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ABSTRACT

Analysis of Ribose Dynamics in RNA Molecules Utilizing 13C NMR Spin
Relaxation Techniques Determined with Specific Isotope Labeling Scheme

By
James Edward Johnson, Jr.

With the increased recognition of the varied roles that RNA molecules can
perform in biology, there has come a larger interest in the study of RNA structure
and function. In many cases, the function of structured RNA molecules such as
ribozymes depends to a great extent on conformational dynamics on various time

scales. While conformational exchange on the us-ms timescale has been
studied in nucleic acid side-chain bases using sophisticated 13C NMR spin
relaxation experiments, the ribose ring of RNA is poorly suited for these
experiments due to magnetic interference arising from 13C—13C interactions in
uniform 13C labeled samples. To alleviate these errors, a novel alternate-site

13C labeling scheme was developed to isolate 1H-130 spin systems within the

ribose ring suitable for 130 NMR studies.
Using Escherichia coli strains deficient in the oxidative portion of the

pentose phosphate pathway, 2' and 4' 1H-130 spin systems have been isolated

rendering these ribose sugars suitable for 130 NMR studies. Using 13C spin

relaxation measurements for rAMP solvated in Dg-glycerol samples to simulate

various correlation times, it was demonstrated that magnetic interactions from



. 13 . .
adjacent ~C nuclei can be a source of error in R1 measurements for molecules

with long correlation times and in R1, measurements where coupled 13C nuclei

have similar effective fields. The alternate-site labeling scheme is a practical
approach to removing these errors. Comprehensive analysis of ribose carbons
for the tetraloop region of the GCAA RNA hairpin has been determined via the

incorporation of ribonucleotides using the alternate-site labeling scheme. From

the combined analysis of CPMG and R1, data measurements, timescales of

ribose pucker transitions were observed for the dynamic tetraloop region.
Exchange lifetimes for ribose carbons within the tetraloop were observed to be
similar within error, indicative of concerted motions for multiple residues. Also,
temperature dependent studies, activation energies for ribose pucker transitions
were determined.

With the validation of the alternate site labeling scheme, preliminary
studies have been performed for more biologically relevant RNA ribozymes,
particularly the hairpin ribozyme. The methods reported in herein will open a
new window into the analysis of conformational dynamics in RNA molecules and
advance efforts to understand the correlation between dynamics and function in

ribozymes and other RNA systems.
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Chapter 1

Introduction



Discovery of Ribozymes. RNA molecules take part in essential roles in many
cellular processes. Previously, RNA was thought to have a secondary role in the
cell: a genetic translator in the form of messenger RNA, an amino acid
chaperone in the form of transfer RNA, and a structural support for
macromolecular complexes in the form of ribosomal RNA (1). However, the
scientific community was forever changed in the early 1980s when the labs of
Drs. Thomas Cech and Sydney Altman discovered the existence of catalytic
RNAs, or ribozymes. Both labs were able to demonstrate that RNA alone
performs chemistry without the aid of amino acid side chains from proteins (2,3).
These findings have changed the way RNA is viewed in the cell and have
sparked a revolution of RNA discoveries and uses. Different RNA systems have
since been discovered to control gene expression including RNA riboswitches,
microRNAs, and RNA interference in addition to ribozymes (4-7), demonstrating
the diversity of RNA functions in the cell.

General Mechanism of Catalysis. Ribozymes have been found in various
cellular functions such as viral replication, splicing of intronic genes, maturation
of tRNA molecules (8), and there is evidence that the ribosome is a ribozyme (9).
Examples of naturally occurring ribozymes are the hammerhead (10), hairpin
(11), Hepatitis Delta virus (12), Neurospora Varkud satellite (13), group | (2) and
Il intron (14), and the RNA subunit of ribonuclease P (3). Most ribozymes
catalyze phosphotransferase reactions along the phosphate backbone with
mechanisms similar to ribonucleases (15,16) (Fig. 1.1). The active site

architecture of ribozymes are positioned to deprotonate the nucleophile, stabilize



the charge build-up of the transition state, and protonate the leaving group.
Metal ions have been implicated to participate in the catalytic mechanism similar
to the amino acid side chain imidazoles in ribonuclease A (9). This is similar for
ribozymes where metal ions have been irhplicated in assisting the catalytic
mechanism in most cases. In special cases, such as the hairpin ribozyme, metal
ions are not observed in the active site leading to the theory that the nucleobases
take part as the primary role in catalysis (17,18). This theory is further supported
from the crystal structure of the full-length hammerhead ribozyme where no

metals were observed in the active site (19).



Figure 1.1: Proposed mechanisms for RNA strand scission catalyzed by

ribozymes.



Evidence of Dynamics in RNA Systems. Conformational dynamics are well
known to play an important role in the function of enzymes. Similarly, there is
increasing evidence that conformational changes are crucial to ribozyme
function. For example, active site architecture has been studied in minimal
sequence hammerhead ribozyme through several crystal structures. Pley et al.
(20) crystallized the hammerhead using a DNA inhibitor strand, while Scott et al.
(21) crystallized the hammerhead using a 2'-O-methyl group in place of the
reactive 2'-OH. The reactive 2' oxygen was not observed in either structure
within proper distance of the scissile phosphate for in-line nucleophilic attack.
However, Klug and coworkers (22) crystallized unmodified hammerhead
molecules with and without metal ions, using flash-freezing to capture the
intermediate structure. Also, Dunham et al. (23) crystallized a hammerhead
sequence with a phosphodiester linkage between stems | and |l to mimic the pre-
catalytic state. In this structure, the nucleophile was positioned very close to
proper orientation; it was theorized that a sugar pucker transition could complete
the alignment necessary for in-line nucleophilic attack. Comparison of all of the
crystal structures suggests a model where the hammerhead undergoes a
conformational change to position the reactive groups congruent with in-line
nucleophilic attack. Recently, the crystal structure of the full length 63 nucleotide
hammerhead ribozyme solved by Martick and Scott (19) with a 2'-O-methyl group
revealed tertiary interactions that induce structural changes aligning the reactive

ribose ring very close to the proper geometry for in-line nucleophilic attack.



Taken together, these results suggest that investigation of dynamics within the
active site of ribozymes can be crucial to understand the catalytic mechanism.
Another ribozyme system where conformational change has been shown
to contribute greatly to the catalytic mechanism is the hairpin ribozyme. The
hairpin ribozyme is a RNA four-way helix junction (4WJ) where two helices A and
B must interact for catalysis. While metal ions have been shown to facilitate
proper RNA folding, they have not been directly linked to the catalytic
mechanism. Ferre-D’Amare and co-workers (18) have crystallized several 4WJ

hairpin constructs to investigate the catalytic site of the hairpin ribozyme. Using
a 2-O-methyl group in place of the reactive 2'-OH for A4, extensive
conformational changes were observed, including the formation of a cross-stem
Watson-Crick base pair for G+1 and C25. The formation of this base pair
constrains A.1 and G+1 into C2'-endo conformation aligning the proposed

nucleophile and leaving group. The significance of sugar pucker was further
elucidated in the comparison of transition state mimic hairpin crystals as well as
wild type crystals (24). Superposition of the precursor, transition state mimic,

and product constructs revealed a rigid active site were motion was confined to

the scissile phosphate and ribose ring of A1, where a change in the sugar
pucker was observed. Salter et al. (25) crystallized multiple analogs for Gg using
a 2'-O-methyl group in place of the reactive 2'-OH for A_1. Removal of functional

groups for Gg was shown, in some cases, to alter the sugar pucker of A_1. Along



with the hammerhead ribozyme, conformational changes appear to be critical to
the reaction mechanism.

Experimental Methods to Probe Dynamics. Several methods have been used
to study conformational changes of ribozymes. Turner and coworkers (26) used
fluorescence detected stopped-flow methods to investigate binding of RNA
oligomers to Tetrahymena thermophila ribozyme. Also, Burke and coworkers
(27) have used fluorescence resonance energy transfer to study conformational
changes such as loop-loop interaction for the hairpin ribozyme. One drawback to
these methods is that investigation of the fluorophore can be insensitive to
localized conformational changes that do not alter the global structure. To focus
on more localized motions, incorporation of fluorescent nucleotide analogs can
elucidate internal motions in nucleic acids. For example, the use of 2-
aminopurine analogs has been used to probe structural changes through base
extrusions for trans-activator responsive region hairpin of human
immunodeficiency virus type 1 binding to ligands (28).

Nuclear magnetic resonance (NMR) spectroscopy is a powerful method to
measure localized conformational changes. Using NMR techniques, each
residue can be investigated, which can reveal localized motions throughout the
molecule in a site-specific fashion. NMR methods can be used to investigate
dynamics across a broad range of timescales. For ribozymes, different
timescales may be important for catalysis. A possible model for the reaction
mechanism of some ribozymes is presented in figure 1.2, where the ground state

(E-S), which is not suitable for catalysis, proceeds to a pre-catalytic state (E-S*)



that more closely resembles the transition state before products (E-P) are
formed. NMR spin relaxation studies can measure “fast” dynamics on the
picosecond to nanosecond timescale, such as segmental motions. In addition,
“slow” dynamics can be measured on the microsecond to millisecond timescale
to investigate conformational changes between states. The use of NMR dynamic

studies can be useful to help reveal how motions participate in catalysis.



TS

1S-MS

—

E-S*

E-P

Figure 1.2: Reaction coordinate illustrating motional timescales best suited for
NMR spin relaxation studies. E-S represents enzyme-substrate ground state
complex, E-S* represent pre-catalytic state, TS represents transition state, and
E-P represents enzyme-product complex. Figure was adapted from Hoogstraten
and Sumita, “Structure-function relationships in RNA and RNP enzymes: recent
advances” published in Biopolymers (2007) (29).



NMR Dynamic Studies. NMR spin relaxation experiments have been used to

investigate dynamics of macromolecules, particularly longitudinal (71) and

transverse (T2) relaxation as well as heteronuclear nuclear Overhauser
enhancement (hNOE) measurements. In an early study, Gurd and co-workers
(30) employed natural abundance 130 NMR T4 measurements to investigate

motions within ribonuclease A. Interestingly, multiple dynamics were observed

for B- and s-carbons. Glushko et al. (31) further analyzed segmental motions of
ribonuclease A through pH studies. Investigating 130 T1 measurements with a

pH range of 6.55 to 1.46, they were able to analyze not only segmental motions,
but conformational changes due to protein denaturation. Roberts and coworkers

(32) were perhaps one of the first groups to measure rotation correlation times
from 15N T4 and hNOE measurements in not only proteins, but tRNA as well.
For amide resonances of lysozyme, determination of motional parameters for

. . . . 13
amides of lysine groups was in excellent agreement with ~"C Tq1 measurements

of e-carbons of lysine side chains. These results were significant because they

demonstrate that NMR methods can be used to investigate fast internal motions

. 15 . . e
within macromolecules. Also, 13C and N dynamic studies can report on similar

motional modes. For example, Hawkes et al. (33) measured 13C and 15N T

measurements for gramicidin S. In short, a method was outlined to study internal

dynamics of macromolecules that can differentiate local fluctuations from global

10



motions. Several groups used this approach to extract dynamic properties using

13C and 15N NMR spin relaxation measurements (34-38).

. 13 15 . .
While early "C and "N spin relaxation measurements were valuable for

determining local motional modes within macromolecules, these experiments

suffered from limitations. All the previously mentioned works were obtained

using one-dimensional direct ion detect spectroscopy of natural abundance 13C

and/or 15N. 13C has a natural abundance of 1% while 15N has a natural

abundance of just 0.4%. To offset this limitation, groups have used substantial
sample concentrations, in excess of 20 mM for solution state NMR. This also
leads to issues with sample solubility, which can severely limit studies of

macromolecules. Another issue that hampered data analysis is spectral overlap.

In most cases, one-dimensional 13C and 15N spectra had very few residues that

were resolved from other residues. For example, Gurd and co-workers (30,31)
measured effective correlation times for a-carbon envelopes as opposed to
individual residues. In this case, individual residues with different rotational
correlation times can be masked by global motions.

To offset this, heteronuclear two-dimensional spectroscopy experiments
were developed (39,40). These pulse sequences are important because they
provide enhanced sensitivity to nuclei with low gyromagnetic ratios as well as

providing a second dimension of chemical shifts for decreased spectral overlap.

Several groups have used these pulse sequences to measure T1 values in

11



proteins (41-43). Nirmala and Wagner (43) developed a two-dimensional pulse
sequence to measure 130 T4 values for nearly all a-carbons in basic pancreatic
trypsin inhibitor (BPTI) at natural abundance. This result is significant because

they were able to measure individual 13C T4 values for a-carbons as opposed to

a bulk 749 values. Indeed, 13C T1 measurements in the BPTI showed a high

degree of variability. With the advances in spectrometer field strength combined
with two-dimensional pulse sequences, the measurement of dynamics in

macromolecules became more practical.

. 1 1 . . . .
Relaxation of 3C and 5N nuclei in solution predominately arises from

dipolar interaction from covalently bound protons. T4, T2, and hNOE depend on

spectral density functions, which are Fourier transformations of the auto-

correlation function for molecular motion (44). Richarz et al. (34) used 13C T1

and hNOE values to determine internal dynamics for 130 carbons of BPTI. In

this work, internal dynamics were interpreted using the wobbling in a cone model
proposed by Kinosita et al. (45). From this model, information such as rotation
about single bonds and diffusion of a rotation axis inside the cone can be
determined. Other models can be used to determine internal dynamics within
macromolecules (46,47). Likewise, Lipari and Szabo (48) were able to extract
similar internal dynamic parameters for nucleic acid fragments using different
models of internal motions. The models corresponded to different physical

representations, but yielded the same numerical value of the order parameter.

12



Model-Free Formalism. Lipari and Szabo (49,50) developed a model-
independent formalism to correlate dynamic properties to measured relaxation

rates. In this “model-free” approach, fast internal motions can be described by a

generalized order parameter, 82, which is the measure of the degree of spatial

restriction of the motion, and an effective correlation time, te, which is a measure

of the rate of the motion for a given nucleus. This formalism removes the
ambiguity of internal dynamics interpretation. The model-free formalism has
been validated over a wide range of motions, including for anisotropic rotations
where the overall motion cannot be described by a single correlation time.
Because motional parameters describing fast motion can be determined in
an independent fashion, the model free approach has been widely accepted to
investigate internal dynamics using NMR. Early use of the model-free approach

was done by Bax and co-workers (51), where internal dynamics for amides of

15N uniformly enriched staphylococcal nuclease were investigated at several
field strengths using 15N T4, T2 and hNOE measurements. Pulse sequences
were developed to accurately measure Tq, T2, and hNOE data. Staphylococcal
nuclease exhibited a uniform structure with similar 82 for nearly all amide

2 .
resonances measured, an average value of 0.86 for S. Some N- and C-terminal

residues were shown to have significant disorder as well as effective correlation

times. In particular, the C-terminal residue Gly-148 was reported to have a 82

and 1e of 0.23 and 120 ps, respectively (51). In addition to interpreting fast

13



motions, investigations of slow motions were performed. Transverse relaxation
measurements are sensitive chemical or conformational exchange on the

microsecond to millisecond timescale. In staphylococcal nuclease, Glu-52 and
Lys-53 exhibited 1/T2 values 2.5 times larger than the average 1/T2 values (51),
indicative of conformational motions on the us to ms timescale. This is plausible
because these residues are located within a flexible region of the molecule (52).

Interestingly, T1 values measured for these residues are similar to 71 values

measured for nearly all residues. Taken together, these results were significant
to the field of NMR spectroscopy because the validity of using NMR spin
relaxation studies to probe internal motions across a broad range of timescales
were demonstrated.

