4 laser Raman spectrometer system equipped with a Spectra-
Physics Model 164 argon ion laser (5145 angstroms). Aqueous
{and D2O) samples were transversely illuminated with 600 mil-
liwatts of laser power. A spectral slit width of 7-9 cm L
with a scan speed of 0.2 wave numbers per second and a period

of 10 seconds was employed for all solution spectra. The
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Figure 2.20. Laser Raman spectra of (a) polycrystalliqe 5F0 ,
(b) polycrystalline U, and (c) 20 mM U (neutral form) 1in H20.
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Figure 2,21. Laser Raman spectra of 50 mM 5FU with 50 mM NaClO
(932 cm™+ line) in H70 at different pH.
(a) pH 4.8
b) pH 8 (first ionization)
c) pH 11.3
d) pH 12.1
e) pH 13 (second ionization)
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Figure 2.22.
of dUrd and
(a) 50
{b) 50
(c) 50
(d) 50

cm-l

Laser Raman spectra of neutral and anionic forms
5FdUrd in H70 containing 50 mM NaClO, (932 cm~1y.
mM dUrd, pH 5.6 (neutral form)

mM 5FdUrd, pH 4.8 (neutral form)
mM dUrd, pH 11 (anionic form)
mM 5FdUrd, pH 11 (anionic form)



- 108 -

792
626

702

il i

L

I

" i L
1000 800 600

cm-

!
1200

Figure 2.23. Laser Raman spectra of neutral and anionic forms
of dUrd and 5FdUrd in D,O containing 50 mM NaClO4 (932 cm ).
(a) 50 mM dUrd, pH 6.2 (neutral form)
(b) 50 mM 5FdUrd, pH 5.8 (neutral form)
(c) 50 mM dUrd, pH 11.2 (anionic form)
(d) 50 mM 5FdUrd, pH 12.1 (anionic form)
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Figure 2.24. Laser Raman spectra of neutral and anionic forms
of 5FdUrd and S5FAUMP in H9O containing 50 mM NaClO, (932 cm~l).
(a) 47.5 mM 5FAUMP, pH 6 (neutral form)
(b) 50 mM 5FdUrd, pH 5.6 {neutral form)
(c¢) 47.5 mM 5FdUMP, pH 11.6 (anionic form)
(d) 50 mM 5FdUrd, pH 11 (anionic form)
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positions of all Raman lines (except aqueous U) were measured
relative to the 932 wave ﬁumber line of the sodium perchlorate
internal standard. Spectra of polycrystalline uracil and 5-FU
were obtained with 50 milliwatts laser power, spectral slit
width of approximately 6 wave numbers, scan speed of 2 wave
numbers per second, and a period of 2.5 seconds. Uncertainties
of + 2 wave numbers are assigned to sharp peaks. Interpreta-

tion of these spectra are given in Chapter 3.

2.8.3 Laser Raman spectra of normal 5SrRNA and FU-5SrRNA

The RNA samples were prepared from normal and 5-FU treated
E. coli B cells according to the procedure outlined in section
2.3 using 2 x 190 centimeter Sephadex G-100 or G-75 columns.
Samples from 5-FU treated cells were also subjected to the
procedure given in section 2.4 to remove unfluorinated 5SrRNA.
Dialysis of normal 5SrRNA samples was carried out two times
against 2 millimolar magnesium chloride in deionized water,
once against deionized water and then lyophilized. Dialysis of
the FU-5SrRNA sample did not produce resolvable spectra.

Hence Raman spectra of FU-5SrRNA were obtained without dialysis
against magnesium.

Samples were prepared from freeze-dried normal or 5-FU
containing 5SrRNA. The aqueous buffer consisted of 0.0l molar
phosphate adjusted to pH 7, 0.1 molar sodium chloride, and
0.01 molar magnesium chloride. Between 0.5 milligrams and

0.7 milligrams of normal or 5-FU containing S5SrRNA was
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dissolved in 10 microliters of this‘buffer. Using a 10 micro-
liter hypodermic syringe samples were placed in Kimax capillary
tubes (size 0.8-1.10 millimeter i.d.) and centrifuged at 10,000
g for about 10 minutes. Samples were then transversally il-
luminated with a Spectra-Physics Model 164 argon ion laser
(5145 angstroms). Spectra were obtained with a Spex Ramalog 4
laser Raman spectrémeter system using a spectral slit width of
0.5 wave numbers. A scan speed of 0.5 wave numbers per second
with a period of 10 seconds:;tand a gain of 1 x 104 pc counts
per second was employed.

Raman spectra of the RNA samples are given ih Figures
2.25 and 2.26. Figure 2.25 compares normal 5SrRNA before and
after dialysis. In Figure 2.26 the Raman spectrum of normal
5SrRNA and -FU-58rRNA are compared. The intensities of the
Raman lines of polynucleotides are generally normalized to the
1100 wave number line which is due to the symmetric stretching
mode of thé PO2" éroups that compose the ribophosphate backbone
of these molecules. This line is independent of conformation
provided ionic strength is not drastically altered:NQ).- Hence
normalization of the other Raman lines to the 1100 wave.number
line provides a concentration independent measure of line in-
tensities. 1In Table 2.3 the normalized intensities of the
major lines shown in Figures 2.25 and 2.26 are given. The
intensity values represent the average of at least 5 spectra
and reproducibility of sharp well resolved lines were within

5¢%. The baseline for the 1100 wave number line was obtained
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Figure 2.25. Raman spectra of aqueous samples of N-5SrRNA be-
fore (B) and after dialysis (A). Methods for sample and buffer
preparation are outlined in section 2.8.3.
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Figure 2.26. Raman spectra of aqueous samples of N-5SrRNA (A)
after dialysis and FU-5SrRNA (B). Methods for sample and buffer
preparation are outlined in section 2.8.3.
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N-5SrRNA N-5SrRNA
Frequency {before (after FU-5SrRNA

(cm—1) Origin dialysis) dialysis)
670 oG 0.59 0.66 0.70
725 A 0.80 0.65 0.74
785 C,U 2.96 2.21 2.10
814 -0PO~- 1.65 - 1.65 1.73
1100 PO, 1.00 1.00 1.00
1242 U,C,A . 1.96 1.17 1.16
1300 A,C . 0.85 0.55
1321 G 1.53 1.31 1.36
1338 A | - 1.04 1.10
1485 A,G 1.89 2.21 2.06
1575 A,G 2.04 1.94 2.03

Table 2.5. Line intensities of the spectra shown in Figures
2.25 and 2.26. All intensities have been normalized to the
1100 wave number line of the PO,~ group.

by constructing a line between points at 1120 and 1060 wave
numbers on the Raman spectrum. The baseline for the 814, 785,
725 and 670 wave number lines were made by joining the points
~at 840 and 650 wave numbers. Intensities of the Raman lines
between 1210 and 1440 wave numbers were obtained by construc-
tion of a baseline between these two points on a Raman spec-
trum. Finally, for the lines at 1485 and 1575 wave numbers a
baseline was constructed between the points at 1440 and 1800
wave numbers. The actual intensities of all these Raman lines
were obtained by the construction of a vertical line from the
peak maximum to its corresponding baseline and measuring the

lengths of these lines to the nearest 0.1 centimeters.
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CHAPTER 3

FLUORINE NUCLEAR MAGNETIC RESONANCE

SPECTROSCOPY OF E. COLI FU-5SrRNA

While unpaired electrons (usually artificial nitroxide)
spin-labels have been used for more than 10 years as probes of
macromolecular structure, the introduction of artificial nuc-
lear spin-labels has so far been limited to '3C enrichment of
specific carbons in proteins (1-2) and nucleic acids (3-4), and
to fluorine-labeling of a number of enzymes (5-7). This work
represents the first !'°F-nmr study.of a fluorine labeled nucle-
ic acid, FU—ESrRNA.