Torchia and co-workers (53) extended interpretation of internal dynamics

to 13C methyl groups of leucine residues. In this approach, internal dynamics

were determined from an extension to the Lipari-Szabo formalism by Clore et al.
(54). The approach by Clore et al. was developed to include “slow” motions that
are an order of magnitude larger than effective correlation times, yet still faster

than the overall isotropic correlation time. Using this extended model free

approach, Torchia et al. were able to separate order parameters of leucine 13C
methyl carbons into flexible and rigid groups (53). The rigid 130 carbons st
(see next paragraph) values were found to be similar to 82 values for backbone

15N amide resonances using the standard model free approach. This result is

14



useful because it demonstrates the presence of dynamics of side chains in
addition to backbone nuclei.

Previously, exchange contributions were determined from comparisons of

R2 (1/T2) values. Wright and co-workers integrated exchange contributions on

the us to ms timescale that contribute to the overall transverse relaxation
mechanism into the model-free analysis using the term Reyx, the contribution to

the observed transverse relaxation rate due to exchange (55,56). Analysis of
internal motions using the extended model-free formalism can be daunting due to
the numerous motional parameters. Palmer and co-workers (57) have
developed the user-friendly ModelFree computer program that aids in the
selection of motional parameters that best represents the data. Using this
program, five different conditions of molecular motions were utilized to best fit the
experimental data, which includes isotropic and anisotropic conditions. Palmer
and co-workers (57) were able to investigate dynamics across a broad range of
motional timescales. For example, complex dynamics were discovered within a
flexible region of E. coli ribonuclease HI where internal motions of nuclei in this
region could be described using all conditions possible (57).

Relaxation Dispersion. The analysis of fast dynamics has been well
documented using the model-free formalism. However, dynamics on the ps-ms
timescale are not well determined using this approach. Many biological
processes such as catalysis, protein folding, and allosteric transitions occur on
these timescales (58). Using the model-free approach, chemical or

conformational changes that affect the measured chemical shift are described
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with the term, Rex. A more definitive description of the Rex term can done by

investigating the transverse relaxation rate as a function of effective field
strength. In early work of this type, Luz and Meiboom previously utilized spin
echo delays to determine proton transfer between trimethylammonium ion and
trimethylamine in solution using Carr-Purcell-Meiboom-Gill (CPMG) pulse
scheme (59). In this work, it was derived that transverse relaxation rates in the
presence of chemical or conformational exchange depend on the average
lifetime of exchange for a nuclei, pulse repetition rate, fractional populations of

exchanging states, and chemical shift difference between states. Similar
derivations were made for the rotating frame R1, pulse scheme (60,61) where
magnetization is spin-locked in the rotating frame by the application of a radio

frequency field. Again, transverse R1, measurements in the presence of

exchange varies as a function of the spin-lock power deposition, lifetime of

exchange for the nuclei, fractional population of n sites, and chemical shift

difference between sites. Arseniev and co-workers (62) applied a 15N spin-echo

modulated CPMG pulse sequence to investigate us-ms motions for amides in
bacterioopsin. In this work, all exchange lifetimes for backbone amides
excluding N and C termini were determined to within error of each other, leading

to a model where cooperative motion was occurring for the a-helices. It was

interpreted that the Rex contribution was due to helix-helix interaction whereby

the helices exhibit slight shifting along each other, changing the tilt or bend.
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Exchange contributions have also been determined using power-dependent R1 p

experiments. Using spin-echo modulated CPMG and/or power-dependent R1 p

experiments, dynamics on the us-ms timescale can be probed.

NMR Dynamic Studies of RNA Molecules. Dynamics of proteins have been
studied extensively using the model-free formalism (55,56,63-72). By contrast,
the investigation of dynamics of nucleic acids using the model free approach has
only been done for a few cases (73-81). Spielmann (73) investigated natural
abundance aromatic and deoxyribose dynamics in a DNA oligomer and DNA
oligomer complexed with a dye. Using the extended model free analysis,

extensive dynamics were observed in the un-liganded DNA oligomer including

average 82 values of 0.79 and several residues exhibiting Rex contributions.

Upon binding the dye, previously observed dynamics were quenched or reduced
indicative of the DNA oligomer becoming more structured. Hall and Tang (75)
investigated temperature-dependent dynamics for purine bases in the iron
responsive element RNA hairpin also using the model-free approach. At 20 °C,
order parameters obtained varied little among resonances throughout the
molecule, supporting the NMR structure where loop residues were stacked and
structured similar to stem residues. As the temperature increased, a reduction in
structure was observed for the loop residues while the stem residues maintained
their structure similar to that observed at 20 °C. From these works as well as
others, internal dynamics can be investigated in nucleic acids to probe motional

modes of nucleic acids.
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Spin-echo modulated CPMG (82-91) and power-dependent R1,

experiments (92-98) have been implemented even less in nucleic acids (76,99-

102). Hoogstraten et al. (99) investigated 13C aromatic dynamics in the lead-

dependent ribozyme.  Using power-dependent R1, experiments, several

exchange lifetimes on the microsecond regime were observed, including

exchange lifetimes for C2 and C8 nuclei of A2s. The exchange lifetimes
determined from R4, experiments were very similar to exchange lifetimes for
protonation of A2s N1 determined by line-shape analysis (103). These resuits

show the usefulness of obtaining motional parameters in RNA molecules. A2s is

cross-strand from the catalytic residue, Cs (see chapter 4). It was hypothesized

that dynamics observed at this residue was indicative of base flipping for Ce.

Blad et al. (100) also obtained motional parameters from power-dependent R1,

experiments for base as well as C1' sugar atoms in the U6 RNA intramolecular
stem—loop (see figure 1.3 for numbering). This work was unique in the
measurement of exchange lifetimes for the sugar atom C1'. By obtaining multiple

motional parameters for the base and sugar moiety of a residue, correlated

motions can be investigated. Indeed, Blad et al. (100) were able to fit R1, data to

a single nucleotide exchange lifetime for C1' and base atoms of four residues in
the RNA oligomer. Interestingly, all exchange lifetimes measured were similar

within error. These residues were found throughout the oligomer and not
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localized to a particular region. It was hypothesized that these residues were
reporting on a single global conformational rearrangement within the U6 RNA by
determining motional parameters using a global exchange lifetime of 84 us (100).
Taken together, us to ms motions can be determined in nucleic acids to probe

not only localized motions, but global conformational fluctuations as well.
Limitation of NMR Studies in RNA Molecules. Both 130 and 15N nuclei have
been used to analyze motions in proteins. Nucleic acids have relatively few

protonated 15N nuclei for analysis similar to proteins (104), since 15N nuclei can

only be found in the aromatic bases of nucleic acids. Because of this, 15N

dynamic studies are restricted to the aromatic ring in RNA molecules. However,
there are protonated carbons located in both the aromatic base and significantly

in the ribose ring (Fig. 1.3). Unfortunately, the structure of the ribose ring leads

to 130-130 interactions, which can lead to difficulty in unambiguously

understanding relaxation mechanisms in uniformly 3C enriched nucleotides

(105). To offset this limitation, groups employed several methods to obtain

isolated 1H-13C spin systems for accurate measurements including acquiring

relaxation measurements at natural isotopic abundance (73,106) and using low

levels of partial 13C fractional enrichment (74,107). While these experiments
remove unwanted 13C-13C interaction, they suffer severe sensitivity loss. Other

ways to highly enrich 130 sites are the use of chemical synthesis to specifically
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prepare the ribose ring of nucleic acids (108-110). However, this approach can

be laborious and time consuming. While information about RNA dynamics has

been obtained for 13C base resonances (75,111), little information has been

obtained for 13C ribose resonances. In cases where ribose dynamics has been
obtained, analysis has been limited to C1' and/or C5' resonances

(76,79,100,108). As seen earlier, measured 15N amide backbone dynamics of

BPTI showed a high degree of similarity with several 130 methyl groups while

some differed, revealing a case where dynamics are highly localized (53). It is
possible that nucleic acids could display a similar trend where significant base
dynamics can be observed while little to no dynamics are discerned for the ribose
ring, or vice versa. To circumvent these issues, extension of NMR dynamics

studies to the ribose ring is needed.
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Figure 1.3: Structure of the nucleic acid base and sugar ring for ribonucleosides.
Adenosine, Cytidine, Guanosine, and Uridine ribonucleosides are shown where
carbon nuclei accessible to NMR relaxation studies are highlighted in red.
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The goal of this thesis is to investigate dynamics in RNA systems using

sophisticated 13C NMR spin relaxation experiments. In chapter 2, methods are

presented to specifically 13C label the ribose ring of ribonucleotides, including an
. 13,12, . . . . . .

alternating C- "C isotope labeling scheme, rendering the ribose ring suitable

for 13C NMR spin relaxation studies. R1 and R4, data acquired for specific

labeled ribose is compared to uniformly labeled ribose to investigate the effect of

1 1 . . . . .
3C- 3C interactions. In chapter 3, extensive analyses of ribose dynamics are

presented for the GCAA RNA hairpin using the specific labeling scheme.

Analyses of multiple timescales are included through the use of the model-free
formalism and combined spin-echo modulated CPMG and R1, measurements.

In chapter 4, preliminary analysis of ribose dynamics within the active site of the

lead-dependent ribozyme is presented with 13C specific labeled cytidine

incorporation. In chapter 5, preliminary 1H, 13C, and 15N chemical shift

assignments are reported for wild type and mutant domain A of the hairpin
ribozyme. In chapter 6, general conclusions are made and possible directions for

future research are outlined.
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Chapter 2

The Development and Characterization of a Novel Alternating Isotope 13C
Labeling Scheme for ' °C NMR Dynamic Studies in RNA

Portions of this chapter were derived from “Alternate-site isotopic labeling of
ribonucleotides for NMR studies of ribose conformational dynamics in RNA”
published in the Journal of Biomolecular NMR (2006), written by Dr. Charles G.
Hoogstraten and myself.
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INTRODUCTION

Heteronuclear NMR spin relaxation is an effective experimental technique
to investigate conformational dynamics in biological molecules. Studies have
been conducted on timescales that cover the picosecond to millisecond regime
(1-5). These studies were made possible by the model-free formalism developed
by Lipari and Szabo (6,7) that examine picosecond to nanosecond timescales,
and relaxation dispersion curves (8) that probe microsecond to millisecond
timescales. Using these approaches, motional parameters can be determined.

NMR relaxation is the process by which the magnetization returns to
equilibrium. There are two types of NMR relaxation: longitudinal (z-axis) and
transverse (x-y plane). Longitudinal relaxation is the process by which the bulk
magnetization reappears along the z-axis, or static field, according to its
Boltzmann distribution.  Transverse relaxation is the process by which
magnetization perpendicular to the static field disappears due to coherence loss.
Nuclear spins within a molecule are sensitive to other spins within their
environment leading to unique local fields for each nuclear spin. Dipolar coupling
is the interaction of nuclear spins through space, which depends on the nuclear
spin’s orientation to the static magnetic field. Chemical shift anisotropy (CSA) is
the orientation dependence of the nuclei with the induced field of the electrons
surrounding the nuclei. As a molecule tumbles in solution, the orientation of the
nuclei changes and the dipolar coupling and CSA change the localized field at

the nucleus which determines the relaxation. The overall molecular tumbling is

defined as the overall correlation time tc, which is the time it takes for the
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molecule to rotate by one radian. Measurements of longitudinal, R1, and/or

transverse, R2 (R1)), relaxation rates can yield valuable information.

Another experiment that can affect longitudinal magnetization is steady
state heteronuclear Overhauser effect (sshNOE). During this process,
application of a weak radio frequency (RF) field at the frequency of one spin for a
sufficiently long time can affect non-irradiated spins, enhancing the longitudinal
magnetization for the non-irradiated spin. The NOE enhancement depends on
the correlation time, and thus can be used to probe internal motions in
macromolecules.

As mentioned in chapter one, the model-free approach uses spectral

density functions for R1, R2 and sshNOE in order to probe motions of nuclei

within a molecule to determine motional parameters: an order parameter, 82
which is a measure of spatial restriction, an effective correlation time, te which is

the timescale of internal motion, and Rex, which is the contribution to the

observed transverse relaxation rate due to exchange on the ps to ms timescale.
It should be noted that CSA relaxation can be neglected at lower to medium field
strengths for liquids; however, at higher field strengths, CSA contributions can
equal dipole-dipole contributions (4).

The application of the model-free formalism was pioneered by Kay et al.

(9) where motions for amide 15N nuclei of staphylococcal nuclease were

investigated. From R4, R2, and hNOE data, Kay et al. (9) were able to obtain an
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average value for the order parameter, 82, of 0.86 for all measured amide 15N

nuclei of the protein excluding three residues which were located in the termini.

These techniques have been applied to other proteins (10-15) as well as nucleic

acids (16-21). To interpret Rex contributions more definitively, the use of

relaxation dispersive curves have been used to determine chemical shift
perturbations for an atom through chemical or conformational changes. In this

approach, spin-echo modulated Carr-Purcell-Meiboom-Gill (CPMG) and/or

power-dependent spin-locked rotating frame (R1,,) relaxation rates are measured

as a function of effective field strength. Millet ef al. (22) measured exchange

contributions for 15N amide resonances in basic pancreatic trypsin inhibitor. In

this approach, exchange contributions were observed for several residues near

the region of the Cys14-Cys38 disulfide bond where isomerization occurs.
Determination of motional timescales for backbone 15N amides as well as 13C
sidechain atoms using relaxation dispersion curves in proteins have been utilized
(23-32) while applications to 13C atoms in nucleic acids have been sparsely done
(18,33-36).

NMR spin relaxation experiments have been aided greatly by the use of

isotopic enriched media to incorporate magnetically active nuclei into molecules

of interest. Prior to use of isotope labeling, large amounts of sample had to be

prepared to compensate for weak signal due to small gyromagnetic ratios for 13C

and 15N. In addition, early NMR relaxation experiments were limited to one-
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dimensional direct detection (37-39), for which relaxation rates were limited to an
ensemble of resonances or isolated resonances. The use of two-dimensional
correlated spectroscopy has eliminated this limitation by reducing spectral

overlap, thereby greatly aiding dynamic studies within macromolecules.

. . 13 . . . . .
In nucleic acids, C relaxation experiments have been limited primarily to

the purine and pyrimidines bases (5). Complete 130 labeling of carbons of the
ribose ring using standard uniform enrichment complicates data analysis due to

13. 1 . . .
C- 3C scalar coupling which can cause spectral overlap and/or inaccurate data

measurement, as well as dipolar coupling which leads to additional relaxation

contributions that can complicate the analysis of spin relaxation experiments. To

s . 13 . . .
overcome this limitation, C relaxation experiments have been carried out on

RNA molecules with natural abundance of 13C isotope (20,40-42) or partial 13C

labeling (43,44). Both of these experimental setups are still limited by signal to

noise, which can be offset with significant NMR acquisition times and/or the use

of a cryogenic-chilled probe. Another way to overcome 130-130 magnetic

interference is the use of specific labeling of 13C resonances. This has been

previously done using chemical synthesis (21,45,46), which entails multiple steps
not commonly found outside of a synthetic chemistry lab.
Another method to specifically label RNA can be done using bacterial

metabolic pathways. Previously, LeMaster and Cronan (47) engineered bacterial

strains to specifically 130 label the side chains of amino acids. By deleting
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certain enzymes of the citric acid cycle, glycolytic and citric acid cycle
intermediates do not interchange carbons. Because of this, labeled precursors
can be introduced that give rise to predictable, desirable patterns. LeMaster and
Kushlan (48) used one of these Escherichia coli strains, DL323, to investigate
side chain motions for E. coli thioredoxin. From this analysis, the authors were
able to observe decreased stability for side chain atoms when compared to
backbone atoms of the same residue. It was theorized that this metabolic
labeling scheme could be utilized for the ribose of nucleic acids.