The specific¢ advantages of fluorine as a nuclear spin-
label in RNA are manifold. First, of the four major bases only
uracil is replaced by 5-FU. This means that.only about 20 of
the 120 bases in 5SrRNA contribute to the !®F-nmr spectrum.
Therefore greater simplification in spectral assignment and
analysis is obtained. Second, the replacement of uracil by
5-FU does not significantly alter the function of 5SrRNA (as
judged by binding to ribosomes) (8) or the tRNA (as judged by
amino acid acceptor function (9), optical spectrum (9) or heat-
denaturation profile (10)) from E. coli. Third, since 19F-nmr
chemical shifts are much more widely dispersed than proton

shifts, one can expect to monitor relatively small changes in
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the environments of various individual fluorouridylates simul-
taneously (5). Fourth, compared to 13C (even when nonselectively
(3) or selectively (4) enriched or !°N or *!P nmr from native
tRNA (11-12), the fluorine label gives much stronger nmr sig-
nals. The spectra shown in Figure 2.13, at 94.1 MHz were ob-
tained from about 10,000 to 30,000 transients for FU-5SrRNA
concentrations of less than 3 x lO_4 molar, while comparable
13¢ or 3!p spectra would require of the order of 1,000,000 tran-
'sients using either much higher RNA concentration or much larger
sample volume. Finally, the 5-FU label is cheaper than com-
mercially available !'3C-enriched nucleic acid bases by a fac-
tor of about 1000.

The 94.1 MHz spectra of FU-5SrRNA, at 35 degreeé centi-
grade and at 72 degrees centigrade, are presented in Figure
2.13 (13). Each of these spectra represents the superposition
of the !?F-nmr signals from:about 20 labeled bases. Neverthe-
less, at least four distinct groups of peaks are resolved at 35
degrees centigrade, and the heat-denatured species (72 degrees
centigrade) is sufficiently unfolded such that virtually all
the fluorine nuclei have a common chemical shift (a sharp signal
at about 5 p.p.m. downfield from free 5~FU), which implies a
common chemical environment for most of the 5-FU residues in
denatured FU-5SrRNA. Moreover, the denatured spectrum is cen-
tered near the resonant frequehcy of free 5F-deoxyuridine mono-
phosphate, indicating that this chemical shift corresponds to

an environment in which the fluorine-lable is exposed to
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solution. Comparing the relative intensity of the FU-5S5rRNA

for the 35 and 72 degrees spectra, at this frequency, it is
possible to estimate that approximately 25-35% of the 5-FU res-
idues in the native FU-5SrRNA structure are exposed to solution.
A 900, T, 900 pulse sequence method was employed to determine
the spin-lattice relaxation time (Tl) for the heat denatured

(72 degrees centigrade) spectra. The method is shown in Figure
2.15. From the data a Ti of 0.6 seconds was obtained. Finally,
the heat denaturation was reversible since the low temperature
spectrum appeared to be identical before and after heating to

72 degrees centigrade.

Increased magnetic field strength improved the resolution
of the four regions which were designated to the 94.1 MHz spec-
trum shown in Fiqure 2.13. At 254 MHz (Figure 2.16 and 2.17)
the "a" region, which was only a pronounced shoulder at 94.1
MHz, consists of a slight shoulder and three well defined peaks.
The "b" region, believed to be due to 5-FU residues exposed to
the surface, appears as two closely spaced narrow peaks. The

c" region, a shoulder at 94.1 MHz, is a sharp well defined
peak at 254 MHz. Finally, the "d" region appears as two peaks
and a slight shoulder. Together the 254 MHz spectrum of FU-
5SrRNA consists of eight well defined peaks and two shoulders;
a marked improvement in resolution over the 94.1 MHz spectrum.

The peak positions, in p.p.m. relative to 5-FU, are shown in

Table 2.3 for samples prepared in HZO and DQO buffer.
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In Table 2.1 the peak positions for FU-5SrRNA in D20 and
HZO buffer are given. For the spectrum of FU-5SrRNA in D20
buffer the chemical shifts are in p.p.m. relative to 5-FU in
DZO' In H2
The chemical shift values of the H,0 sample of FU-5SrRNA are

O 5-FU is shifted downfield by about 0.2 p.p.m. (15).

relative to this new zero position for 5-FU. The A term in
Table 2.3 is the difference between these D2O and H20 chemical
shifts. The smallest A values ére an indication of the great-
est solvent effect since the 0.2 p.p.m. correction for the H20
sample will cancel out shifts of exposed 5-FU residues which
experience the greatest solvent effect. Resonances 4, 5, 6,
and 7a have the smallest A values; the region associated with
the peak position of 5 fluoro-2'-deoxyuridine monophosphate.
Individual peaks were éufficiently resolved for an esti-
mation of Tl values. A.1800, T, 90° pulse sequence method was
employed where T was the delay time following a 180° pulse (14).
This pulse sequence 1is illust;ated in Figure 3.l1. The 180°
pulse inverts the magnetization (My) along the Z' axis of a
coordinate system which rotates at the Larmor precession fre-
- quency. During a time delay, T, the inverted M, component will
decay by various relaxation processes in an effort to return to
the equilibrium value (Mg) - Relaxation of M, is given by the

familiar Bloch equation:

daM M, =M
—Z = - (1)

dt Tl
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. {a} (b)

Figure 3.1. Determlnatlon of T, by 180° r T 90° seqguences.

(a) M 1s inverted by a 180° pulse at tlme 0. (b) After a time
T a 90° pulse rotates M to the y' (or 5y 'y axis. (c) The ini-
tial amplitude of the FID after the 90° pulse, which is propor-
tional to the value of M at time T, is plotted as a function of
t. Note that each point results from a separate 1807, T, 90°
sequence. The point corresponding to (b) is indicated by the

arrow (14).
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Immediately after the pulse, at t=0, M, =-M_. Integration of

equation (1) gives:

_ _0.—t/T1
M, = M_(1-2e Ly (2).

Equation (2) implies that a plot of peak intensity (signal to
noise ratio) versus T will increase exponentially from -Mj with
increasing t for a 180°, T, 90° pulse sequence. The point of
intersectioﬁ with the x-intercept, where Mz=0 and t=t_ provides

a ready estimation of Tl' This is given in equation (3): |

= l.4427tO (3).

Plots of intensity versus t of four different values of =t
were presented in Figure 2.18 for peaks 2-9. It was assumed
that the four data points for each peak lie along exponential
curves and Tl values were determined according to the method

described above. Estimated T, values for peaks 2-9 are given

1
in Table 3.1.

Peak Estimated T, (seconds)

1

0.43
0.40
0.33
0.39
0.33
0.29
0.35
0.35

OO JUTWN

Table 3.1. The estimated T; values for theo254 MHz égF—nmr
spectrum of FU-5SrRNA in D0 buffer. A 1807, 1, 90" pulse
sequence method was employed to obtain these results.
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The most important Tl relaxation mechanism for molecules
in solution is due to magnetic interactions between fluorine
and neighboring nuclei which have magnétic dipoles. In this
study fluorine relaxation is expected to be largely due to
neighboring protons. As the RNA molecule tumbles the local
magnetic field of the protons located near fluorine nuclei
generate time dependent fluctuations which interact with the
fluorine's local magnetic field. Only fluctuations which are
at the natural precession frequency of the fluroine nucleus
will cause relaxation. This so-called dipole-dipole relaxation
can be due to protons which are a part of the 5-FU moiety (in-
tramolecular) or protons from other portions of nucleic acid
which are proximal to the fluorine nucleus (inter molecular).
If this relaxation is entirely intramolecular then about 95%
will be caused by the nearest neighbor proton (15). There is
a negative sixth power dependence of dipole-dipole relaxation
on the distance between contributing nuclei. This will be shown
shortly. Given the carbon-hydrogen bond length and bond angle
for a typical vinylic proton the distance between the 6-carbon
proton and the fluorine atom has been estimated from the X-ray
crystal structure of 5-FU (16~-17). This is shown tp be 2.58
angstroms in Figure 3.2.

Hull et. al. (15) and Doddrell et. al. (19) have expressed
dipole-dipole relaxation times of a spin i (!%F) relaxed by

spins j (!'H) in terms of the following equations:
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Cq

Figure 3.2. The intramolecular distance between fluorine and
the nearest proton for 5-fluorouracil. The carbon-carbon and
carbon-fluorine bond distances and bond angles are based on the
available X-ray crystal structures of 5-FU (16-17). For the
vinylic proton (bonded to Cg) the bond angle, Cg=Cg—H, and
bond distance, Cg—H, were assumed to be the same as for ethy-
lene (18).