Conformational dynamics have been shown to play a critical role in the

function of ribozymes, where the ribose ring is often central to the catalytic

mechanism. In this chapter, a description of 13C isotopic patterns of
ribonucleotides obtained from various E. coli harvests is presented. Comparison

of R1 and R4, values obtained from alternate-site and uniformly labeled samples
. . 13. 13 . . .
is made to examine the effects of “C- ~C magnetic interactions for the ribose

ring. With the removal of 130 interactions, accurate motional parameters can be

obtained through the use of NMR spin relaxation experiments.

MATERIALS and METHODS

Resuscitation and Storage of E. coli strains. E. coli strains DL323, K10-15-
16, and DF2001 were obtained from the E. coli Genetic Stock Center. Samples
arrived as lyophylisates on circular pieces of cellulose. The cellulose slips were

deposited in a culture tube with 5 mL of enriched Luria-Bertani (LB) media. After
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the cellulose was dissolved with mild shaking, 1 mL of each solution was
transferred to a culture tube containing 3 mL of enriched LB media, which was
incubated overnight at 37 °C. After overnight growth, 1 mL was transferred to 99
mL of LB media. The 100 mL sample was incubated at 37 °C and growth was
monitored by measuring the absorbance, Asqo, to follow the growth curve. When
the growth curve indicated stationary growth phase, E. coli cell culture was
prepared for long-term storage. 500 pL aliquots of E. coli cell culture were
prepared by making a 1:1 ratio of sample:60% glycerol. The aliquots were frozen
in a dry ice and ethanol solution for five mins. The aliquots were then labeled

and stored at -80 °C.
Harvest of rNMPs from E. coli cells. To obtain 130 labeled ribonucleotide

monophosphates (rNMPs) for NMR analysis, frozen E. coli cells were
resuscitated from long term storage. After minor thawing, a sterile toothpick was
used to transfer E. coli cells to a culture tube containing 56 mL of LB media and

incubated overnight at 37 °C. The overnight growth was then transferred to a

flask containing 995 mL of sterile M9 minimal media and 20% 130 specifically

labeled glycerol (Cambridge Isotope Laboratories, Inc.) as the sole carbon
source. The liter growth of E. coli cells was incubated at 37 °C until cell growth

reached an Agy of 1. Cells were then harvested, lysed, and total nucleic acids

were collected, which were subsequently hydrolyzed (49). 130 rAMP was

separated from other ribonucleotides using an Akta Basic FPLC (GE Healthcare)

using a POROS P1/20 column (20 pum, 4.6 mm x 100 mm) with a linear gradient
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from 50 mM NH4COOH, pH 3.0 to 500 mM NH4COOH, pH 2.5 over 3.5 mins

with a flow rate of 5 mL/min collecting 10 mL fractions. rNMP elution was
monitored by UV absorbance, and fractions were pooled and stored at -20 °C.
NMR Spectroscopy. To analyze samples by NMR spectroscopy, all rNMPs

were concentrated to 1 to 2 mM in 600 pL with a buffer concentration of 10 mM

NaH2POg4, pH 7.5, and 60 pL of 10 mM sodium 2,2 dimethyl-2-silapentane-5-

sulfonate for reference. H20 was exchanged with 99.9% D20 with repeated

lyophilization. The final resuspension was done with 99.96% D20. For 130

relaxation rates, specifically and uniformly labeled rAMP were prepared to 1 and
0.8 mM concentrations, respectively, as mentioned above and solvated to a final

volume of 600 uL in Dg-glycerol. To achieve spectral lock, a special capillary
insert filled with D2O was placed inside the NMR tube.

All spectra were obtained on a 600 MHz Varian Unitylnova spectrometer.

rNMP mixtures were characterized using one-dimensional 130 decoupled and

. . 1,13 .
non-decoupled spectra and two-dimensional H- "C heteronuclear single

quantum correlation (HSQC) spectra. Relaxation rates were determined using
slightly modified, nonconstant-time versions of published sequences as

described previously (13). Due to the limited number of resonances and good

resolution in the 1H dimension, relaxation spectra were obtained without

incrementing t1. R4 experiments at 15 °C, 20 °C, 25 °C, and 30 °C with were
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acquired with delay times ranging from 100 ms to 3000 ms. R1, experiments for
the 2' 13C were also acquired at 15 °C, 20 °C, 25 °C, and 30 °C, while R1,

experiments for the 4' 13C was acquired at 20 °C, 25 °C, and 30 °C at

approximately 3 kHz spin lock field strength. Data for the 4 13C was not
collected at 15 °C due to spectral overlap with glycerol satellite peaks. For R1,,

data for 130 C2' and C4' were collected separately with the 130 carrier placed on

resonance, respectively, at 1550 and 2980 Hz spin-lock fields. Delay periods
ranged from 4 to 76 ms.

Data Analysis. All NMR data were processed using FELIX 2002 (Felix NMR,

Inc.). Prior to Fourier transformation in the t2 dimension, a 20% DC offset was

applied, data were zero filled, and a 3 Hz exponential line broadening function

was applied. For two-dimensional experiments, a cosine-squared apodization

function was applied prior to Fourier transformation of the f1 dimension. To

achieve near uniform baseline, the baseline of all one-dimensional spectra were
corrected using a baseline correction algorithm. Peak intensities were exported

to Igor Pro 4.0 (WaveMetrics). Error bars on intensity measurements were

determined by repeating a single delay time three times. 130 relaxation rate

constants were determined by nonlinear fitting of the intensity data to a single
exponential using Igor Pro 4.0. Errors in rates are those derived from the

covariation matrix as reported by the nonlinear fitting routine.
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Using the ratio of T4 to T1, for 2' °C of the specifically labeled rAMP, it

was estimated that the four temperatures of 15, 20, 25, and 30 °C corresponded
to rotational correlation times of 16.9, 11.8, 7.8, and 5.4 ns, respectively (50).

Assuming a linear scaling of correlation time with molecular weight and taking

6.0-6.4 ns as the correlation time for a 30-nucleotide RNA stem loop in D20 at

25 °C (33), the 2' 13C resonances in our samples exhibit relaxation behavior

roughly characteristic of RNA oligomers of 82, 57, 38, and 26 nucleotides,

respectively, at the four temperatures used.

RESULTS

Labeling scheme. A goal of this work was to develop a biosynthetic isotope

labeling pattern that eliminates 130-130 interaction within the ribose ring. In E.

coli, ribose-5-phosphate (R5P) used for NMPs is made via the oxidative and
non-oxidative portions of the pentose phosphate pathways (PPP) (Fig 2.1). If
glycerol is used as a sole carbon source for bacterial cell cultures, it can enter
the metabolic flux of E. coli cells via phosphorylation by glycerol kinase. The
phosphorylated glycerol-3-phosphate is converted to dihydroxyacetone-3-
phosphate by glycerol phosphate dehydrogenase. Isomerization is carried out
by triosephosphate isomerase to interconvert dihydroxyacetone-3-phosphate and
glyceraldehyde-3-phosphate. ~ Glyceraldehyde-3-phosphate can enter PPP
where shown or be converted to other metabolites that enter PPP through

gluconeogenisis enzymes.
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Figure 2.1: Schematic representation of the PPP. The number of arrows
represents the number of times the reaction occurs. Atoms are highlighted in
color to help illustrate the transfer of atoms and enzymes are italicized. The
desired metabolite, R5P, is emphasized. Figure was adapted from Voet, Voet,

and Pratt (51).
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For the oxidative portion of the PPP, glucose-6-phosphate is the initial

metabolite. [f glycerol were 130 labeled at the 1' and 3' carbon positions, then

the glucose-6-phosphate made via gluconeogenesis would be labeled at the 1,
3', 4', and 6' carbon positions. Alternatively, if the glycerol is labeled only at the 2'
carbon position, then the glucose-6-phosphate molecules would be labeled at the
2' and 5’ carbon positions. In order to make R5P using the oxidative portion of

the PPP, glucose-6-phosphate molecule would yield a ribulose-5-phosphate

molecule that was labeled at the 2', 3', and 5' carbon positions for 1,3—1302

glycerol and 1' and 4' carbon positions for 2-130 glycerol, which can be

converted to RSP with similar patterns (Fig. 2.2A).

When the cell needs ribose for nucleotide synthesis, the non-oxidative
portion of the PPP is utilized. In this pathway, the enzyme transketolase
transfers the first two carbons from fructose-6-phosphate to glyceraldehyde-3-
phophate to make xylulose-5-phosphate and erythrose-4-phosphate. In the next
step, transaldolase transfers the first three carbons from another fructose-6-
phosphate molecule to erythrose-4-phosphate yielding glyceraldehyde-3-
phosphate and sedohepulose-7-phosphate. Transketolase then transfers the

first two carbons from sedohepulose-7-phosphate onto glyceraldehyde-3-

phosphate to make xylulose-5-phosphate. Using 1,3-1302 glycerol as the sole

carbon source, xylulose-5-phosphate would be obtained with a labeling pattern of
1', 3', 5' at the carbon positions while ribose-5-phosphate is made with a labeling

isotope at the 1', 2', 3', and 5’ carbon positions for the non-oxidative portion of the
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PPP (Fig. 2.3). Using 2-130 glycerol as the sole carbon source, xylulose-5-

phosphate would be obtained with a labeling pattern of 2', 4' at the carbon
positions while R5P is made with a labeling isotope at the 4' carbon position for
the non-oxidative portion of the PPP (Fig. 2.4). For purposes of ribonucleotide

synthesis, xylulose-5-phosphate can be isomerized to R5P (Fig. 2.2B).
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Figure 2.2: (A) Theoretical labeling pattern for the oxidative portion of the PPP.
The metabolites would be derived using (top) 1,3-1302 glycerol and (bottom) 2-

13C glycerol as the sole carbon source. Carbons expected to be ~C are labeled
red. (B) Interconversion of xylulose-5-phosphate to R5P via ribulose-5-
phosphate.
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Isotopomer Content Analysis from Glycerol Carbon Sources. LeMaster and

Kushlan (48) previously demonstrated the ability to specifically 130 label the side

chains of amino acids using E. coli strain DL323 with '°C labeled glycerol as the

carbon source. E. coli strain DL323 has deletions to enzymes of the citric acid
cycle, preventing metabolic scrambling of carbons in precursors for amino acid

side chains. Based on these results, E. coli strain DL323 from the E. coli Genetic

Stock center was used to specifically 13C label the ribose ring of INMPs. The

1H-13C HSQC spectrum of INMPs harvested from E. coli strain DL323 grown

with 1,3-1302 glycerol as the sole carbon source are presented in Figure 2.5.

Four crosspeaks corresponding to the four ribonucleotides can be observed in

each spectral region of ribose carbons except for the 4' region. This result

confirms the predicted labeling pattern where no 13C labeling is observed for the

4' atoms. Also presented is the 1H-13C HSQC spectrum of uniformly 130 labeled
adenosine monophosphate (rAMP) for comparison (Fig. 2.6). From this
spectrum, the splitting of crosspeaks due to 1JCC scalar coupling can be

observed. rNMPs synthesized using 2-13C glycerol as the sole carbon source

were also analyzed. Similar to the 1,3-1302 glycerol prep, cross peaks were

observed only for those predicted to be labeled. From the HSQC spectrum (Fig
2.7), cross peaks can be observed for the 1', 2', and 4' spectral regions.

However, no crosspeaks are detected in the 3' and §' spectral regions. While
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specific carbons were 13C enriched using E. coli strain DL323, the desired

alternating pattern was not obtained. To achieve the alternating 13C-12C pattern,

additional E. coli strains were used.
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Figure 2.5: 1H-13C HSQC spectrum of 13C rNMPs purified from E. coli DL323

using 1,3-1302 glycerol as the carbon source.

53



58
70
3 e I
-75
g
2' = a
[ O
(+p]
-80 7
-85
4z
1 r
S ~90
6.0 55 50 4.5 4.0
'H (ppm)

Figure 2.6: 'H-C HSQC spectrum of fully labeled C1o rAMP obtained
commercially.
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Figure 2.7: 1H-130 HSQC spectrum of 13C rNMPs purified from E. coli DL323
using 2-13C glycerol as the carbon source.
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From the PPP, one can discern that an alternating 12C-13C-1ZC labeling

pattern could be obtained if RSP was biosynthetically synthesized via the non-
oxidative enzymes exclusively. Deletion of the glucose-6-phosphate
dehydrogenase gene should shut down the oxidative reactions and shunt R5P
production exclusively to the non-oxidative portion of the PPP. The E. coli Stock
center was queried for E. coli strains that were deficient in glucose-6-phosphate

dehydrogenase gene, zwf. Out of eight possible cell lines, two cell lines were
obtained, K10-15-16 and DF2001 (52). The 'H-'°C HSQC spectrum of rNMPs

harvested from E. coli K10-15-16 cultures shows crosspeaks for the 2' and 4'

regions with no detectable crosspeaks for the other ribose spectral regions (Fig.

2.8). The 1H-13C HSQC spectrum of DF2001 is indistinguishable from the
spectrum of K10-15-16 (data not shown). Hence, rNMPs with the ribose ring 130

labeled in an alternating 120-130 fashion can be obtained using zwf mutants.
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Figure 2.8: 'H-'>C HSQC spectrum of °C rNMPs purified from E. coli K10-15-
e 13
16 utilizing 2- ~C glycerol as the carbon source.
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To further characterize the specific labeling pattern obtained for each cell

culture protocol, the percentage of 130 labeling at a given resonance was
determined. This was done by comparison of one-dimensional 130 decoupled

and non-decoupled 1H spectra and evaluation of 13C scalar couplings from 13C

slices of HSQC spectra. The ribose protons have a narrow chemical shift range,

causing data analysis of one-dimensional 1H spectra for INMP mixtures to be

ambiguous due to spectral overlap. For unambiguous isotopomer content

analysis, rAMP was isolated from E. coli strains DL323 and K10-15-16. One-

dimensional 1H spectra were obtained at 5°C for commercial uniformly labeled
rAMP and specifically labeled rAMP using 2-13C glycerol sole carbon sources for
DL323 and K10-15-16 E. coli strains (Fig. 2.9). The effect of 13C interaction can

be observed in the uniformly 13C labeled rAMP spectra as ribose 1H singlet

peaks in the decoupled spectrum are completely split into the muliplet structure

in the non-decoupled spectra. It can be concluded that the C4' atom in both E.

coli strains DL323 and K10-15-16 non-decoupled spectra is completely °C

labeled due to the absence of a singlet peak, which is consistent with the model

previously mentioned for R5P obtained from the non-oxidative portion of the PPP

using 2-130 glycerol. Also supporting the model is the absence of multiplet

structures for H3' and H5' peaks in the non-decoupled spectra. In the DL323 and
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K10-15-16 spectra, both multiplet and singlet peaks can be observed for H1' and

H2', which is indicative of partial 13C enrichment at those sites.

HS'

HY' Hz H3 M4

60 55 50 45 40
'H proton chemical shift ppm

Figure 2.9: Fraction of 13C label at individual sites. One-dimensional 1H NMR

spectra of rAMP acquired at 5 °C. The top spectrum is a 13C-decoupled
spectrum of uniformly labeled material shown for reference; the remaining

spectra were acquired without 13C decoupling. From top to bottom, uniformly
labeled rAMP (decoupled); uniformly labeled rAMP (not decoupled); rAMP
isolated from E. coli DL323; and rAMP isolated from E. coli K10-1516. Both

bacterial strains were grown on 2 13C glycerol. Colored lines are added to help
guide the eye.