1 -6

=— = K (Zr;2) Fy- (4)
T14 j 3l
1 K . -6
= = 5 (Zr..) F (5)
T2i 2 3 13 2
where,
1 2 2.2 _ 10 6
K = (Tﬁ) Yi Y5 h = 5.0449 x 10 (angstroms) (6)

(seconds)2
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since - Yy = 2.5176 x lO4 radians/second-gauss (7)
yj = 2.6753 x 104 radians/second-gauss (8)
and 12 = 1.05443 x 10727 erg-seconds. (9)

The functions F; and F, in terms of spectraldensity functions

(J) are given by:

F, = J(wi—wj) 3T (w;) * 6J(wi+wj) (10)
and

F, é‘Fl + 4J(0) + 6J(wj) (11)
where w; and w5 are the resonance frequencies, in radians per
second, of fluorine (i) and protons (j) at a given magnetic

field strength. These values are given in Table 3.2 for the

three most commonly employed magnetic field strengths. The J
ISF_ IH
19p Resonance 'y Resonance
Field Resonance Frequency, Resonance Frequency,
Strength Frequency w;-(radians/ Frequency w5 (radians/
(KG) (MHz) second) (MHz) second)
23.5 94.1 5.91 x 10° 100 6.28 x 10°
63.4 254.0 1.6 x 107 270 1.7 x 10°
84.6 338.7 2.13 x 109 360 2.26 x lO9
Table 3.2. The resonance frequency of the proton and the

fluorine nucleus at the three most commonly employed magnetic

field strengths.

terms in equations 10 and 11 are spectral density functions for

isotropic motion and are of the form shown in equation 12,

(12)
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where Ta is the overall molecular correlation time. Equations

4 and 5 may be rearranged into the following form:

e,."06 _
Tlﬁgrij = 1/KFq _ (13)
T, 5cil = 2 /KF : 14)
2 51 2 (

Plots of equations 13 and 14 for the resonance frequencies of
fluorine and hydrogen, shown in Table 3.2, are given in Fig-
ures 3.3-3.5.

Figures 3.3-3.5 indicate that fluorine T, and T, values
are equal for fast motion. However as the molecular tumbling
rate slows down (larger TC) Tl and T2 diverge. The T2 fime con-
tinues to decrease while Tl reaches an absolute minimum and
then begins to increase again. The minimum Tl value, corres-
ponding T2 values, the T associated with divergence of Tl and
Ty and T associated with a minimum T, are summar ized for Fig-
ures 3.3-3.5 in Table 3.3. These values assume that relaxation
is due only to the 6-carbon proton of the 5-FU base which is
2.58 angstroms from fluoriﬂe.

Thé estimated Tl values for the individual fluorine peaks,
at- 254 MHz, are given in Table 3.1. The accuracy of these re-
sults were hindered by the broadness of the peaks and their
relatively close proximity to each other. Therefore large un-
certainties (about 30%) must be associated with these values.

The tabulated values for Tl range between 0.29 and 0.43 seconds;
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Figure 3.3. Log plots of T, X r 6 and T, X r 6 versus the log
of the overall molecular time (T _.) at 24,1 MHz. These values
are obtained from equations 13 and 14. The calculations assume
that the two relaxation times are exclusively dipolar and due
only to the nearest neighbor proton located 2.58 angstroms (r)

away from the fluorine.
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Figure 3.4. Log plots of T, x r_6 and T, x r_6 versus log T
calculated at 254 MHz using equations 137 and 14.



- 128 -

2ﬂ

1f

-.9

LOG Tpxr
—3]9 -29 —119

-4.9

-59.
)

1-6.9

LOG T,

Figure 3.5. Log plot of T, x r™® ana 7. x r™® versus log T

calculated at 338.7 MHz us}ng equations™13 and 14. <
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Field

Strength Tl T2 Te at
(KG) (seconds) (seconds) minimum Tl Tl # T2
23.5 0.44 0.11 2.5 x 1078 T > 5 x 10710
63.4 1.19 0.27 1 x 1078 T.> 2.5 x 10710
84.6 1.59 0.34 7.9 x 1072 T.> 1.5 x 10710

Table 3.3. Minimum T, values, corresponding T, values, the T
associated with divergence of T; and Ty, and T, associated
with the minimum T, for Figures 3.2-3.4. These values assume
dipolar relaxation”via the 6-carbon proton of 5-FU. T; and T,
are proportional to magnetic field strength. The T value
associated with minimum T; and the divergence of Tj;~ and Ty are
also field dependent.

substantially less than the predicted minimum value of 1.19
seconds (see Figure 3.3) due exclusively to intramolecular
dipole-dipole relaxation via the proton nearest to the fluorine
" nuclei of 5-FU. The short time scale for these Tl values im-
plies a relatively rigid solution structure for FU-5SrRNA. A

T value of 1 x lO—8

, which corresponds to a minimum T, is a
reasonable value for the tumbling of a macromolecule the size

of 5SrRNA. The inhereﬁt stability of base pairing and base
stacking. interactions in RNA molecules suggest that in FU-5SrRNA
the 5-EU bases are rigidly situated and internal rotation, which
would increase both Tl and T2 (15), is highly improbable. This
is verified by a nuclear Overhauser enhancement (N.O.E.) experi-
ment to be discussed shortly.

Another source of Tl relaxation of fluorine is chemical

shift anisotropy. The presence of an applied field causes the
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electronic cloud about the fluorine nucleus to circulate. Since
fluorine is not spherically symmetric (like the proton) a
secondary magnetic field is generated at the nucleus. As a
molecule tumbles time dependent osc¢illating components of this
field will be generated which are perpendicular to the applied
field and contribute to relaxation. Hull and Sykes have con-
cluded  that this mechanism does not contribute significantly to
T. relaxation in their study of the fluorotyrosine labeled

1
alkaline phosphatase enzyme system at 94 MHz or 235 MHz (20).

However théy have shown that T, relaxation is significantly
affected by fluorine's chemical shift anisotfopy and this ef-
fect increases in proportion to increased magnetic field
stfength. Therefore at high magnetic field strength spectral
resolution is hindered despite improved frequency separation
of peaks since there is also a proportionate increase in line
width.

The accurate measurement of T2 relaxation times are not pos-
sible for the FU-5SrRNA spectra due to the extensive overlap-
ping of peaks. In Figures 2.16 and 2.17 estimated line widths,
at half amplitude, are in the neighborhood of at least 200 hertz.
Line widths associated with the surface environment (peaks 5 and
6) appear to be somewhat narrower. If the line shapes of these
peaks are assumed to be Lorentzian and line widths at half am-
plitude equal to 2/T2 rad'sec_l (21) then the T, values of the

individual peaks are all less than 10 milliseconds.
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The above discussion of T, and T, relaxation times must be
taken with considerablercaution. The 254 megahertz spectruﬁv
reveals only 8 well resolved peaks. In E. coli 5SrRNA there
are 20 uracils and our FU-5SrRNA is expected to exhibit at
least 85% replacement (9). - This means that the individual
peaks referred to in the above discussion are more appropriate-
ly considered as regions. Each region is likely to be the
supérposition of more than one fluorine. Therefore line
widths and T, relaxation times of these regions are likely to
be the net effects of more than one fluorine.

An N.O.E. experiment provided the most definitive infor-
mation about the 5-FU labels in FU-5SrRNA. The protqn reson-
ances were saturated with a strong 270 MHz frequency signal
(the Larmor frequency of the proton) and the !'?F-nmr spectrum
obtained with a weaker radio frequency signal at the Larmor
frequency of fluorine (254 MHz). As shown in Figure 2.19 there
is almost complete loss of the !°F-nmr spectrum under the con-
dition of proton saturation. This is expected for a molecule
the size of 5SrRNA assuming spin-lattice relaxation exclusively
due to a dipole-dipole mechanism (22). In order to understand
this conclusion it is necessary to first consider relaxation of
a two spin system (23).