While analysis of one-dimensional 1H spectroscopy can ascertain the
level of 13C enrichment for a given site, little information can be obtained for

neighboring 13C-13C interaction. This is vital to determine whether a 130 atom is

59



indeed isolated from other 13C neighbors. To probe neighboring 130
interactions, one-dimensional 130 slices from HSQC experiments were analyzed
for each carbon atom of the ribose ring. One-dimensional 13C slices at the C4'
show no detectable 1J(;(; scalar coupling (Fig 2.10). From these results, one can
1,13 . . N . 13
conclude the 4' H- "C spin systems is essentially isolated using 2- "C glycerol
in DL323 and zwf mutants. For the DL323 prep, 13C labeling can be detected for
both the 1' and 2' resonances, whereas 130 labeling is observed only for the 2’

resonance of K10-15-16. Consistent with this result is the absence of 1Jc;c;

scalar coupling for the C2' of the K10-15-16 spectrum, unlike the DL323
spectrum. Combining the two analyses, percentages of isotopomers have been

obtained for the different strains (Table 2.1). Taken together, these results

demonstrate the ability to obtain 2',4'-1302 rNMPs using E. coli strains that
exclusively use the non-oxidative portion of the PPP with 2-13C glycerol as the

sole carbon. For the purposes of 130 NMR spin relaxation studies,

ribonucleotides obtained from zwf strains have the most useful isotopic labeling

pattern.
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Figure 2.10: 130 slices from 1H-13C HSQC spectra. Sections parallel to the

13'C frequency axis through the (a) C2' and (b) C4' resonance of rAMP. rAMP
was obtained from (top) commercial uniformly labeled rAMP; (middle) E. coli
strain DL323; and (bottom) E. coli K10-15-16. Both bacterial strains were grown

with 2- 3C glycerol as the sole carbon source.
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Table 2.1: 13C isotopomer species obtained in nucleotide preparations

E. coli
strain

DL323  13-"°Cyglycerol 1,3 5- “Caribose 25
2'35.9C3ribose 55
1',2',3',5'-13C4 ribose 10
3',5'-1302 ribose S
Various 13C1 ribose <3

Carbon Source Isotopomer Yield (%)

pL323 2.3 glycerol 14-13Cyribose 55
2 4.3Cyribose 30

12" 4-13C5 ribose S

4'-1301 ribose 10

Various 1301 ribose <5
K10-15-16  2.°C glycerol 2'4-°Cyribose 80
4'-13C1 ribose S

(64}

1',4'-1302 ribose
124-°Caribose 5
Various 13C1 ribose <35

Analysis of Isotopomers from Specifically-Labeled Glucose. The above

procedures can provide spectroscopically useful methods to isolate the 2', 4', and

5' 130 resonances. The 3’ 130 resonance, however, has been predicted to

undergo the greatest chemical shift change upon C3'-endo to C2'-endo
interconversion (53,54), and thus may be the most sensitive spin relaxation

probe of conformational exchange processes. Therefore procedures were
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explored which would give rise to a fully isolated 3’ 1H-13C spin system. Based

on previous results for 13C enrichment, it was determined that RSP can be

obtained from the oxidative portion of the PPP. Because the oxidative reactions

remove the first carbon, 130 enrichment of C3' could potentially be obtained with

glucose enriched at the fourth carbon atom. This prediction is verified by the

one-dimensional 1H NMR spectrum of rAMP (Fig 2.11) using wild type E. coli

cells with 4-130 glucose as the sole carbon source. In the non-decoupled

spectrum of this preparation, the H3' peak is mostly split into a doublet.

Consistent with the model, no observable multiplet peaks are observed for the

remaining sugar protons. This procedure provides the means to 13C enrich the

C3' atom of R5P at a high percentage and excellent specificity.
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Figure 2.11: Fraction of 13C label at C3' of rAMP. 13C-decoupled (top) and
undecoupled (bottom) NMR spectra of rAMP prepared from wild type E. coli
grown on 4 C glucose. Lines were added to help guide the eye.

Measurement of 13C Relaxation Rates. 13C-13C dipolar and scalar

contributions to the relaxation mechanism have limited extensive analysis for the

ribose ring of RNA molecules. An alternate-site labeling pattern has been

developed that isolates 1H-130 spin systems within the ribose ring of
ribonucleotides which can remove these contributions allowing for accurate

. . 13,1 . .
analysis in RNA molecules. To examine the effects of C- 3C interactions on
. . . 13 .
the measured relaxation rate, a previous procedure measuring C relaxation

rates in side chain amino acid atoms (13) has been adapted to compare 13C
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relaxation rates of C2' and C4' atoms for specifically and uniformly labeled
samples. TrAMP NMR samples were solvated in 98% Ds-glycerol. The

temperature dependent viscosity of glycerol allows for the control of the

correlation time for global tumbling, 1c. Acquiring the data at multiple

temperatures, different 1c values can be simulated with a single sample to
13- 134 . . . . 13 .

analyze "C- "C interactions for specifically and uniformly " "C relaxation rates.

Because t¢ increases with molecular size, it can be interpreted that multiple

molecular weights, and thus different size molecules, were also simulated. Since

the data were collected in similar fashion for both samples, any differences

detected can be attributed to 130-130 interactions.

Because the H2' and H4' peaks are well resolved from other peaks in 13C-

decoupled spectra (Fig. 2.9), the two-dimensional pulse sequence was reduced

to a one-dimensional pulse sequence by not incrementing t1 to frequency label

130 carbons, allowing for shorter acquisition times. Table 2.2 compares the
effect of varying the temperature, and thus the correlation time, on longitudinal

relaxation rates in specifically labeled (2',4'—1302) rAMP, derived from E. coli
strain K10-1516 grown on 2-130 glycerol, and uniformly 13C labeled rAMP. For
C2', measured R4 values are similar at 30 and 25 °C for both specifically and

uniformly labeled samples. However, the measured R1 values are different at 20
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and 15 °C, which can be attributed to 13C-13'C interactions at higher molecular
weight molecules (Fig. 2.12). This observation is in agreement with the results of

Bax and coworkers (19), who showed that the contributions due to 13C—13C

interactions are negligible for correlation times of less than 4 ns. For C4', the

measured R4 values differ at all measured temperatures (data not shown).

These results reveal the contribution of the 13C-130 interaction to the measured

relaxation rate at C4' and the removal of this interaction with the specific labeling
scheme. Taken together, these results demonstrate the usefulness of the
specific labeling scheme to measure accurate relaxation rates for ribose carbon

atoms in RNA molecules.

66



Table 2.2: 130 Ry and R, measurements obtained from specifically and
uniformly labeled rAMP.

"¢ Ry Measurements (s™)

2 43¢, Uniform °C
T(°C) c2' c4' c2' ca'
30 148+005  113+£002  159+007  1.29+0.05
25 11£0.1 090+008  1.12+0.01 1.07 +0.04
20 095:+006  067+002  079+002  0.84+0.04
15 09102 19401 04+02 0.9+0.1

13¢ Ry, Measurements (s™') at yB1/21=2980 Hz

2 43¢, Uniform °C
T(°C) c2' c4' c2' c4'
30 25+ 1 37.0+0.9 258+ 0.7 47+3
25 38+ 4 5343 20+4 57 +2
20 70 + 10 140 £ 20 67 +3 120 £ 20
15 150+ 40 nd? 90 + 10 nd?

B3¢ R1, Measurements (s'1) at yB1/27=1550 Hz

2 43¢, Uniform 3¢
T(°C) c2' c4' c2' c4'
30 2242 36+ 2 23+ 1 38 +2

aRates could not be measured due to interference from sidebands from the
strong residual glycerol signal.
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Figure 2.12: Longitudinal 13C relaxation of rAMP in glycerol. Rq curves for C2' of

(solid line) uniformly labeled and (dashed line) 2', 4' 13C2 labeled rAMP at (a) 30
°C, (b) 20 °C, and (c) 15 °C.
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For R1 p Vvalues, the largest source of error arising from 13C—13C

interaction is magnetization transfer via the Hartmann-Hahn effect during the

spin-lock period (19). The Hartmann-Hahn effect can be observed for the C2’

resonance (Table 2.2). At 30 °C using a spin-lock field of almost 3 kHz, R4,

values are similar between the specifically and uniformly labeled rAMP.

However, as the temperature decreases, the measured relaxation rates become

dissimilar (Fig. 2.13a). Measured R4, for the C4' resonance are similar within
error for both 25 and 20 °C (Fig. 2.13b). The Ry, was not similar for the C4'

resonance at 30 °C (see Discussion). R1, measurements were not obtained at

15 °C due to spectral overlap arising from sidebands of the residual labeled

glycerol. In the absence of exchange on the ps to ms timescale, R1,, values are

determined to be independent of applied yB1 field strength (8). Thus, relaxation
rates obtained at 3 kHz spin lock power should be identical to the relaxation rates

obtained at a second spin lock power. To confim this, Rq, values were

measured using a spin-lock field of 1.6 kHz at 30 °C. Measured R1,, for C2' and

C4' are similar for both field strengths, which is consistent with exchange models.

In short, these results demonstrate the effectiveness of the specific labeling

scheme to remove unwanted 130-130 effects and permit accurate NMR spin

relaxation analysis in RNA molecules.
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Figure 2.13: Transverse 13C relaxation of rAMP in glycerol. On resonance R1,

curves for (solid line) uniformly labeled and (dashed line) 2',4’-1302 labeled rAMP
at 25 °C @ 2980 Hz spin-lock power for (a) C2' and (b) C4'.
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DISCUSSION

In this work, methods have been described and characterized to efficiently

13C enrich specific carbons of the ribose ring of RNA molecules for 13C NMR
spin relaxation experiments (50). Also, quantitative analyses probing 13C-13C

interactions for R1 and R1,, values have been compared between specifically and

uniformly labeled rAMP samples.

The E. coli strain DL323 was designed to prevent metabolic scrambling of

130 labels in the side chains of amino acids derived from the citric acid cycle

intermediates (47,48). For ribonucleotides, the distribution of 13C carbons within

the sugar ring would be dependent on the enzymes of the PPP used for R5P

production. When grown on 1,3-1302 glycerol, E. coli strain DL323 yields a
H ) ’ ] 13 ’ ' 1 13 . .

mixture of 1',3',5- "C3 and 2',3',5- "C3 isotopomers, with small amounts of
. . . Cmr e 130 . 13

minor species including 1',2',3',5',- "C4 isotopomers. Due to the lack of C

enrichment at C4', C5' is isolated from other 13C carbons, thus removing any

3¢.3¢ interactions. Unfortunately, there are still considerable 13C'-130

interactions for C3'. When grown on 2-13C glycerol, rINMPs obtained from DL323
. . , 13 , 134 .

yield a mixture of the 1',4'- "C2 and 2'4'- "C2 isotopomers of R5P, plus small

amounts of minor species including 1',2',4'—1303. Thus, C4' is isolated from other

13C carbons similar to C5' using 1,3-1302 glycerol as a carbon source.
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Unfortunately, C2' is not completely isolated due to interference from neighboring
C1' in a subset of isotopomers. The most likely source for 130 scrambling arises
due to repetitive iterations of the complete (oxidative and non-oxidative) PPP.

130 scrambling could also emerge due to intermediates bleeding off the PPP into

other pathways and re-entering the PPP. Finally, the level of 13C incorporation

at C2' is low, which could potentially lead to problems with data analysis due to
low sensitivity. Based on all these observations using E. coli strain DL323, other
methods were explored to highly enrich C2' in ribonucleotides.

The results obtained indicate that growth of zwf E. coli strains (K10-15-16
and DF2001) on specific 130 glycerol synthesize essentially all of their RSP, and
consequently their rNMPs, from the non-oxidative portion of the PPP. When 2-

13 . . .
C glycerol was used as a carbon source, spectroscopically useful isolation of

the 2' 1H-130 and 4' 1H-13C spin systems was obtained, with the desired
carbons labeled at 85% and >95%, respectively. It should be noted that, in this
preparation, the ratio of 2'.4'-'°C, R5P to 4'-'°C R5P is considerably higher than

the 2:1 value expected. This effect can be attributed to the depletion of the

intermediate erythrose-1-phosphate for use in anabolic reactions including amino

acid synthesis (55). The exact source for the small amount of 13C enrichment at

C1' is not clear at this time. A hypothetical reason could be due to 130

scrambling in pathways not considered in this work.
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The 130 labeling pattern for the ribose ring using zwf E. coli strains is

superior to the pattern obtained from E. coli DL323 for NMR spin relaxation
studies because the alternate-site labeling pattern removes 130-130 interactions
as well as yields a substantially higher fraction of C2' 13C enrichment, increasing
the signal-to-noise ratio, while the 1’,2',4'-1303 isotopomer is a minor contributor
to the total 2’ 13C atom population (=5%). Because of this, 130-130 interactions
are deemed to be negligible. Therefore, the 2',4'-1302 labeling scheme obtained
from 2-13C glycerol preparations of E. coli strains K10-15-16 or DF2001 should
allow for the analysis of the 2' and 4' 130 atoms at nearly full or full occupancy,

respectively, yielding a near ideal case for 13C NMR spin relaxation studies of

these two carbons.

Another advantage of the alternate-site labeling scheme is the collapse of

ribose peak triplets (for 2', 3', and 4' 13C resonances) into singlets, which can

help alleviate spectral overlap in multidimensional NMR spectra. This effect is of
particular importance in the crowded ribose spectral region of HSQC spectra. In
uniformly labeled samples, multiplet collapse is typically achieved via the use of
constant-time spectroscopy (13), but at the cost of a substantial reduction in
experimental sensitivity.

Based on calculations that predicted large chemical shift changes for C3'

upon a change in ribose conformations, methods were explored to reliably 13C
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enrich C3'. This was done with wild type E. coli cultures using 4-13C glucose as
the sole carbon source. The results show outstanding effectiveness in 130

enrichment of C3'. Glucose labeled with 13C at each individual carbon atom is
commercially available, albeit at considerable financial expense. For example, 4-

130 glucose was listed at $1600/g from Cambridge Isotope Laboratories, Inc.

compared to $449/g for 2-130 glycerol and $699/g for 1,3-1302 glycerol. Hence

this route provides a robust and selective, albeit costly, method to label a desired

individual ribose carbon. Even though this method costs more than specifically

or uniformly labeled methods, it can be beneficial for RNA 1:"C NMR spin

relaxation studies because of the large expected chemical shift change for the

C3', due to sugar re-puckering, which will lead to a greater Rex dependence in

dispersion experiments (8) (see Chapter 3). This can potentially offset the need

to use higher magnetic fields.

In the standard model-free analysis in biomolecules, Ry, R2 (R1,), and

heteronuclear NOE values are interpreted as arising from 1H—X X= 130 or 1sN)

dipole—dipole and X chemical-shift anisotropy (CSA) relaxation mechanisms,

along with possible contributions of us-ms timescale conformational exchange to

R2 (R1,) (6). In the case of 13C, however, the presence of scalar and dipolar

couplings between the resonance of interest and directly bonded 130 atoms

gives rise to additional terms in the relaxation equations that substantially
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complicate the collection and/or interpretation of results (13). The alternate-site

labeling scheme was developed to remove such effects. Therefore, the effects of

neighboring 13C atoms on measured R¢ and R1, relaxation rates in specifically
and uniformly 13C labeled rAMP have been examined (50).
13 . . 13

For "C R4 values in the presence of directly bonded ~C carbons, the
longitudinal relaxation rates will be affected by 130-130 dipolar interactions as

1,, 13 . 13 W . .
well as H- "C dipolar and "C CSA contributions. Boisbouvier and coworkers
(19) demonstrated that 13C-13C dipolar relaxation can be negligible in the
analysis of longitudinal relaxation rates. The ¢ for the DNA oligomer used was
estimated to be 3.35 ns. However it was predicted that 130-130 dipolar

contributions would become more significant as the t¢ value increased, and
therefore not negligible.

By adjusting the temperature, different 1c values could be simulated

ranging from 5.4 to 16.9 ns (30 °C to 15 °C) using a single NMR sample. Due to

sample setup, any differences observed in the relaxation rates for the alternate-

site labeling sample and uniformly labeled sample can be attributed to 13C-13C
interactions. Such interactions were detected in both Ry and R, values. At
higher temperatures corresponding to short correlational times, R1 values for C2'

were similar for the alternate-site and uniformly labeled samples, while R1 values
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differed at higher temperatures. This is consistent with predictions Bax and co-

workers (19) made. C4' R1 values are different at all temperatures. A possible

reason for this could be due to the CSA for C4'. Bax and coworkers (56)
measured chemical shift tensors for ribose carbons in helix-35 of 23S rRNA.
From this work, the CSAs for C3' and C4' were determined to be greater than
C1', C2', and C5'. Because the measured CSA of ribose C4' is almost three
times larger than ribose C2', it can be theorized that the CSA of C4' is not
negligible at short correlation times.

For the measurement of transverse relaxation rates, two distinct

measurement schemes are possible. Rz measurements based on the Carr-

Purcell-Meiboom-Gill (CPMG) pulse scheme are completely unsuitable in the

presence of 13C—13C couplings due to oscillatory behavior arising from echo
modulation (13). We did not obtain Rz rates using CPMG pulse sequences.
However, due to the removal of 1Jc;c: scalar coupling, R2 measurements could
be reliably obtained using the 130 specific labeling pattern. It should be noted
that in the 13C specific labeling pattern, the 2Jcc scalar coupling between C2'
and C4' is still present and, in principle, could affect R measurements.
However, the 2Jcc; coupling has been measured to 0.9 Hz in adenosine (57) as

compared to 40 Hz for 1Jcc; (58). Due to this low value, the 2Jcc scalar coupling

can be neglected.
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Another method to measure transverse magnetization is using a spin-

locked rotating-frame (R1,) pulse sequence. In this setup, the greatest source of

. 1
error arises from homonuclear Hartmann—Hahn transfer to covalently bound 3C

carbons during the spin-lock period (13,59). This effect is negligible if magnitude

of the scalar coupling is small relative to the difference in effective field strength

between the two nuclei, which is the resonance offset. In uniformly 130 labeled

DNA, this effect is slight due to the wide separation of chemical shifts for carbons

at different sites. For example, in the dodecamer studied by the Bax group (19),

the closest approach is 8 ppm, between C3' and C4', and accurate R1,

measurements could be obtained. In RNA, by contrast, the possibilities for
Hartmann—-Hahn transfer are substantially greater. In the lead-dependent
ribozyme, the median separation between C2' and C3' shifts is 2.6 ppm, and the
ranges of the two carbon types actually overlap (60). In rAMP, the measured
chemical shift difference between the C2' and C3' resonances is 4 ppm, while the
measured chemical shift difference between the C3' and C4' resonances is 12

ppm. One would presume Hartmann-Hahn transfer to be more likely between

C2'and C3' as opposed to C3' and C4'. 13C R1,values are dissimilar among the
alternate-site and uniformly C2' at temperatures below 30 °C whereas 130

R1pvalues are similar for C4' at all temperatures.
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R4 p Mmeasurements are sensitive to motions on the us-ms regime. In the
absence of motion, R4, values are independent of RF field strength (2,33). R1,

values were obtained at 30 °C at 1.5 and 3 kHz. R p for C2' and C4' are similar

within error at both fields measured. This result was expected because
ribonucleotide monomers are not predicted to have sugar pucker conformation
transitions. However, the Hartmann-Hahn effect could be particularly
troublesome in the use of relaxation dispersion studies to study us-ms timescale

exchange in RNA molecules, as magnetization could vary with spin-lock strength

and therefore could possibly yield an artifactual dependence of R1, relaxation

rate on wesr that would be erroneously interpreted as conformational exchange.

To analyze unambiguously interconversion of C3-endo and C2'-endo

conformations at the active sites of ribozymes using CPMG and R1,, relaxation

methods, the use of alternate-site labeling or related schemes is thus an absolute
necessity (see Chapter 3).

Here, a method has been presented to use a convenient biosynthetic

procedure to prepare rNMPs with favorable 130 labeling patterns that isolate 1H-
13 . . . . 13 . . .
C spin systems within the ribose ring for "C NMR spin relaxation studies.

Using 13C relaxation measurements for rAMP solvated in Dg-glycerol samples to

simulate various correlation times, it was demonstrated that magnetic

. . . 1 . .
interactions from adjacent 3C nuclei can be a source of error in R4
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measurements for molecules with long correlation times and in R,

measurements where coupled 13C nuclei have similar effective fields. The

alternate-site labeling scheme is a practical approach to removing these errors
(50). The methods reported in herein will open a new window into the analysis of
conformational dynamics in RNA molecules and advance efforts to understand
the correlation between dynamics and function in ribozymes and other RNA

systems.
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Chapter 3

Analysis of Ribose Dynamics in the GCAA RNA Hairpin Studied by 1?’C
NMR Spin Relaxation Experiments

Portions of this chapter were derived from “Extensive backbone dynamics in the

GCAA RNA tetraloop analyzed using 13’C NMR spin relaxation and specific
isotope labeling” to be published by the Journal of the American Chemical
Society (2008), written by Dr. Charles G. Hoogstraten and myself.
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INTRODUCTION

Conformational dynamics play an important role in the function of
enzymes. For RNA molecules, conformational dynamics play an equally
important role in events such as RNA catalysis and ligand recognition (1-4). A
common feature found in RNA tertiary structures are tetraloop sequences, which
can be found at the capping ends of hairpin stems (5), particularly GNRA
sequences where N stands for any nucleotide and R stands for either guanosine
or adenine. Studies have revealed that tetraloop sequences are highly stable (6-
8). In addition to stabilizing hairpin structures, GNRA tetraloop sequences have
been shown to mediate tertiary RNA-RNA (9,10) and RNA-protein interactions
(11,12).

NMR solution and X-ray crystal structures of GNRA RNA hairpins have
been solved (13-19). The structures of GNRA RNA hairpins determined from
NMR structures solved by Jucker et al. (14) were found to be A-form RNA with
anti conformations for all glycosidic bond angles with C3'-endo sugar pucker

conformations for nearly all residues. Within the tetraloop, only the ribose ring of

G5 was determined to have C3'-endo conformation while the remaining tetraloop

sugar pucker conformations were determined to be in equilibrium. The GNRA

tetraloop has a major change in the direction of the phosphate backbone

between the first and the second loop nucleotide (Gs-Ng) forming an asymmetric

loop in which the opening base stacks on the 5' side of the helix while the

remaining bases stack on the 3' side, and Gs and Ag form a sheared anti-anti
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base pair (Fig. 3.1a). In two of the ten structures of the NMR ensemble for the

GCAA RNA hairpin (pdb code 1zih), the base of Cg was exposed to solvent and

not stacked upon A7 (Fig. 3.1b), in contrast to Ag of GAGA and GAAA RNA

hairpins (14). This is consistent with results from molecular dynamic simulations

of the GCAA RNA hairpin where the ribose ring of Cg was observed to undergo a

change in sugar conformation from C3'-endo to C2-endo (Fig. 3.2) in a

correlated fashion with base extrusion (20).

Figure 3.1: The GCAA RNA hairpin. (a) Secondary structure of the RNA
construct used in these studies. Tetraloop residues are displayed in red and the
unstructured 3' tail is displayed in blue. (b) Superimposition of the ten NMR
structures (pdb code 1zih) for the tetraloop residues 5-8 of the GCAA RNA
hairpin (14).
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R103PO

Figure 3.2: Diagram of sugar pucker conformations adopted by A-form RNA
molecules.

NMR spin relaxation techniques can be used to study molecular motions
on several timescales (21-30). A conformational exchange process that alters
the local magnetic environment for a given nucleus will contribute to the
dephasing of the transverse coherences (26). For the simplest case of a two-site

exchange model of A reversibly interconverting with B, the exchange rate

constant, keyx, is the sum of the forward and reverse rate constants, k1 and k_4.

kex = k1 + k-1 [3.1]

The populated states can be observed in the NMR spectra as two resolved
resonances in the slow exchange regime or as a single population-weighted

average resonance in the fast exchange regime. Determination of exchange

regimes depends on the relation between kex and Aw, the chemical shift

difference between the populated states. In the fast exchange regime, the

exchange rate is much greater than the chemical shift difference. Carr-Purcell-

Meiboom-Gill (CPMG) (31-33) and rotating-frame (R1,) (34) transverse

relaxation experiments are sensitive to motional processes that are on the ps to
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ms timescale. These motional processes can contribute to the overall transverse

relaxation rate as an additional term, Rex:
R2™® = Ry" + Rex 3.2]

where R2°bs is the measured transverse relaxation rate and R20 is the

transverse relaxation rate in the absence of exchange.

CPMG experiments measure the transverse relaxation rate as a function

of successive spin echo time periods, tcp, between 180° pulses. Conformational

changes that affect the frequency of precession lead to imperfect refocusing of

transverse magnetization during the spin-echo period. An expression for

transverse relaxation rate dependence on tcp in the fast exchange regime is
given by:
Ro(1cp J=Ra(1/tcp—) + PAPB(A®) Kex*(1-(tanh(kex/(4tCP)))*4*tCPIKex))
[3.3]
where R2(1/icp—«) is the transverse relaxation rate in the absence of
exchange, pa and pg are the exchangeable populations where the sum of pa and

pg are equal to one, Aw is the chemical shift difference in radians between the

populated states A and B, kex is the exchange rate constant, and 2tcp is the

delay time between 180° pulses.
CPMG experiments have been used to measure exchange on the slow ps

to ms timescale. For short us timescales, measurements require rapid spin echo
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periods which can damage the NMR sample and/or probe from excessive

heating. Also, accurate measurement of relaxation rates is limited by the

evolution of heteronuclear scalar coupling during Tcp, where in-phase and anti-

phase magnetization interconvert. In the absence of exchange, Rzo is expressed
as:

R = eRp"™ + (1 — g)RA™ [3.4]

i ti . .
where Rz'n and Rgan' are the transverse relaxation rate constants for in-phase

and anti-phase coherences averaged over the populations of each

conformational state. 0 < ¢ < 1 reflects the averaging between in-phase and anti-

phase coherences due to evolution under the scalar coupling during tcp.

Accurate motional parameters can be determined if € = 1, which corresponds to

tcp less than 1/(4JxH). Loria et al. (35) have developed a relaxation

compensated CPMG pulse sequence that explicitly averages in-phase and anti-

phase magnetization such that € = 0.5. Using this pulse sequence, Tcp values

as large as 2/UJNH have been used for CPMG experimentation for basic
pancreatic trypsin inhibitor.

R1, experiments measure the transverse relaxation rate as a function of
the effective field, weff, under spin-locked conditions. The effective field is the
vector sum of the applied w1 radio frequency (RF) field and the resonance offset,

Q. The effective field, weff, in radians per second can be expressed as:
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2 2.7
weff= (" + Q)" [3.5]
In the fast exchange regime, the transverse relaxation rate measured as a

function of weff is:
2, 2 2
R1p (weff) = R1p (weff —>=) + pAPB(A®) * kex / (weff + kex ) [3.6]
where R Aweff—>=) is the transverse relaxation rate in the absence of exchange

and Aw is the chemical shift difference in radians between pa and pg. During

spin-locked conditions, magnetization is rotated from the z-axis to its resultant

effective field at a tilt angle given by tand = ©»1/Q and magnetization precesses

around the resultant effective field. Conformational changes which alter the

resonance offset lead to a loss in transverse magnetization.

R1, experimentation also suffers from limitation of timescale

measurements. Yamazaki and co-workers (36) have designed an on-resonance

R1, pulse sequence for accurate measurement of transverse relaxation rates
with tilt angles > 70°. To satisfy this condition, transverse relaxation rates are
measured at various w1 field strengths with constant resonant offset. However,
at low o1 field strengths, R1, measurements become spurious due to oscillatory

behavior of the magnetization (25). Alternatively, one can use an adiabatic pulse
sequence (off-resonance) to align magnetization to effective fields with tilt angles

< 70° (37).
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Generally, only one type of experimentation is used depending on the
timescale of the conformational exchange process. While advances have been

made such that individual techniques can cover broader timescales, relatively

few studies have combined CPMG and R1, data for analysis (38,39). Such

limitation depends on the timescale of conformational exchange. This is

represented by simulated CPMG and R4, relaxation dispersion curves in figure

3.3. For exchange rates >104 s_1, R1, experiments are better suited to

determine exchange parameters, while CPMG experiments contribute very little

to the overall curve. Conversely, CPMG experiments determine the shape of the

relaxation dispersion curve while R1, experiments yield little information for

exchange rates < 103 s'1. Alternatively, the Palmer group has designed a R1,

pulse sequence to measure transverse relaxation rates at effective fields as low
as 150 Hz (40). It is feasible that exchange rates that fall in between these

ranges would be best analyzed using both experimentations.
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Figure 3.3: Functional forms of the dependence of exchange contributions to
relaxation (Rex) for R, (solid lines) and CPMG (dashed lines) experiments on
the effective yB1 field are shown based on equations 3.3 and 3.6. Simulations
are for '°C nuclei at 600 MHz (150 MHz '>C) and used Aw = 1 ppm, pa = 0.95,

and kex = 60,000 s (top) or 4000 s (bottom). Approximate experimentally-
accessible ranges for the three major types of relaxation dispersion experiments
are shown with horizontal lines, with “on” and “off" denoting on-resonance and

off-resonance R, experiments, respectively.
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As mentioned previously, conformational dynamics play an important role
in the catalytic mechanism of ribozymes. A change in sugar pucker conformation
was observed for the adenosine residue adjacent to the cleavage site in the
active site of the hairpin ribozyme as determined from crystal structures (41).

Analysis of exchange rates for this sugar pucker transition could aid in the

understanding of the catalytic mechanism. While standard uniform 130

enrichment renders the sugar ring of nucleotides unsuitable for NMR 13C spin

relaxation studies, the alternate-site labeling scheme can be used to probe sugar
dynamics (see chapter 2). The tetraloop region of the GCAA RNA hairpin
represents an excellent test-case for measurements of exchange rates for ribose
pucker transitions. With the validation of the alternate site labeling scheme as a
method to probe ribose dynamics in RNA molecules, analysis can be performed
for biologically relevant RNA systems, such as the lead-dependent ribozyme or
the hairpin ribozyme.

In this chapter, ribose dynamics across a broad timescale have been
probed for the GCAA RNA hairpin using the alternate-site labeling scheme. Fast

motions on the ps to ns timescales were analyzed by the model-free formalism of

Lipari and Szabo (42-44). By analyzing combined CPMG and R1, relaxation

dispersion curves at multiple field strengths, novel C2' and C4' ribose dynamics
were observed within the tetraloop. From the similarity of measured exchange
rates for C2' and C4' atoms, the existence of concerted residue dynamics has

been proposed. Relaxation dispersion curves measured at multiple
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temperatures has allowed for the determination of activation energies for ribose

pucker transitions.