The energy level diagram for a system consisting of two
nuclear spins, I and S, is shown in Figdre 3.6. The spins can
be aligned against the static magnetic field, indicated by the

o subscript, or in the direction of the static field (the B8
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Figure 3.6. An energy level diagram of a system consisting of
two nuclear spins, I and S. The subscripts, a and 8, refer
respectively to alignment of the spins opposed to and in the
direction of the applied magnetic field. The W terms represent

relative transition probabilities between specified energy
levels (see text).
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subscript), with the latter being the energetically more favor-
able situation. The four possible transition probabilities

needed to describe T relaxation during an N.O.E. experiment

are indicated in Figure 3.6. Wi and W{

the rates for single quantum transitions of an S spin, given

represent respectively

that I remains unchanged, and for an I spin with the S spin re-
maining unchainged. The superscript indicates the spin under-

going the quantum transition. The transition probability, WO’

is for both spins I and S undergoing transitions of the type

I&S+——9I Sa or 1 is the likelihood that

B B B B*

two spins aligned in the same direction will relax at the same

s&——elqs Lastly, W2

time. That is, transitions of the type Ias&——élssB or
IBSE__9IaSa' Noggle and Schirmer have shown that for a two
spin system where S = I = % the fractional enhancement of the
integrated intensity of the I spin, given that the S spin is
saturated, is described by equation 15 (24).

W2—W

I
1

0

+W0+W2

£;(8) (15)

2w
The numerator, W2 - WO is called the cross relaxation term. It
is transitions associated with W, and W that cause the N.O.E.
effect. The effect of saturating the S spins on the energy
level diagram shown in Figure 3.5 is to equalize the spin popu-
lations of levels 1 and 2 as well as 3 and 4. This results in
a change in the populations of all the energy levels from their

equilibrium values prior to saturation. Consequently the system



- 134 -

will attempt to re-establish the equilibrium populations in

]
1

in the populations of these levels. However, W, attempts to

these levels. Neither W, or W{ transitions cause net changes
re-establish the equilibrium population by increasing the popu-
lation of energy level 4 through a corresponding decrease in
energy level 1. This process will facilitate an increase in
the absorption intensity of the I spins. Wo will redistribute
the populations between energy levels 2 and 3 which at equil-
ibrium are equal. It effects a decrease in the population of
energy level 3 and an increase in the population of energy level
2. Its net effect is té decrease the intensity of the nmr re-
sonance of the. I spins. Hence WO and W, transitions have oppos-
ing effects under the condition of saturation of one of the
spins. |

Solomon has derived expressions for the transition proba-
bilities associated with Figure 3.6 assuming that the resonance

frequencies of the two spins, &, and wg are not equal (25).

i
They are given by equations 16-19.

hzyzYz . .
W, = —2185 < = K - ’ (16)
0 106° 1+ (we-we) T2 L d (wemwe) 2
wyTwg) To witWg’ e
. 2 22
G S AL K Tc
I 6 2 2 2 2 2 (17)
2 22
3h A
s _ YIV¥s Tc _ Te
Wy = 6 22 - K 72 (18)

20b 1+ WgT 1l + wéT
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Wy = 6 75 = K3 ) (19)
5b 1 + (wI+wS) To 1 + (wI+wS) Tc

For a two spin system of !9F (I) and 'H (S) nuclei in 5-FU

Y and Yy are their gyromagnetic ratios. ' They are, respective-
ly, 25,179 radians/seconds-gauss and 26,753 radians/seconds:
gauss. The wI'and wg terms are equal to 21 -+ 254 x lO6 cycles/
second and 2 * 270 x lO6 cycles/second respectively. The b
expression is the internuclear distance between fluorine and

the nearest neighbor proton (2.58 angstroms) of 5-FU. The
molecules correlation time 1is Te and H is Planck's constant {(in
units of ergs per second) divided by 2II. Given the above para-

meters Kl, Koo and K3 can be computed. They are:

1.6331 x 108./Seconds2

Kl=

8 2
Ky, = 2.4497 x 10 /seconds
Ky = 9.7987 x 108/seconds2

As shown by equations 16-19 transition probabilities are
governed by the molecular correlation time, Te® In Figure 3.7

these transition probabilities are plotted against-TC. For

slow rotation (TC > 7.1 x 10—10) WO > W2 and according to equa-

tion 15 the fractional enhancement, fI(S), is then negative.
That is, since WO transitions dominate for slow molecular motion

the nmr spectrum due to I (!°F) will decrease with saturation

of the S (!H) spins. For fast tumbling (Tc < 7.1 x 10_10 sec-

onds) W, > W

2

0 and transitions of the type I&Sa——QIBS will

B
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logW,
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4 5 -6 7 -8 9 10 41 12
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Figure 3.7. Log-log plot of transition rates versus rotational
correlation time for the system of Figure 3.6, in which I is F-5
and S is H-6 of 5-fluorouracil. Fluorine relaxation is taken as
pure dipolar between F-5 and H-6, resulting from isotropic ro-
tational diffusion.
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dominate. This will result in positive enhancement; an increase
in the signal due to the I spins when the S spins are saturated.

Substitution of equations 16-19 into equation 15 provides
the following expression'for the fractional N.O.E. of unlike

spins (5):

area (with !H irradiation) - area (without 'H irradiation)
area (without 'H irradiation)
- 5 + 5w12T2 + 6(wI—wS)2I2 - (wI+wS)2T2 +
= Xy ;
vF 2 2 2 2 2 2 2 2 4

10 + 7wI T + 4(wI+wS) T+ 9(wI—wS) T+ 6mI (wI—wS) T

6w 2(w - )2T4 - w 2(w +w )214
I I S I I S . _
2 2 4 2 2 4 (20)
+ wI<(wI+wS) T * 3(wi—ws) (wI+wS) T

The graph of equation 20 as a function of correlation time is
shown in Figure 3.8 assuming an !°F resonance frequency of 254
megahertz and proton saturation with 270 megahertz. When Te >
1 x 10_8 (slow molecular rotation) thenrfI(S) = -1, which cor-
responds to a complete loss of the !°F signal intensity.

The observed collapse of the FT !39F-nmr spectrum shown in
Figure 2.19 when the protons are irradiated at their resonance
frequency confirms a fractional N.O.E. value for all thé 19
resonances of fI(S) = -1. This implies that cross relaxation
via WO dominates and that the FU labels are slowly tumbling at
a correlation time given by o > 1l x 10_8 sec. This circumstance
would be required if the 5FU labels were rigidly situated (im-
mobile) in the 5FU-5SrRNA molecule and tumbling at its correla-

tion time.
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Figure 3.8.

N4

Fluorine-proton fractional nuclear Overhauser en-
hancement factor, fI(S), versus rotational correlation time
scale) for 5-fluoroliracil, computed from the transition rates

of Figure 3.7.
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If FU-5SrRNA were a rigid sphere, 1its Trot calculated from

the Stokes-Einstein equation (26),

(21)

Trot = T3kT
-in which h is viscosity, k is Boltzmann's constant, T is abso-
lute temperature, and R is the macromolecular radius (computed
from a molecular weight of 40,000), would be about 10 nsec,
assuming no water of hydration. A rigid FU-5SrRNA should there-
fore exhibit fI(S) = -1 as shown in Figure 3.8. This corres-
ponds to complete nulling of the '°F signal on irradiation of
the H-6 proton. According to Figure 3.8 there is a marked vari-

ation of fI(S) with T in this motional region. This means

rot
that even a small increase in local flexibility at the labeled
site should lead to a large increase in fI(S) and incomplete
nulling (or even an increase) of the !®F peak on proton irradi-
ation. Thus, the instrumental and molecular parameters of the
FU-5SrRNA Overhauser experiment happen to fall in a range such
that the N.O.E. experiment is optimally tuned to detect local
flexibility at the labeled uracils of FU-5SrRNA.

In conclusion, the 254 MHz !°F-nmr spectra of FU-5SrRNA
(Figures 2.16 and 2.17) indicate at least 10 different chemical
shifts which corresponds to 10 distinct chemical environments.
This is an improvement in resolution when compared to the 94.1
MHz spectrum (Figure 2.13) where only 4 groups of peaks are

observed. In Figures 2.16 and 2.17 peaks 5 and 6 have the same

chemical shift as the single peak obtained on heat denaturation;
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thus, this part of the spectrum probably corresponds to FU res-
idues exposed to solution. In support of this view, it may be
noted that peaks 5 and 6 are much narrower than peaks shifted

to either side, and therefore correspond to residues that are
more rotationally labile than the shifted and'presumably "buried"
peaks. Furthermore, Tl measurements indicate that virtually all
the observed peaks have relatively short Tl (0.3 - 0.4 seconds),
in agreement with the minimum T, calculated to occur for Trot =
10 nsec which corresponds to a rigid solution structure. The
19p-1H N.O.E. experimental results (Figure 2.19) are particular-
ly striking. It is clear that virtually the entire !°F spectrum
is completely nulled on 'H irradiation, definitively confirming
(see Figure 3.8) that essentially all the fluorinated uracil
residues have rotational correlation times approaching 10 nsec
or longer. Furthermore, demonstration of the full Overhauser
nulling of the !?F resonances (fI(S) = -1) confirms that Tl—
relaxation is pure dipolar, as assumed in the theoretical cal-
culations (5). EStrictly speaking, the fI(S) = -1 result can
also occur in the presence of very rapid internal motion (5).
However, such rapid motion would have the additional effect of
narrowing the !°F resonances to line widths, less than are ob-

served. Thus, we may safely conclude that the = values are

rot

in fact very long (10 nsec or greater) rather than very short.]
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CHAPTER 4

LASER RAMAN SPECTROSCOPY OF
N-5SrRNA AND FU-5SrRNA

4.1 Introduction

Molecules are dynamic entities which undergo continuous
nuclear and electronic motion. Besides overall translational
motion, the nuclear movement can be described in terms of three
specific types of motion; rotation of the molecule as a whole,
molecular vibrations between chemically bonded nuclei in the
molecule, and the spins of individual nuclei. Associated with
the electrons are orbital motion about the nucleus and spin.
The rotational and vibrational components of nuclear motion and
the orbital motion of the electrons are described in quantum
mechanical terms as energy eigenvalues which together represent
the total internal energy of a given molecule. 1In the last
chapter nuclear spin and molecular rotation were considered.
Raman spectroscopy provides a method for obtaining vibrational
energies (and in some cases rotational energies) of chemically
bonded nuclei in molecules.

Rigorous theoretical interpretation of Raman spectra is
only applicable for small molecules of high symmetry, where
group theory can be employed to determine the number and the
kinds of energy levels associated with the molecules' normal

vibrational modes. Most molecules of biological interest are
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large and asymmetric. A 5SrRNA molecule consists of 3,987
atoms which corresponds to 11,955 (3N-6) vibrational degrees

of freedom. Even the rigorous interpretation of the ring vi-
brations of the purines and pyrimidines is unfeasible. Still,
much useful information can be otbained by employing an empiri-
cal approach. Stretching and bending modes of specific mole-
cular groupings occur at cha;acteristic frequencies. In RNA
molecules these so-called "group frequencies" are due to the
characteristic ring vibrations of the purine and pyrimidine
bases and the ribophosphate backboné. They are outlined in
Table 2.3. The intensities of many of these Raman lines are
affected by RNA conformation. These empirical observations are
based on observed changes in Raman intensities of model com-
pounds of purine and pyrimidine polyribonucleotides (1) and
tRNA in both native and denatured forms (2-4).

This chapter presents Raman spectra of N-5SrRNA and FU-
5SrRNA (Section 4.3). The comparison of the intensities of
various Raman lines was used to evaluate the effects of 5-FU
iﬁcorporation on 5SrRNA conformation. A necessary considera-
tion of this study was the effect of 5-fluoro- substitution on
the ring vibrations of the uracil base since alterations in the
intensity of the ring vibrations of this base could be misin-
terpreted as changes in FU-5SrRNA conformation as compared to

N-5SrRNA. This latter aspect is considered in section:d4.2,.
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4.2 Laser Raman Study of 5-FU, 5-Fluoro-2'-deoxyuridine, and

5-Fluoro-2'-deoxyuridine Monophosphate

To date, X-ray (5,6), *3C-nmr (7), !'°F-nmr (8), and infra-
red spectroscopy (9,10) have been used to examine the effects
of fluorination on the structural and chemical properties of
the uracil base. 1In order to evaluate the effect of 5-fluoro-
substitution on the vibrational properties of the uracil bases,
laser Raman spectra of polycrystalline U and 5-FU, 5-FU in HZO,
5-fluoro-2*-deoxyuridine (5-FdUrd) in HZO and D20, and 5-fluoro-
2';deoxyuridine monophosphate (5-FAdUMP) in H2O were obtained
for comparison to normal 2'-deoxyuridine  (dUrd) in HZO and D20.

A generalized structure for U, dUrd, 5-FU, 5-FdUrd, and
5-FdUMP is shown in Figure 4.1. U and 5-FU each possess dis-

sociable protons at N-1 and N-3.

4.2.]1 Uracil and 5-Fluorouracil

Laser Raman spectra of polycrystalline (powder) samples of
5-FU and U were presented in Figures 2.20a and 2.20b. Peaks
associated with C-N stretching vibrations (1226 cm_l for 5-FU;

1 1

1234 cm ~ for U), and with ring breathing motions (770 cm

for 5-FU; 790 cm_l for U) are similar in appearance for both
compounds. The carbonyl stretching region (1600-1700 cm_l) is
different for 5-FU than for U; the differences are more pro-

nounced and more easily interpreted for the corresponding nuc-

leosides discussed in section 4.2.2.
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X/\e N

X=H; R=H Uracil

X = H; R = 2'-deoxyribose dUrd

X=F, R=H ‘ 5FU

X =F; R=2"'-deoxyribose Fdurd

X=F; R= 2'-deoxyr%bosé-5‘— FdUMP
monophosphate

Figure 4.1. A Generalized structure for U, dUrd, 5-FU, 5-
FdUrd, and 5-FdUMP.

The most striking difference between these Raman spectra
is the presence of an intense peak at 1349 cm-l for 5-FU, which
is absent in the U spectrum. This peak may be assigned to a
C-F stretching vibration on this basis, and beqause C-F stretch-
ing frequencies have previously been observed for model com-
pounds in this region (11).

Finally, a comparison of Figures 2.20b and 2.20c indicates
a close resemblance between the spectra of polyérystalline U

and neutral U in HZO'
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Infra-red and ultraviolet spectroscopic measurements show
that the first ionization for uracil occurs preferentially at
N-3 rather than at N-1. 5-Fluorination lowers this first PK,
by 1.3 pH units (from 9.45 to 8.15) and also increases the pre-
ferencezfor N-3 ionization; 6-fluorination increases the propor-
tion of N-1 ionization (10). Figure 2.21 shows Raman spectra of

5-FU in H,O at several pH values. As the pH is increased above

2
neutrality, Raman spectral changes coincide with the first and
second deprotonation steps (pKa = 8.15, 13) (9). Changes at

pPH 2 10 do not occur for the corresponding nucleéosides, because

in those cases the N-1 position is substituted with 2-deoxyri-

bose (see Figure 4.1).

4.2.2. 2'-Deoxyuridine and 5-Fluoro-2'-deoxyuridine

A comparison of the Raman spectra for 5-FU in Figure 2.21
with those for 5-FdUrd in Figure 2.22 indicates that the intro-
duction of the sugar moiety, which itself shows no observable
Raman vibrations in this frequency range, alters substantially
the vibrational properties of the 5-FU base. The effects of 5-
fluorination on Raman properties of the dUrd nucleoside are
evident from a comparison of the Raman spectra of dUrd and 5-

FAUrd in H,O and D,0O shown in Figures 2.22 and 2.23, respect-

2 2
ively; in all cases, the Raman vibrations from the base are con-
fined to a spectral range between 500 and 1750 cm_l. Lord and

Thomas (12) have made reliable assignments for several Raman
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lines in aqueous (and D20).solutions of uridine, providing a.
basis for the present analysis of 2'-deoxyuridine and its 5-
fluorinated derivative.
Double Bond Stretching Region: H20

In uridine, the spectral region between 1550 and 1750 cm-l
- consists principally of vibrational contributions from two car-
bonyls and the C-5:C-6 double bond, with a small contribution
(in'HZO only) from a deformation mode of the acidic N-3 proton
(12). 1In H,0 it is not possible to resolve the individual car-
bonyls nor the C-5:C-6 double bond stretching vibrations.