MATERIALS and METHODS

Preparation of Labeled 13C Ribonucleotides. 2',4'-130 rNTPs for the RNA

GCAA hairpin were prepared as described earlier (45,46). The phosphorylation
reaction was monitored by an Akta Basic FPLC (GE Healthcare) with a Vydac

302IC4.6 lon-Chromatography column (10 um, 4.6mm x 250 mm) using a linear

gradient from 25 mM 1:1 NaH2PO4:NagHPO4, pH 2.8 to 125 mM 1:1
NaH2PO4:Naz2HPO4, pH 2.9 over 34 min with a flow rate of 1 mL/min monitored

by UV absorbance. 13C rNTPs were purified from proteins using centrifugation,

concentrated using a Rotovapor RE 120 (Buchi) under vacuum at 40 °C to a final
volume of 1 mL, and purified using a DEAE Sephadex column with a 25 mL step

gradient from 50 mM to 1M triethylamine bicarbonate, pH 7.5 at a flow rate of 2

mL/min with 4 mL fractions. 13C rNTP fractions with an Aggg above 0.1 were
pooled and lyophilized repeatedly to remove excess salt. Uniformly labeled 99%
13C, 15N rNTPs were purchased commercially (Spectra Stable Isotopes).

Transcription of 13C enriched GCAA RNA hairpin. 2',4'-1302 and uniform 13C

rNTPs were incorporated into the fifteen nucleotide GCAA RNA hairpin by in vitro
transcription using recombinant T7 RNA polymerase and a synthetic DNA

template (47,48). Transcribed RNA was ethanol precipitated and purified using
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denaturing polyacrylamide gel electrophoresis on a Bio-Rad model 491
preparative cell (49) with a flow rate of 1 mL/min with 4 mL fractions. RNA
fractions corresponding to GCAA RNA hairpin as determined by gel
electrophoresis were pooled, condensed as above to 1 mL, and desalted using a

G-25 Sephadex column collecting 1 mL fractions. RNA was dried, exchanged

into 99.9% D20 with repeated lyophilization, and resuspended to a final
concentration of 1.2 mM (2'.4'-1°C5) and 1.0 mM (uniform '>C) in 280 pL 99.96%
D20, 10 mM sodium phosphate pH 6.8, 100 mM NaCl, and 200 uM EDTA in an

advanced microtube matched with D20 (Shigemi, Inc.).

NMR Data Setup, Acquisition, and Processing. All NMR data were acquired

on Varian UnityINOVA 600 MHz (' °C 150 MHz) or Bruker Avance 900 MHz (' >C

225 MHz) spectrometers. The 900 MHz spectrometer was equipped with a

cryogenically cooled probe (Bruker TCIl) in most cases. At 25 °C, 1H-130

hetereonuclear single quantum coherence (HSQC) spectra were acquired to

verify chemical shift assignments previously obtained (14). The 1H-13C HSQC
spectrum at 600 MHz was acquired with 1024 x 512 complex points in the {2 and

t1 dimensions, respectively, with corresponding spectral widths of 6000 and 7540

Hz, and a 1 s recycle delay. The proton RF carrier was centered on the residual

HDO signal, and the 13C carrier frequency was set at 85 ppm to allow differential

folding of the ribose and base 13C resonances. The 1H-130 HSQC spectrum at
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900 MHz was acquired with 512 x 64 complex points in the t2 and t{ dimensions,

respectively, with corresponding spectral widths of 9920 and 15848 Hz, and 1 s

recycle delay. The proton RF carrier was centered on the residual HDO signal,

and the 130 carrier frequency was centered at 75 ppm.
For 13C relaxation experiments, all two-dimensional spectra acquired on
the 600 MHz spectrometer were obtained with 1024 x 96 complex points in the f2

and t1 dimensions, respectively, with corresponding spectral widths of 6000 and

1800 Hz, a 2 s recycle delay, and 15 min of steady-state scans to allow for

temperature equilibrium. The proton RF carrier was centered on the residual

HDO signal, and the 13C carrier frequency was set at 78.3 ppm. For
experiments focusing on the aromatic ring, the 13C carrier frequency was

positioned at 138 ppm for C8 and C6 resonances and 153 ppm for C2

resonances. R1, R1, and 1H-130 heteronuclear NOE (hNOE) data were
acquired using minor variations of published pulse sequences (36). R1 delay

times ranged from 100 ms to 2000 ms collected in a random format. For R1,

delay times ranged from 10 ms to 120 ms in a random format acquired at 2980
Hz spin-lock field. For saturated heteronuclear NOE experiments, protons were
irradiated for 3 s with a total recycle delay of 7 s. For non-saturated
heteronuclear NOE experiments, protons were not irradiated with a recycle delay

of 7 s. Dispersion data were acquired using relaxation compensated CPMG
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(35,50), on-resonance R1, (36), off-resonance R1, (37,51), and Hahn echo (52)

pulse sequences. CPMG experiments were acquired as a function of inter-pulse

spacing 2tcp, where tcp values ranged from 180 pus to 2500 us, corresponding
to effective spin-lock powers yB1/2n [vcp=1/(4tcp)] of ca. 1400 Hz to 80 Hz. On
resonance R1, experiments were acquired as a function of the applied w1 RF,
where ©1/2n ranged from 1.5 to 6 kHz. Off resonance R P experiments were

acquired as a function of Q at a w1/2n of 3 kHz, where /2r ranged from 3.5 to

10 kHz. Magnetization was rotated to its effective field using adiabatic half

passages of 4 ms. Hahn echo experiments were acquired with tcp values
ranging from 25 to 62.5 ms. Ry, R1, 'H-'°C hNOE, Hahn Echo, CPMG, on-
and off-resonance data were acquired at 25 °C, and 35 °C. Off-resonance R1,
was omitted at 15 °C. R1 and on-resonance R1, were acquired at 20 and 30 °C.

For 130 experiments acquired on the 900 MHz spectrometer, all two-

dimensional spectra were obtained with 512 x 64 complex points in the f2 and {1

dimensions, respectively, with corresponding spectral widths of 9921 and 5656

Hz, a 1.6 s recycle delay and 256 steady-state scans. The proton RF carrier was

centered on the residual HDO signal, and the 13C carrier frequency was set at 77

ppm. R1, R4 o and heteronuclear NOE were acquired as described above. R4
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delay times used ranged from 0 s to 1.705 s, while Rq, delay times ranged from
10 ms to 100 ms collected in a random format acquired at yB1/2n of 1 kHz.

CPMG and on-resonance R1, data were acquired as described above. On-
resonance R1, experiments were acquired with a room temperature probe

(Bruker TXI), and the 13C RF carrier was set in the middle of the C2' and C4'

regions, respectively. All data were acquired at 25 °C.

All NMR data were processed using FELIX 2002 (Felix NMR, Inc.). Prior
to Fourier transformation in the f2 dimension, a 20% DC offset was applied, data
were zero filled, and a 3 Hz exponential line broadening function was applied.
Prior to Fourier transformation in the t1 dimension, 1 was extended by 20% using

linear prediction and a cosine-squared apodization function was applied.
Data Analysis. Resolved crosspeak intensities were integrated using FELIX

2002 and exported to Igor Pro 5.0.4 (WaveMetrics). In all experiments, one data
point was acquired three times to determine error. R1 and R4 pobs relaxation

rates were extracted by fitting the integrated peaks to a single exponential decay.

The 1H-130 hNOE was determined from the ratio of the saturated and non-

saturated spectra. For dispersion curves, R2 and R1 pObs rates were calculated

obs

using the equation R2/R1, = 1/T * In (I(T)/l,), where T is the relaxation delay

time, | is the measured intensity, and |, is the measured intensity with no
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relaxation delay. The |, was acquired twice to ensure reproducibility. R1, rates
obs . . obs 2 .2
were calculated from R4 p using the equation R1,  =Ricos 6+Rq,sin 6,

where 6= tan'1 (01/QY) is the tilt angle of the spin lock axis from the z axis, w1 is

the spin lock power in Hz and Q is the offset in Hz. Errors were propagated from

a single weff or vcp repeated three times. Minimum thresholds of errors were set
o _ 2 0 0
to 2%. kex and ®ex, where dex = papB(Aw ), R2°, and Rq, values were

extracted by simultaneously fitting dispersion curves to CPMG and R1,, equations

(26) using Igor Pro 5 Global Analysis at a single field. To determine whether the
timescale of exchange is in the fast, intermediate, or slow regime, a scaling

factor, a, was determined using the equation (52):

o = (B2 +B1) /(B2 - B1) * (Rex2 — Rex1) / (Rex2 *+ Rex1) [3.7]
where B1 and Bz are the magnetic field strengths in Tesla for the measured
values of Rex1 and Rex2, and Rex = pApBAw2 ! kex.

Exchange parameters were determined from CPMG and R1, dispersion
curves at 600 MHz and 900 MHz where ®gyx at 900 MHz was imposed to be 2.25
times ®ex at 600 MHz. A kex was determined for each C2' and C4' atoms. In
cases were kex values coincided in error for C2' and C4' atoms of a single

residue, kex for that residue was refit to a single value. In cases where kex
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values overlapped for several residues, multiple residues were refit to an overall
kex value. F-statistic critical values (o) were calculated to justify fitting dispersion
curves to motional dependent equations 3.3 and 3.6 as opposed to a horizontal

line. F-values for C2' and C4' resonances were obtained by comparing xz values

obtained by fitting data sets to a horizontal line versus the dispersion equations.
F-statistic  critical values were obtained wusing the website:
http://www.stattrek.com/tables/f.aspx. Confidence level was set to an a value of

>0.95.

RESULTS

A method was previously reported to specifically 130 label the ribose ring

of ribonucleotides in an alternate-site fashion (46). Using these rNTPs, it was

13

demonstrated that C-13C interactions were removed for R1 and Ri1,

measurements using the alternate-site labeling scheme when compared to
uniform 13C labeling. With this proof of concept, INTPs utilizing the alternate-site

labeling scheme were incorporated into a well characterized GCAA RNA hairpin
to study ribose dynamics, particularly sugar re-puckering, by measuring motional

timescales of C2' and C4' atoms.

Verification of Chemical Shifts. The 'H-'°C HSQC at 600 MHz of the GCAA

RNA was obtained to verify chemical shifts previously reported (14). Figure 3.4

shows the crosspeaks for (top) C2' and (bottom) C4' atoms of the GCAA RNA
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hairpin. Thirteen C2' and nine C4' resonances were sufficiently resolved for

analysis. All tetraloop resonances were resolved allowing for complete analysis
of the tetraloop. From the 1H-130 HSQC, one can discern the severe
broadening of the A7 C2' resonance. At 900 MHz, this resonance was so

broadened that it is not observed in any spectra (data not shown). Due to this,

data analysis for A7 C2' was only obtained at 600 MHz, while all other

resonances were analyzed at both fields.
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Figure 3.4: 1H-13C HSQC spectrum of a specifically-labeled GCAA RNA hairpin.
C2' (top) and C4' (bottom) spectral regions are shown where tetraloop
resonances are labeled.
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Measurement of 130 Relaxation Rates. Using modifications of published pulse

sequences (36), R1, R1,, and 1H—13C hNOE measurements were acquired for

C2' and C4' atoms of the GCAA RNA hairpin to confirm the presence of

dynamics for ribose ring atoms within the tetraloop. Presented in Figure 3.5 are

130 (a) R1 and (b) Rq pObs curves for representative C2' atoms for the stem,
tetraloop, and 3’ tail obtained at 25 °C at 600 MHz. Shown in Table 3.1 are R4
and offset-corrected R1 P 130 measurements obtained for 600 MHz data at 25 °C.

The effect of ps to ns dynamics can be revealed by an increase in R4
values as well as a decrease in R1, values. The R4 for U15 C2' is higher (=17%)
than the average value of R¢ for helical C2's. Also, the Rq, is diminished

(=18%). This is in good agreement with previous work (53,54). Because Uqs is

at the terminus in a single stranded region and presumably the least structured
residue, relaxation rates obtained can be inferred as the maximum of ps to ns

measurable for residues in the GCAA RNA hairpin. Dynamics on the ps to ns

timescale were observed for resonances within the tetraloop. Increased R
values were observed for Gs and Cg C2's. Critical analysis of C4' atoms is less

clear due to the limited number of R1 values.
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Figure 3.5: Representative 130 (a) R1 and (b) R4 pObS curves obtained for (red)

A7; (black) Gg; and (blue) Uqs at 25 °C. Curves represent non-linear least
squares two-parameter fits to a single exponential.
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Table 3.1: Ry and R1,, 130 measurement at 600 MHz for C2' and C4' atoms of
the GCAA RNA hairpin.

R4 Relaxation (s™) R1,, Relaxation (s'T)
C2' Region C4' Region C2' Region C4' Region
Gy 24101 G, 2122005 G; 107%03 Gy 133:06
Gy 213%005 Gy 132204
Gy 227%007 Gy 13.1£06

Gs 249006 gy 238:0.09 g5 16607 Gs 17607
Cg 240004 5 2441008 5 126+04 Cg 393x09
A;  229%009 A, 252006 A 53+4 A7 291£06
Ag 227£002 pg 238:003 A 19506 Ag 21508
Gy 224006 Gy 232:004 Gy 129106 Gg 13406
Cyp 215%0.03 ¢, 24%01 (,, 13006 Cip 132£06

20£01 y,, 23%01 12409  ,, 158:09

U12 U12

Tetraloop atoms are shaded in grey while 3' single stranded atoms are shaded in
blue.

Model-free Analysis. To further quantify disorder on the ps-ns timescale, the
model-free formalism of Lipari & Szabo (42-44) was performed using R1, R1p,

and 1H-13C hNOE measurements acquired at 600 MHz. Calculations using the

model-free analysis were performed by Dr. Charles G. Hoogstraten. Using the

computer program Modelfree 4.1, motional parameters were determined for

atoms in the GCAA RNA hairpin using R1, R1 r and hNOE values measured at

600 MHz. Motional parameters determined were 32 , Te, and Rex. The results of

this analysis are shown in Table 3.2 and Figure 3.6 With the exception of the
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terminal G1:U42 base pair and the unpaired 3'-tail, the order parameter Sz, fora

given type of carbon, is high and uniform, indicating a lack of structural disorder
in the helix and tetraloop which is consistent with the well-structured and
thermodynamically stable nature of the system (7). The resulting overall isotropic
correlation time, 1., for overall molecular tumbling was 3.00 ns, in good

agreement with a value recently reported from analysis of nucleotide aromatic

3¢ data in a 14-nucleotide GCAA RNA hairpin construct (55). Of the total of 22
resonances analyzed, 11 could be satisfactorily fit using 82 alone, 2 required the
1e term in addition to the 82 term, 6 (comprising 6 of the 8 resonances within the

tetraloop) required Reyx, and 3 (including one resonance from the tetraloop)

required all three parameters. It should be noted that relative values obtained for
the two carbon types are strongly dependent on the values of the chemical shift
anisotropy parameter (CSA) used (data not shown). The values of CSA used

here, 26.6 ppm for C2' and 91.7 for C4', have strong experimental support for

rigid A-form helices (56). Rigorous interpretation of relative 82 values between

C2' and C4' resonances would depend on careful consideration of the values and
relative orientation of the C-H bond vector and the CSA tensor for various states

of the ribose ring, which is beyond the scope of the present work.
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Table 3.2: Model-free analysiszof ps — ns motion using 600 MHz data.

Resonance® S Te, PS Rex, s
Gy C2' 0.808 + 0.044 69.2 + 19.0 2.00 + 0.67
G3 C2' 0.973 + 0.023
Gs c2° 0.903 + 0.038 892.4 +291.2 3.84 +0.79
Cg C2" 0.901 + 0.028 266.0 + 83.8
A7 C2' 0.984 + 0.027 39.5+4.2
Ag C2' 0.975 + 0.011 6.28 + 0.64
Gg C2' 0.960 + 0.022
C10C2' 0.926 + 0.014
Uqp C2' 0.892 + 0.042

A14C2' 0.972 + 0.017

Uqs C2' 0.709 + 0.041 459.6 + 108.3

Gy C4 0.815 +0.018

Gs C4' 0.903 £ 0.036 3.57 £0.92
Ce C4 0.926 + 0.030 24.9+1.0
A7 C4' 0.956 + 0.023 14.2+0.7
Ag C4' 0.903 £ 0.014 7.47 £ 0.86
G C4 0.878 + 0.015

C1o C4 0.875 + 0.028

Uqp C4' 0.792 + 0.049 40.3+20.5 3.31+1.19

(a) No satisfactory model could be fit for G4 C2', U13 C2', and U413 C4' using the

combinations of 82, Te, and Rex tested. As these residues are at the 5'-terminus
or in the 3'-unstructured tail, and thus of little relevance to the goals of the study,
further detailed analysis was not attempted.

satisfactorily fit by allowing a te value of ca. 30% of the isotropic correlation time,
in violation of the known limits of validity of the model-free approach. Resuits

should be interpreted with caution.
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Figure 3.6: Analysis of relaxation data at 600 MHz using the model-free
formalism at 25 °C where (a) generalized order parameter 82 and (b) exchange

contribution to transverse relaxation Rex are shown. Open bars are C2' atoms
and shaded are C4' atoms.

113



Measurement of Relaxation Dispersion Curves. Motions on the ps to ms

timescales can affect the transverse relaxation as a measurable term, Rex.
While model-free analysis can suggest the existence of Rex contributions, a more

accurate determination of Rex contributions is the analysis of relaxation

dispersion curves. Relaxation dispersion curves are the dependence of the
measured transverse relaxation rate on the effective field determined by spin-

echo modulated spacing for CPMG based experiments or applied RF field and

the resonance offset for R1, experiments. While relaxation dispersion curves

have been utilized to investigate conformational exchange processes extensively

in proteins (27-29,50,52,57,58), little analysis has been done for RNA oligomers

(25,59). Because CPMG and R1, experiments are, in principle, similar and both

report on transverse relaxation rates, the combination of these experiments can

allow for complete analysis of effective field-dependence of relaxation rates.

From these curves, one can calculate key, the timescale of exchange within the
us — ms regime. In general, there are cases where either CMPG or Rq,

experiments were sufficient to obtain kex values of motion. Based on previous
RNA dispersion work (25) as well as using a novel isotope labeling scheme (46),

combinations of CPMG, on-, and off-resonance R4, were acquired to critically

analyze ribose dynamics within the tetraloop region of the GCAA RNA hairpin.
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13C Hahn Echo Measurements. 130 relaxation measurements were acquired

using Hahn echo experiments to determine Rex(weff—0), which can identify

resonances that are undergoing conformational exchange processes (60).

Shown in Fig. 3.7 are Hahn echo Rz measurements for (a) C2' and (b) C4'
atoms. Increased R2 were observed for both C2' and C4' atoms of A7 and Ag,
C2' of Gs, C4' of Cg, and a possible increase for Gs C4'. This is in good
agreement with R1, measurements obtained (Table 3.1) as well as the results of
the model-free analysis (Fig 3.5b). However, no Rex contribution was observed
for Cg C2'. It is not immediately obvious why no Rex contribution is detected

given that a significant contribution is observed for Cg C4' as well as Reyx

contributions for all other tetraloop C2' and C4' atoms.
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Figure 3.7: 13C R2 measurements from Hahn echo experiments. Rates are
shown for C2' (open) and C4' (closed) atoms at 25 °C.

Measurement of us to ms Motions. Due to the observation of increased
measured transverse relaxation rates as well as Rex contributions determined

using the model-free analysis, relaxation dispersion curves were acquired to

examine conformational exchange processes within the tetraloop in detail using

relaxation-compensated CPMG (rcCPMG) and on-resonance R1, experiments

acquired at two field strengths of 600 MHz ('°C 150 MHz) and 900 MHz ('°C
225 MHz) at 25 °C. Relaxation dispersion curves at 600 MHz were extended

using off-resonance R1, experiments. Relaxation dispersion curves were fit to

equations 3.3 and 3.6 to determine Key, Rzo or Rq po, and ®ex, where deyx =
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pApB(Aa))z. To validate the use of fast-exchange equations, an o scaling factor
was determined for each residue in the tetraloop using equation 3.7. Exchange
within the fast-exchange regime will have an a scaling factor of 2. o scaling

factors for all 130 carbons in the tetraloop that were able to be measured at both

magnetic fields were calculated to be 1.7 or above. Because of this, exchange
parameters could be determined from equations 3.3 and 3.6, which were derived
for the fast-exchange limit, as opposed to the more general exchange equations
(26,61).

In Figure 3.8, relaxation dispersion curves are shown from simultaneous

fitting to equations 3.3 and 3.6, which gave a statistically significant improvement

versus a description using w1-independent rates (cumulative probability for F-
statistic > 0.99) except for Gs C4' (cumulative probability for F-statistic is 0.91).

Statistically significant dispersive effects for G3 and Gg C2' atoms were

calculated, as well as for the 3' single stranded C2' atoms. Motional parameters

determined by fitting the dispersion curves to equations 3.3 and 3.6 were either

poorly defined or were not consistent with the fast-exchange regime (kex >> Aw).
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Figure 3.8: Relaxation dispersion curves for tetraloop atoms in the GCAA RNA
hairpin. CPMG (open symbols) and on- and off-resonance R, (solid symbols)
data are shown for C2' and C4' atoms respectively of (a,b) Gs, (c,d) Cg, (e.f) A7,
and (g,h) Ag. Upper traces represent data at 900 MHz (225 MHz 13C) and lower
at 600 MHz (150 MHz '°C) except in the case of A7 C2', for which data at 900

MHz was unavailable due to fast relaxation. For Cg C2', a horizontal-line fit to
the data is shown. Otherwise, solid lines denote simultaneous fits of all data for

the corresponding atom to equations 3.3 and 3.6, dashed lines (for Gs, A7, and
Ag) denote simultaneous fits to C2' and C4' results for a particular residue, and
dotted lines represent global fits of all data for either Cg and A7 (apical residues)

or Gs and Ag (closing base pair). In many cases, dashed and/or dotted lines are
not visible due to coincidence with the solid lines representing resonance-specific
fits.
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Table 3.3: Motional parameters derived via fitting of relaxation dispersion data at
both fields for a single atom to equations 3.3 and 3.6 at 25 °C.
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Listed in Table 3.3 are parameters for the tetraloop region determined by

simultaneous fitting of the relaxation dispersion curves at 600 MHz and 900 MHz,

where appropriate. ®ex was only reported at 600 MHz because d)exgoo was

imposed to be 2.25 times that of d)exsoo. kex values ranging from 22000 to

40000 s'1 were determined. Because the exchange rate constant, kex, is the

sum of k1 and k.1 for two states A and B, it can be postulated that kex values for
atoms of the ribose ring are reporting on sugar pucker transitions, i.e., C3'-endo

to C2'-endo interconversions. For A7 C2', non physical Rzo and R po rates were

determined. Although this atom has significant Rex contribution, the data

collected only at 600 MHz are not sufficient to determine accurate exchange

parameters. For this reason, parameters from A7 C2' only should be interpreted

with caution.

Furthermore, estimates for chemical shift changes for C2' and C4'

resonances were calculated from the ®gx term. Because exchange is within the
fast-exchange regime, a population weighted chemical shift average was
observed. Therefore, estimates for pao and pg were made to determine Aw from

the ®ex term. Using a value of 0.5 for pa and pg sets a minimum value for the

chemical shift difference, Awmin, between the two populations, C3'-endo and C2'-
endo. Previous work (14) has determined sugar pucker conformations for the

ribose ring for residues in the GAGA RNA hairpin from JH1-H2/JH3-H4'
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measurements. For three out of the four tetraloop residues of GAGA RNA
hairpin, sugar pucker conformations were found to be in equilibrium. Similar
equilibria for sugar pucker conformations were also seen in the GCAA construct.

Based on these equilibrium measurements, estimated chemical shift changes for

sugar pucker transitions, Awest, were determined from using pa and pg reflective

of the equilibria.

123



Table 3.4: Motional parameters derived via fitting of all data for a single atom to
equations 3.3 and 3.6 at 25 °C.

Residue Atom Kex, s (ta;)r:‘";"’ (i::::gt’ Tex (us)c
o CZ'; 25+0.3)x 10°  0.90+0.08 >1.26 41+5
C4”"  (24+13)x10* 0.53:0.20 >0.75 41122
Ce C4  (34+04)x10" 228+024 263:028 29:4
N C2'  (40+06)x 10" 342+041 373:044 2514
C4  (35+05)x10" 1.98+021 215:022 294
n C2  (22+03)x10" 091007 1.13:009 4616
C4 (25+04)x10° 107013 1341017 40.16

(a) Values derived from ®eyx = pApE:,(Aa))2 using pA = p = 0.5. (b) Values
derived using estimates of C3'-endo pucker populations with pa of 0.75 for Cg,

0.70 for A7, and 0.8 for Ag, based on NMR J-coupling analysis. For Gs, J-
coupling values were consistent with a fully C3'-endo population, and a lower

bound for Aw was thus derived using pa > 0.85. (c) The characteristic time tex
for an exchange process is the reciprocal of kex and is included here to aid

physical insight. (d) Improvements in xz using Equations 3.3 and 3.6 for this
resonance did not reach statistical significance versus a constant relaxation rate
model (P = 0.09 for standard F-test).
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Single Exchange Process for Ribose Sugar Pucker. It has been shown
previously that measurement of exchange rates that are similar within error for
multiple residues can suggest a single conformational event. Due to this, a
single exchange rate for multiple atoms can be determined (58). This has also

been demonstrated for C8/C6 and C1' atoms in the U6 RNA ISL (59). From

Table 3.4, kex values for C2' and C4' atoms for a given residue were observed to

be equal within error. Consequently, global fitting was used to test whether the

C2' and C4' atoms are reporting on the same conformational event. Fitting the

C2' and C4' atoms to a single kex value does not significantly alter motional
parameters (Table 3.5 and Fig 3.8). Slight alterations of motional parameters
were observed for the residue of A7 compared to those obtained from individual
atom fits. This can be attributed to limited data acquired for A7 C2'. However,

values obtained are well within error compared to individual fit. Because C2' and

C4' atoms were fit to a single key, it can be interpreted that these atoms are

reporting on the exchange process of ribose pucker interconversion within the

tetraloop region of the GCAA RNA hairpin.

From the residue fit, we also noted a clustering of kex values for multiple

. 4 4 -1
nucleotides. kex values of (2.5 £ 0.3) x 10 and (2.3 £ 0.2) x 10 s were
measured for Gs and Ag, respectively, while (3.7 £ 0.4) x 104 s'1 was measured

for A7. These exchange rates suggest that motions of residues are coupled
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together. Therefore, motional parameters were determined for Gs and Ag using
a single kex value as well as for Cg and A7. A global kex value of (2.4 £ 0.2) x
104 3'1 was measured for G5 and Ag; and a single kex value of (3.3 £ 0.2) x 104
s'1 was determined for Cg and A7 (Table 3.6 and Fig 3.8). These results hint at
correlated motions for Gs and Ag, which can be attributed to a dynamic hydrogen
bond network (13,14), while correlated motions for Cg and A7 can be tentatively

attributed to base dynamics for Cg (14,20).
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Table 3.5: Motional parameters derived via fitting C2' and C4' data for a single
residue to equations 3.3 and 3.6 for a single kex value at 25 °C.
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Table 3.6: Motional parameters derived via fitting C2' and C4' resonance data for
multiple residues to equations 3.3 and 3.6 for a single kex value at 25 °C.
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Analysis of Base Dynamics. Timescales for sugar pucker interconversions
within the tetraloop of the GCAA RNA hairpin have been determined. It is
possible that these motions are correlated to the dynamic hydrogen bond

network as well as base motions. To determine if aromatic base and sugar

motions are coupled, analysis has been extended to the aromatic 13C C8, C6,

and C2 atoms in a uniformly labeled 13C, 15N GCAA RNA hairpin sample. This

work was carried out by Jodi Boer, a graduate student doing her rotation in the

Hoogstraten lab. The results from this work are presented in Figure 3.9. From

molecular dynamic simulations, the aromatic ring of Ag was observed to briefly

leave the tetraloop structure (20). From the relaxation dispersion curves, no Rex
contributions indicative of exchange on the ps to ms timescale were observed for
Ag C8 or C2. Because similar kex values were not observed for base and ribose

atoms for the tetraloop, it can be inferred that base motions are not coupled to

ribose dynamics. It should be noted that relaxation dispersion curves were not
obtained for Cg C6 due to ambiguity from 1H only chemical shift assignments

(14).
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Figure 3.9: Representative relaxation dispersion curves for aromatic atoms for
the GCAA RNA hairpin. On-resonance R, (solid symbols) data are shown for

C8 resonances of G3 (black diamonds), Gs (red circles), and Ag (blue squares).
Solid lines denote best fit to a horizontal line.
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Temperature Dependence of kex. Loria and cp-workers (57) have obtained

relaxation dispersion curves at multiple temperatures to investigate the activation

energy of us to ms motional process in ribonuclease A. For this purpose, kex

values for C2' and C4' atoms of the GCAA RNA hairpin tetraloop were
determined from relaxation dispersion curves obtained at 15 °C, 20 °C, and 35

°C (Fig. 3.10 to 3.12; Table 3.7 to Table 3.9) to supplement those already

obtained at 25 °C. At 15 °C, kex values were determined for all tetraloop atoms
except Cg C2' that range from 11000 to 20000 s'1. Unlike 25 °C, a single kex
value for C2' and C4' atoms from a single residue fit was determined only for Ag.
For Gs and A7, kex values for C2' and C4' atoms determined were not within
error. At 20 °C, kex values obtained have a high degree of uncertainty due to the

measurement of only on-resonance R1, data at a single magnetic field. The

acquisition of CPMG data could help define the relaxation dispersion curve for

better analysis as well as acquisition of dispersion curves at multiple fields. At 35

°C, a statistically significant relaxation dispersion curve was obtained for A7 C2'
only. Even though A7 C4' had a cumulative probability for F-statistic of 0.2, both
C2' and C4' atoms of A7 were analyzed to determine a single kex value of (7.0 +

2.3)x 10*
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Figure 3.10: Relaxation dispersion curves in the GCAA tetraloop at 15 °C.
CPMG (open symbols) and on-resonance R, (solid symbols) data are shown for

C2' and C4' atoms, respectively, of (a, b) Gs, (¢) Cg, (d, €) A7, and (f, g) As.
Solid lines denote simultaneous fits of all data for the corresponding resonance
to equations 3.3 and 3.6.
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Figure 3.11: Relaxation dispersion curves in the GCAA tetraloop at 20 °C. On-
resonance R, (solid symbols) data are shown for C2' and C4' resonances,

respectively, of (a, b) Gs, (c) Cg, (d, €) A7, and (f, g) Ag. Solid lines denote fit of
all data for the corresponding resonance to equations 3.6.
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Figure 3.12: Relaxation dispersion curves in the GCAA tetraloop at 35 °C.
CPMG (open symbols) and on-resonance R, (solid symbols) data are shown for

(a) C2' and (b) C4' atoms of A7. Solid lines denote simultaneous fits of all data
for the corresponding resonance to equations 3.3 and 3.6.
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Table 3.7: Motional parameters derived via fitting of all data for a single atom to
equations 3.3 and 3.6 at 15 °C.