For dUrd in H20, the neutral form (Figure 2.22a) exhibits
an intense peak at 1678 cm"l with a pronounced shoulder at

1626 cm_l. Lord and Thomas (12) have established that the 1676

cm-l peak is predominantly due to carbonyl stretching, and the

1626 cm_l shoulder to C-5:C-6 double bond stretching vibrations.
On deprotonation of the base at N-3 (Figure 2.22c), -these two
peaks are replaced by lines at approximately 1632 cm—l and 1600
-1
cm .
For 5-FdUrd in H20, the neutral form (Figure 2.22b) shows

1

a strong broader peak centered at 1676 cm - with a less intense

shoulder at approximately 1627 cm_l. In contrast to dUrd, de-
protonation (Figure 2.22d) of 5-FdUrd causes most of the inten-
sity to shift to approximately 1604 cm_l, leaving the remaining
intensity at approximately 1668 cm_l (near the original peak

maximum before deprotonation). -
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Figure 4.2. Laser Raman carbonyl stretching region for 50
millimolar D20 solutions of:

(a) neutral dUrd (pH meter reading 5.8),

(b) neutral 5FdUrd (pH meter reading 5.8),

(c) anionic dUrd (pH meter 11.2),

(d) anionic 5FdUrd (pH meter 11.1).
These spectra were obtained as described in section 2.8.2.
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Double Bond Stretching Region: DZO

The much improved resolution for the 1600-1700 cm“l region
in D20 permits a more definitive analysis in terms of the prin-
ciple resonance structures for neutral and anionic dUrd and
5-FAdUrd. The Raman carbonyl stretching region of dUrd and 5-
FdUrd ‘(in D20) are shown in Figure 4.2. The principle resonance
structures for the neutral and anionic forms of these molecules
are shown in Figure 4.3.

For neutral dUrd, the Raman spectrum of the carbonyl region
(Figure 4.2a) shows two vibrationally nonequivalent carbonyls,
with C,==0 at 1687 cm™ ! and C,==0 at 1653 em™ T, assigned by
analogy to Urd (16,17). The lower frequency for the C-4 car-
bonyl favors resonance contributions from Ia and Ib, consistent
with a lower ionization potential (by 1 e.v.) for the lone elec-
tron pair of 0-4 compared to 0-2 (13). Furthermore, structure
Ia is favored over Ib, because X-ray diffraction.shows that the
C5—C6 bond is shorter (1.34 angstroms) than the C4—C5 bond (1.44
angstroms) (14).

For neutral 5-FdUrd, the Raman spectrum (Figure 4.2b) shows
two vibrationally equivalent carbonyls at 1676 cm_l. The'C4==O
frequency has presumably increased relative to the C2==O fre-
quency, compared to dUrd, because o-fluoro- substitution is
known to shift Raman carbonyl stretching to higher frequency in

model compounds (15). X-ray bond lengths (1.33 angstroms for

C.-C

5 Cg and 1.44 angstroms for C4—C5 in 5-FdUrd) (6) disfavor
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Figure 4.3. The principle resonance structures for neutral and
anionic forms of dUrd (R =2'-deoxyuridine, X = !H) and 5FdUrd
(R = 2'-deoxyuridine and X = !9F).
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structure Ib. Thus, the Raman equivalence of C2==O and C4==O
in Figure 4.2b requifes increased contributions from structures
Ic and Id relative to Ia in 5-FdUrd compared to dUrd.

For dUrd, both Raman carbonyl frequencies shift by the same
amount (53 and 51 cm_l) on deprotonation (Figures 4.2a and
4.2c), suggesting comparable contributions from IIa and IIb in
the anion (perhaps better represented as IIc). On the other
hand, the (équivalent) Raman carbonyl frequencies for neutral
5-FdUrd become nonequivalent (1677 and 1608 cm_l) on deprotona-
tion (Figures 4.2b and 4.2d). This nonequivalence almost cer-
tainly favors structure IIa over IIb or IIc in the 5-FdUrd anion,
because the C4=¥O is closer to the site of fluorination than is
C2==O; thus, the C4==O would be expected to experience the lar-
ger Raman shift on deprotonation. 1In this respect, it may be
noted that the !3C-nmr chemical shift of C-~4 moves much farther
downfield on fluorination (by 147.5 Hz at 22.62 MHz) than does
C-2 (43.0 Hz) (7).

Finally, since fluorine substitution increases the frequency
of a double bond stretch (11), the 1676 cm_l envelope for neutral
5-FdUrd (Figure 4.2b) may include a contribution from the C5—

C6 double bond stre:tch.

Vibrations below 1400 cm Y: durd and 5-Fdurd in H,0 and D,0

The most intense Raman line for neutral dUrd in H2O is
located at 1230 cm * (Figure 2.22a). This line, which is weak

in infra-red spectra, may be assigned, by analogy to uridine
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(12), as originating predominantly from a concerted carbon-
nitrogen stretching of the uracil ring (16), with probable major
contribution from vibrations of the two C-N bonds associated
with the protonated N-3. This interpretation is consistent with
the observed sensitivity of this peak to pH and deuteration

(Figures 2.22a, 2.22c; 2.23a, 2.23c). For 5-FdUrd in H,O, the

2
same spectral region shows an intense peak 1213 cm—l and two

1 and 1268 cm—l1 and these peaks are

smaller peaks at 1236 cm
again sensitive to pH and deuteration (Figﬁres 2.22b, 2.22d;
2.23b, 2.23d).

| Neutral dUrd gives a moderately intense peak at 1390 cm--l
in H,0 (1398 em™L in D,0), which'diséppears on N-3 deprotona-
tion. Neutral 5-FdUrd does not show comparable Raman-active
vibrations near this frequency (the peak near 1360 cm—l has a
different origin -- see below).

The intense line located between 780 and 794 cm_l, assigned
to a ring-breathing type of motion, is relatively insensitive to
deprotonation, deuteration, or fluorination of dUrd (Figures
2.22 and 2.23). Similarly, the weak line at 626-630 cm_l also
appears insensitive to deprotonation, deuteration, or fluorina-
tion of dUrd. There is a line at 560 cm T in H,0 for duUrd (and
at 690 cm © for 5-FdUrd) which shifts to higher frequency (by
27 cm—l for dUrd and by 13 cm_l for 5-FdUrd) on deprotonation,

and a similar effect is seen in D20 (Figures 2.23).
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Finally there is one prominent peak for 5-FdUrd (1360 cm_l

at neutral pH in HZO;.1348 em™ L on deprotonation in H,0) in
Figures 2.22b. and 2.22d, which is relatively unaffected by
deuteration (Figure 2.23b; 2.23d). We tentatively assign this
peak to a C-F stretch, since there is no corresponding peak for
the unfluorinated dUrd, and because C-F stretching frequencies
have been observéd for other compounds in this region (11).

4.2.3 5-Fluoro-2'-deoxyuridine (5-FdUrd) and 5-Fluoro-
2'-deoxyuridine-5"'-monophosphate (5-FdUMP)

The laser Raman spectra of 5-FdUrd and 5-FdUMP, shown in
Figure 2.24, exhibit no major changes in the Raman vibrations
due to the 5'-~-phosphate group. The 976 Cm_l line, at pH > 7,
indicated in Figure 2.24c is due to a symmetric stretching vibra-
tion of the POS2 group (17). The only other detectable altera-
tion which may be due to the phosphate group is a broadening of

the spectral envelope for the concerted ringvibration at 786

cm_l, shown in Figure 2.24a.

4.2.4 Concluding Remarks

To summarize this section, the new Raman data indicate that
one important effect of 5-fluorination on the neutral form of
2'-deoxyuridine is to make the two carbonyls more equivalent

by increasing the C,==0 stretching frequency relative to the

4

C,==0 stretch, and the effect of 5-fluorination on the anionic

2

form is to favor structures with more charge density at c,=0

relative to C,=0 than in unfluorinated 2'-deoxyuridine. All
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peaksobserved in solutions of neutral 5-FU, 5-FUrd, and 5-FUMP
~are also present for-the polycrystalline forms of each species.

1

A new prominent pH-sensitive peak at 1360 cm (5-FUrd, H,O,

2
neutral pH), insensitive to deuteration at N-3, is tentatively
assigned to a C-F stretch. Other major peaks have been assigned
by analogy to previously analyzed spectra of uridine (12).

A major consideration of this study was to evaluate the
effects of 5~-fluoro--substitution on the peak intensities of
the uracil base ring vibrations. This was applied to the in-
terpretation of the FU~5SrRNA Raman spectrum. The 782 cm—l
and 1230 cm ' lines of durd in H,0 are reduced by at least 40%
and 87% respectively due to 5-fluoro- substitution (Figure
2.22a and 2.22b). These two Raman lines will be considered in

the interpretation of the FU-5SrRNA Raman spectrum shown in

section 4.3.
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4.3 Laser Raman Spectroscopy of N-5SrRNA-and FU-5SrRNA

As previously mentioned changes in the intensities of
various Raman lines of an RNA spectrum are an indication of
conformational change. Most of the Réman lines due to the
purine and pyrimidine bases are hypochromic (3). That is,
they decrease in intensity with an increase in the stacking
efficiency of the bases. This observed hypochromicity is
often difficult to interpret because of extensive overlap from
the vibrational contributions of different bases. This is es-
pecially true of the spectral region between 1200-1600 cm_l
(3). A line at 725 cm_l is due exclusively to adenine residues.
This line is hypochromic since a decrease in its intensity cor-
responds to more efficient stacking of these residues (18-21).
Conversely, the 670 cm_l line which is due exclusively to
guanine is reverse hypochromic (22,23) since increased stack-
ing interactions cause an increase in its intensity. Another
liﬁe of diagnostic utility is the 814 cm"l line which has been
assigned to the symmetric stretching of ordered phosphodiester
bonds of the ribophosphate backbone (18-21). An increase in
the intensity of this line is indicative of increased regular-
ity of the phosphate backbone. Together the above three Raman
lines are particularly useful because they are each due to a
single vibrational component.

Since they are not complicated from overlapping contribu-

1 1

tions of different origins the 670 cm —, 725 cm™ !, and 814 cm”
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Raman lines are the most useful indicators of RNA conformation.

he \}e 670 cm™! line undergoes almost a 3 fold

In yeast tRNAP
decrease when the guanine bases go from a completely stacked
configuration to an unstacked form (22,23). Conversely, the
725 cm_l line increases about 12% when the partially stacked
adenine residues become unstacked’(3). The 814 cm_l line is a
measure of the helical order of the ribophosphate backbone
(18-21). 1Its intensity is influenced by the geometry of the
C-0-P-0-C linkages and an increase in intensity implies greater
helical order.

A comparison of the Raman spectra of N-5SrRNA before and
after dialysis are shown in Figure 2.25; This shows that con-
formational changes have taken place. In Table 2.3 the peak
intensities, normalized to the invariant 1100 cm_'l line, are
given. The observed increase in the intensity of the 670 cm_l
line by about 12% is an indication of more efficient stacking
of the G bases due to dialysis against magnesium. Similarly,

A stacking is improved since there is a decrease of about 19%
after dialysis. Both samples exhibit comparable regularity in
their ribophosphate backbone as evident from identical inten-
sity values for the 814 cm—l line. The 785 cm_l line decreases
by almost 25%. This line is due to the combined effects of
cytosine and uridine residues and reduces in intensity with

improved stacking interactions of these residues. Consequent-

ly, the substantial reduction is an indication of more efficient



- 158 -

stacking of cytosine and/or uridine bases. The Raman lines
above 1200 cm"l are also sensitive to stacking interactions and
decrease with improved stacking (3). However, the overlapping
of the vibrational contributions from different bases hinder
interpretation. Clearly, alterations in stacking interactions
due to dialysis against magnesium are apparent in the spectral
region between 1200 cm™t and 1600 cm™t (see Table 2.5).

The Raman spectra of the dialysed sample of N-5SrRNA and
that obtained by Chen et. al. are comparable. Differences in
tabulated intensity values are attributable to their selection
of different baselines. Measurement of the relative intensi-

1 l, 725 cm—l, and 670 cm T lines

ties of the 814 cm , 785 cm
using baselines consistent with this work gives values of 1.60,
2.32, 0.68 and 0.72 respectively; these agree favorably with
those values shown in Table 2.5.

The Raman spectra of the dialysed sample of N-5SrRNA and
FU-5SrRNA are similar; These spectra are shown in Figure 2.26

and intensities of Raman lines, relative to the 1100 cm_l

line, are given in Table 2.,5. The intensities of the 670 cm_l
lines, due to guanine residues, are almost identical; an in-
dication of comparable stacking of this residue. Some destack-
ing of adenine residues is apparent since the 725 cm_l line
increases for the 5-FU containing sample. The intensity of

the 814 cm™ ' line is slightly greater for FU-5SrRNA which may

indicate a slightly more ordered ribophosphate backbone.
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The Raman spectra of dUrd and 5-FdUrd shown in Figure
2.22 indicate reduction in the intensities of both the 1234
cm™t and 787 cm™! lines of uridine due to 5-fluoro-substitu-
tion. In the case of the 1234 cm_l line the reduction is ap-
proximately 87%. The 787 cm_'l line is reduced by about 40%.
These reductions are expected to affect the 785 cm_l and 1242
cm ~ lines in proportion to the relative number of 5-FU resi-
dues in FU-5SrRNA. 5SrRNA has 20 uracil residues and 36 cyto-
sine residues. The uridine residues contribute about 25% of the
785 cm'_l line intensity (see Figure 2.22a) while the cytidine
residues contribute approximately 75% (24). Assuming that there
is 100% replacement of uridine by S—fluérouridine and that
cytidine, uridine, and 5-fluorouridine maximum intensities fall
at the same Raman frequency (785 cm_l) then a reduction in the
uridine contribution by about 60% would bé expected (see Fig-
. ures 2.22a and 2.22b). In N-5SrRNA the intensity of the 785
cm™% line is 2.21. This means that for N-5SrRNA 0.55 is due to
uridine (25%) and 1.66 is from cytidine (75%). In an FU-5SrRNA
sample, where all the uridines are replaced by 5-fluorouridine,
the 5-fluorouridine contribution to the 785 cm_l line will be
602 less than for normal uridine or equal to 0.22. This gives
a total intensity for the FU-5SrRNA sample of approximately
0.22 + 1.66 = 1.88; a reduction of about 15%. A reduction of
15% represents the absolute maximum decrease in intensity for

the 785 cm—l line since it assumes 100% replacement of uridine
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by 5-fluorouridine. The expected 5-fluorouridine incorpora-
tion was about 85% (25). Assuming 85% replacement by 5-~fluoro-
uridine, a reduction in intensity of the 785 cm—l line of about
12% would be expected. In Table 2.3 the relative intensities
for the 785 cm © lines of N-5SrRNA and FU-5SrRNA are 2.21 and
2.10 respectively. This corresponds to a 5% reduction due to
5-fluorouridine substitution. Deviation from the expected
value of about 12% reduction could be due to less extensive in-
corporation than.expected or hypochromic effects due to stack-
ing interactions between 5-FU and neighboring bases.

For the 1242 cm_l line uridine residues contribute about
26% (Figure 2.22a), cytidine residues about 69% (24), and ade-
nine residues about 5% (26). In N-5SrRNA the peak intensity of
the 1242 em T line is 1.23 of which 26% (0.32) is due to uri-
dine. A reduction of 87% reduces the uridine contribution to
0.04. This gives an expected line intensity for the FU-5SrRNA
sample of 0.95 or a reduction when compared to N-5SrRNA of about
23%. The 1242 cm ! lines of N-5SrRNA and FU-5SrRNA have the
same intensities. In the above argument it was assumed that
the maximum peak intensities'for uridine, adenine, and 5-fluoro-
adinine occured at the same frequency (1242 cm—l). Actually
the 1242 cm_l line is really a superposition of the 1234 cm_l
uridine line and a 1251 cm—l line due to adenine and cytidine
(3). Comparison of line widths at half the intensity of the

1242 cm_l line indicate that for N-5SrRNA it is much larger;
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40 cm T as compared to 24 cm % for FU-5SrRNA. This is attri-
buted to replacement of uridine by 5-fluorouridine.

Other small changes in the spectral region between 1200-
1600 cm_l are evident. These differences must be attributed
to alterations in conformation resulting from S5-fluorouridine
incorporation but interpretation is hindered by extensive over-
lapping of vibrational contributions from‘various bases (3).

Three major conclusions can be obtained from the compari-
son of the Raman spectra of N-5SrRNA and FU-5SrRNA. First, the
total base stacking is largely unaffected by 5-FU substitution
and therefore the conformation of the two molecules must be
fairly similar. Second, the amount of G-stacking is unaffected
by substitution confirming a similar conformation. Lastly,
minor differences in the spectra of FU-5SrRNA and N-5SrRNA are
that the backbone order for the FU species is slightly greater
and the adenine and uridine stacking are slightly less in FU-
5SrRNA. The increase in baékbone order may be a result of in-
creased strength of bonding of adenine-uridine pairs due to the
presence of the electronegative fluorine group (27). The de-
crease in adenine and uridine stacking is likely a result of
decreased stacking efficiency for adehine®5—fluorouridine
pairs. The presence of the fluorine may prevent efficient
overlap of the adenine:5-fluorouridine base pair electron

clouds with neighboring base. pairs.
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The laser Raman spectrum of FU-5SrRNA was obtained with-
out Aialysis of the sample against magnesium. The spectrum's
high degree of order, comparable to N-5SrRNA after dialysis,
is attributed to the 5-fluorouracil residues. The dialysis
against magnesium is believed to renature N-5SrRNA (28). The
dialysis of the FU-5SrRNA sample resulted in unacceptably high
fluorescence background which prevented the obtainment of a
spectrum.

The above results suggest that 5-FU substitution in
5SrRNA is expected to cause minimal perturbation of structure
and conclusions resulting from a study of FU-5SrRNA structure

should be applicable to N-5S5rRNA.
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CHAPTER 5
CONCLUDING REMARKS

From this study it can be concluded that !%F-nmr spectro-
scopy and laser Raman spectroscopy can be used to interpret
conformational properties of 5SrRNA (or FU-5SrRNA). The major
advantage of both these physical techniques is that they pro-
vide information about molecular conformation in an aqueous
environment. This is apparent from spectral changes which re-
sult when conditions of the molecular environment are altered.

The léF—nmr spectré of FU-5SrRNA presented in this work
indicate a number of important features. The spectrum at 254
MHz consists of 8 distinct peaks and 2 shoulders with a chemical
shift range of approximately 8 p.p.m.. Together they represent
fluorine resonances from about 20 5-fluorouracil residues. The
most exposed residues are assigned on the basis of the resonant
frequency of the 5-fluoro-2'-deoxyuridine monophosphate monomer
and the heat denatureation of FU-5SrRNA. The remaining fluorine
peaks (about 70% of the total) are believed to be due to buried
5-fluorouracil residues. The Tl values for the individual peaks
are also determined; all are short (between 0.3 - 0.4 seconds),
an indication of a rigid molecular structure. This is in con-
trast to the Tl value of the 5-fluoro-2'-deoxyuridine monomer
which is approximately 5 seconds. Comparison of theoretical

and experimental !'%F-!H nuclear Overhauser enhancements
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demonstrates defiﬁitively that virtually all the labeled ura-
cils are bound rigidly to the macromolecular frame with a ro-
‘tational correlation time of about 10 nsec or longer. Since
these uracil residues are widely distributed throughout the
nucleotide sequence, it may be concluded that the entire FU-
5Sr RNA solution structure is highly rigid. This latter experi-
ment also confirms that Tl relaxation is purely dipolar since
almost full Overhauser nﬁlling is observed.

From the laser Raman spectroscopy data two important con-
clusions can be ascertained. First, 5-fluoro- substitution
alters certain vibrational properties of the uracil base. The

1 and 1230 cm™! lines of 2'-deoxyuri-

intensities of the 782 cm
dine 1in H2O (neutral form) are reduced by at least 40% and 87%,
respectively, due to 5-fluoro- substitution. A new prominent

pH- sensitive peak at 1360 em™1

(5~fluoro-2'-deoxyuridine, H20,
neutral pH), insensitive to deuteration at N-3, is tentatively
assigned to a C-F stretch. An additional effect of 5-fluorina-
tion on the neutral form of 2'-deoxyuridine is to cause an in-
crease in the C4==O stretching frequency relative to the C2==O
stretch. The effect of 5-fluorination on the anionic form is

to favor more charge density at C4==O relative to C2==O. Sec~-
ond, from comparison of N-5SrRNA spectra with those of FU-5SrRNA
it seems evident that 5-fluorouracil substitution in 5SrRNA
causes only minimal perturbation of structure and, thus, con-

clusions resulting from a study of FU-5SrRNA structure should

be applicable to N-5SrRNA.



- 167 -

Recent infrared spectroscopy of native E. coli 5SrRNA
indicates that all of its 20 uracils are base paired (6). Four
of the uracils were shown to be tertiary and the remaining 16
secondary. In the numerous proposed structures of E. coli
5SrRNA the number of base pairs involving uracil range from 4
to 14. The comparison of the infrared spectrum of E. coli
58rRNA at 52 OC, where tertiary base pairs are presumed dis-
rupted, with computer simulated spectra of various proposed
secondary structures of 5SrRNA are shown in Figures 5.1 - 5.4.
These results indicate that only models in Figures 5.le, 5.2b,
5.3c, 5.3f, and 5.4b have simulated spectra similar to the

°c. 1In Figure 5.5

experimentally obtained spectrum at 52
simulated spectra for models where tertiary interactions are
proposed were compared with the IR spectrum of E. coli 5SrRNA
at 20 °c. Only the simulated spectrum in Figure 5.5a fits the
experimental spectrum. In all cases for both the 52 °c and
20 °c spectra the proposed models which best fit the expéri—
mental spectrum have the most extensive A-U base pairs. The
19F—-nmr study tends to corroborate these results. At least 70%
of the 5-fluorouracil residues were shown to experience secon-
dary or tertiary effects. This fits well with models proposed
by Cantor (7) and Luoma and Marshall (10 A-U and 6 G-U pairs)
(4).

In conclusion, virtually all previously proposed secondary

structural models for prokaryotic 5SrRNA (1-2) have a large
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Figure 5.1. Simulated infrared spectra for E. coli 5SrRNA
structural models (5—) in comparison to the experimental spec-
trum recorded at 52°C (...) (6).
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Figure 5.2. Simulated infrared spectra for E. coli 5SrRNA
structural models (—) %n comparison to the experimental
spectrum recorded at 52°C (...)(6).
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Figure 5.3. Simulated infrared spectra for E. coli 5SrRNA
structural models (—) %n comparison to the experimental
spectrum recorded at 52°C (...)(6).



- 171 -

1800 00, 1600 00 1800 1700, 1600 1500

Figure 5.4. Simulated infrared spectra for E. coli 5SrRNA
structural models (—) %n comparison to the experimental
spectrum recorded at 52°C (...) (6).
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Figure 5.5. Simulated infrared spectra for those E. coli 5SrRNA
structural models in which tertiary interactions have been pro-
posed (—) in comparison to the experimental spectrum recorded

at 20°C (---) (6).
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fraction (usually more than half).of the uracil residues left
unpaired. 1In contrast, the present theoretical and experimen-
tal !°F-nmr and !°F-!H nuclear Overhauser enhancement results
convincingly demonstrate that essentially all fluorouracil
residues in E. coli 5SrRNA are bound firmly to a rigid macro-
molecular frame in solution. These results are consistent with
Raman data (3) showing a high degree of overall base-pairing
and RNA A-helix content in native E. coli 5SrRNA. Both the
Raman and !9F-nmr data support the most recently proposed "clo-

verleaf" secondary structure for prokaryotic 5SrRNA (4-5).
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