Resonance Dex Kex, s RZO’ s RIDO’ !
Gs5C2 (19+02)x10° (12+01)x10° 145+08 15305
GsC4 (16+02)x10° (1.6+02)x 10" 207107 18.9+0.6
CeC4 (87+04)x10° (1.1+0.1)x10* 336%25 19.9+1.0
A7C2  (83+18)x10° (2.0+04)x10* 7.3+34 15.4+3.9
A7C4'  (74+07)x10° (1.3+02)x10° 187%33 19716
AgC2 (32+03)x10° (14+01)x10% 142:12 142110
AgC4 (32+07)x10° (14+03)x10* 182+26  18.0:18

Table 3.8: Motional parameters derived via fitting of all data for a single atom to
equation 3.6 at 20 °C.

Resonance Dex Kex, . R]DO, !
GsC2  (15:04)x10° (1.3+06)x10° 15412
GsC4'  (13£13)x10° (1.9:18)x10° 18830
CeC4a'  (12£02)x10° (1.9+04)x10° 16455
A7 C2' (11£02)x10°  (22:03)x10° 122:42
A7C4  (61:£15)x10° (1.7:05x10° 19436
AsC2  (25+15)x10° (1.3x14)x10° 16.3:48
AgC4'  (23£16)x10° (15+15x10° 178144

Table 3.9: Motional parameters derived via fitting of all data for A7 C2' or C4' to
equations 3.3 and 3.6 at 35 °C.

Resonance Dex Kex, s Rzo, s R ,,0, s
A7C2  (21:16)x10° (7.0:24)x10°  NA 5.3+13.3
A7C4'  (65+133)x10° (7.3+65)x10° 86103 87107
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Activation Energy Determination. To determine activation energies for sugar

pucker interconversions, the temperature dependence of kex values was
analyzed. For example, relaxation dispersion curves for A7 C4' are plotted at all
temperatures (Fig. 3.13). The figure demonstrates that Rex contributions are
affected by temperature. The Rex contributions are determined from kex, ®ex,

and R2" terms. Interestingly, the ®ex term is not significantly different for all
measured temperatures for a given atom. From this, it can be suggested that

temperature changes do not significantly affect the populated states, pa and pg,

or the chemical shift difference. kex values were plotted as a function of

temperature (Fig. 3.14) as previously reported (57,58). From these plots,

activation energies were determined by fitting the values of ke to the linear form

of the Arrhenius equation (Table 3.10). Due to high uncertainty, interpretation of

activation energies for Gs and Ag resonances (25% to 120% error) should be

done with caution. Activation energies for the tetraloop atoms ranged from 31 to

79 kJ/mol. Activation energy values determined for Gs and Ag C2' and C4'

atoms are similar within error as are Cg and A7 C4' atoms. The results obtained

support the theory that sugar pucker transitions can be coupled together, which
are in good agreement with global fitting data obtained from relaxation dispersion

curves at 25 °C.
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Figure 3.13: Temperature dependence of A7 C4'. CPMG (open symbols) and

R, (solid symbols) data were acquired at 15 °C, 25 °C, and 35 °C at 600 MHz.
Solid lines denote best fit to equations 3.3 and 3.6 for the individual atom A7 C4'.
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Figure 3.14: Arrhenius-type plots of the exchange rate constant kex. Gs C2'
(black, open circles, short dash), Gs C4' (black, filled circle, solid line), Ag C2'
(red, open squares, short dash), and Ag C4' (red, closed squares, solid line) are
presented in panel a, while Cg C4' (red, closed circles, solid line), A7 C2' (black,
open squares, short dash), and A7 C4' (black, closed squares, solid line) are

presented in panel b. In all cases, kex values determined from individual
resonance fits were used.
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Table 3.10: Activation energies determined from fitting temperature dependent
kex values to the linear form of the Arrhenius equation.

Resonance E,, kJ/mol

Gs C2' 50 + 11
Gs C4' 32+ 38
CeC4' 79110
A7 C2' 50 + 12
A7 C4' 72+13
Ag C2' 31+ 11

AgC4  40.+18

DISCUSSION

In this work, dynamics for C2' and C4' atoms within the tetraloop region of

the GCAA RNA hairpin were analyzed using 13C NMR spin relaxation

experiments. This was carried out by incorporating 2’,4'-13C2 rNTPs into the

GCAA RNA hairpin. From the model-free analysis, C2' and C4' atoms are highly

ordered from 82 values, with little evidence of fast internal motions on the ps to

ns timescale. However, Rex contributions were determined for the tetraloop

atoms. Using relaxation dispersion curves, exchange rates were determined for
C2' and C4' atoms in the tetraloop. Coupling of motion for C2' and C4' atoms of

a residue as well as coupling of multiple residues was suggested by

simultaneous fits. By analyzing the temperature dependence of kex values,

activation energies for ribose ring fluctuations were determined.
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The fifteen nucleotide GCAA RNA hairpin is a small, well studied molecule

suitable to study ribose dynamics using the alternate-site labeling scheme to
extend 130 NMR analysis within the ribose ring as opposed to only the C1'
resonances. As determined earlier (see chapter 2), the use of the alternate-site
labeling scheme removes 13C-130 interactions for the accurate measurement of
relaxation rates. The removal of these interactions does not limit sensitivity of

13C resonances. All NMR data were acquired without using the constant-time

format. While the constant-time format can remove spectral overlap in the

presence of 13C-130 coupling, this method is subject to sensitivity loss. RNA

resonances suffer from poor chemical shift dispersion for different nucleotide
atoms. As RNA oligomers increase in size, the chance for spectral overlap
increases. In fact, not all the C2' and C4' resonances were analyzed. While the

alternate-site labeling scheme does not resolve this issue, using specific residue
13C NMR samples can aid analysis by removing the total number of resonances
observed (see chapter 4).

R1, Rq P and 1H-13C hNOE data were obtained to analyze fast internal
motions of the GCAA RNA hairpin using the model-free formalism of Lipari-
Szabo (42-44). The results obtained reveal a relatively rigid structure on the ps —

ns timescale. The overall correlation time t. was determined to be 3.00 ns which

is in good agreement with 2.97 ns obtained previously (55). Except for atoms

near the terminus and in the single-stranded 3' tail, general order parameters 82
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are greater than 0.9, indicative of rigid nuclei. Only a few nuclei, which were

located near the terminus and in the tetraloop, required an effective correlation

time, te,. In the tetraloop, only Gs and Cg C2' atoms were analyzed requiring te

values of 892.4 + 291.2 and 266.0 + 83.8 ps, respectively. Fast internal motions

using the model-free formalism of Lipari and Szabo are defined to be

approximately 10% or less than the overall isotropic motion (42). The te value

for Gs C2' is almost 30% of the overall isotropic motion. While this can be
interpreted as slow motion on the ns timescale, this invokes the assumption of
anisotropic motion. However, Gs did not fit to the anisotropic condition of the

model-free formalism. Furthermore, Fiala and co-workers (55) determined

internal motional parameters using isotropic conditions of the model-free

formalism for the uniformly labeled 130 GCAA RNA hairpin. This suggests that
fast internal motions cannot be determined unambiguously for G5 with the data

collected. Fast internal motions for Cg C2' could arise from sugar pucker

transitions. Nowakowski et al. (62) determined proton chemical shift
perturbations due to sugar pucker on the ps timescale from molecular dynamic

simulations of the UUCG RNA hairpin. Also, slight decreases in the general
order parameter 82 for Cg C2' were determined. These results suggest
conformational flexibility for this atom, which is in good agreement with previous

evidence of dynamics for Cg (14,20,55).
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All tetraloop resonances except Cg C2' required an Rex term using the
model-free formalism. The Rex contribution from the model-free formalism is

similar in magnitude to Rex contributions measured from Hahn echo experiments.

This result is satisfying as two technically different experiments report similar

results. Relaxation dispersion curves were obtained at 25 °C using rcCPMG, on-

, and off-resonance ' >C spin relaxation experiments at 600 MHz ('>C 125 MHz).

Simultaneously fitting CPMG and R1,, data to determine exchange parameters

has seldom been done (38,39). In most cases, one type of experimentation is

suitable to measure exchange parameters. However, if kex values are within
intermediate us timescales, both CPMG and R, measurements can be

effectively used to determine exchange parameters. The initial 130 R1, results

obtained at 600 MHz hinted at this possibility. Thus additional rcCPMG and off-

13 . . . .
resonance C relaxation dispersion curves were obtained, as well as rcCPMG

and on-resonance 13C dispersion curves at 900 MHz (13C 225 MHz). Motional

parameters were determined by fitting relaxation dispersion curves to equations
3.3 and 3.6 from both fields simultaneously. Equations 3.3 and 3.6 are
approximations from generalized exchange equations that are applicable at all

timescales. To validate the use of equations 3.3 and 3.6, an a scaling factor was

determined which relates the Rex dependence to the static magnetic field. An o
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scaling factor of 1.7 and above was calculated for all resonances except for Az

C2', for which no data could be obtained at the higher magnetic field. Because of

this result, caution should be taken for the analysis of A7 C2'. The A7 C2'

resonance is severely broadened as seen from the 1H-130 HSQC (Fig. 3.2).

Data analysis of this resonance was difficult due to data ambiguity as well as
acquisition of data only at 600 MHz. These problems could arise from fitting
dispersion curves using the fast-exchange equations when the general exchange

equations are appropriate. To unambiguously determine the exchange regime of

A7 C2', acquisition of relaxation dispersion curves at a second magnetic field is

needed. Because this resonance was not observed at 900 MHz due to fast

relaxation, acquisition of dispersion curves at lower magnetic fields could

alleviate this problem and help clarify the exchange regime for A7 C2'.

Relaxation dispersion curves were used to determine the exchange
parameters ®eyx, kex, and Rzo. For the individual fit of A7 C2' at 25 °C, a

minimum constraint of zero was imposed for R4 p0'600. This constraint was not

used when fitting kex to a single residue or global value. However, non-physical

R20'600 values were obtained for all determined fits for A7 C2'. This can be

attributed to inconsistencies with rcCPMG data acquisition. From Fig. 3.8,

rcCPMG rates are observed to be nearly equal or greater than Rq, at low

effective fields at 600 MHz and 900 MHz. This is not the case for A7 C2' (Fig.
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3.8e) where rcCPMG rates are significantly less than R1,, rates. These effects

could be attributed to fitting our rcCPMG data to the fast exchange equation

when the general equation is more appropriate. Yet, it was demonstrated that at

25 °C, kex values for C2' resonances were similar to C4' of the same residue for

Gs and Ag. Also, exchange parameters for A7 C4' were unambiguously

determined using the fast exchange equations. The source of the

inconsistencies in rcCPMG data acquired for A7 C2' at 600 MHz is unclear at this
time.

No Rex dependence was observed for Cg C2' at 600 or 900 MHz. This
result is unexpected due to the measurement of Rex for all other resonances
within the tetraloop. In fact, observation of substantial Rex contributions for Cg

C4' as well as relatively small Rex contributions for Gs C4' demonstrates the

sensitivity of our measurements. Also, results from two out of ten NMR solution

structures solved by Jucker and co-workers (14) determined the aromatic ring of

Cg was exposed from the tetraloop region (Fig. 3.1b), along with sugar pucker
equilibrium for Cg, as well as molecular simulations that observed sugar re-

puckering transitions from C3'-endo to C2'-endo upon base flipping for Cg (20).
From examination of equations 3.3 and 3.6, if no chemical shift difference

between A and B is observed, the Rex term goes to zero. It can be tentatively
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concluded that the chemical shifts of the C3'-endo and C2'-endo are the same for
Ce C2' resonance.
Evidence for correlated motions for ribose resonances in multiple residues

was determined from by fitting curves to a kex value. The sugar pucker

transitions in the GNRA tetraloop can be attributed to base dynamics.
Hoogstraten et al. (25) observed exchange contributions for the terminal adenine
C8 atom within the GAAA tetraloop of the lead-dependent consistent with results

from Jucker et al. (14) that determined a heterogenous hydrogen bond network in

GNRA tetraloops. However, no Rex contributions were observed from on-

resonance R1, curves (Fig. 3.9). A reason for this difference could be due to the

sequence difference. In both sequences, the apical residue stacks upon the third
base of the loop. However, the cytosine residue has been shown to flip out of
the tetraloop structure for two out of ten NMR structures obtained for GCAA (14).
No motions were observed for the third adenine in both sequences. This

conclusion would be better supported with the observation of dispersion curves
for Cg C6 resonance. Unfortunately, no dispersion curves for this resonance
were acquired due to spectral ambiguity from 1H only chemical shift assignments

for GCAA. The use of standard HCCH-COSY pulse sequences would correlate

H5 resonances to H6 resonances, possibly clearing up spectral ambiguity.

rcCPMG data could not be accurately determined due to the presence of 2Jcc

scalar coupling. To investigate us to ms timescales using CPMG based
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experiments, isolation of the aromatic carbons will be crucial. For example, Pardi

and co-workers (63) have developed a method to highly enrich purine C8 atoms

using 13C formate in bacterial cell growths.

As well as exchange timescales, chemical shift differences can be
determined from relaxation dispersion curves. Large ®ex values were
determined for A7 and Cg atoms as opposed to G5 and Ag atoms. Because ®ey

is proportional to the chemical shift difference, the data suggest that Cg C4' and

A7 C2' and C4' have large chemical shift differences. This can be seen from the

broadening of these resonances from the HSQC (Fig 3.2). Jucker et al. (14)
determined sugar pucker equilibrium estimates for the tetraloops studied. To
better illustrate the magnitude of chemical shift change within the tetraloop ribose
resonances, the tetraloop region of the 1.4 A GUAA RNA hairpin (15) with CPK

spheres sized proportional to minimum chemical shift differences is presented in

Fig 3.15. Here one can see the magnitude of chemical shift changes for Cg and

A7 atoms.
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A8 C2'

Figure 3.15: Representation of the tetraloop region of GUAA RNA hairpin
determined to 1.4 A (PDB code 1msy) by Correll and Swinger (15). CPK

spheres for the C2' and C4' atoms are drawn proportional to Aamin values for the
corresponding resonances.

Relaxation dispersion curves at multiple temperatures were acquired to
analyze the activation energy of sugar pucker conformations within the tetraloop

of the GCAA RNA hairpin. Changes in temperature are expected to change the

determined kex. For the tetraloop of the GCAA RNA hairpin, temperature
dependent Rex contributions were observed to be proportional to kex because
®ex and Rzo were not significantly altered with temperature (Fig. 3.13). At 15 °C,

residue level fits for Gs and A7 could not be obtained. For A7, kex values for
C2' and C4' resonances are not similar. Similar to data obtained at 25 °C, the

rcCPMG measured rates for A7 C2' are lesser than R1, For Gs and Ag, Kex
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values determined at 20 °C were poorly defined which made data analysis

ambiguous, yet values for Cg and A7 were better defined.

It was previously demonstrated that a single kex could be obtained for both

resonances in a given ribose ring which were attributed to both resonances
reporting on the same conformational event of sugar pucker interconversion. If
this is indeed true, calculation of similar activation energies for both resonances

should be obtained. Using Arrhenius plots, activation energies for all tetraloop

C2' and C4' atoms were calculated except Cg C2'. C2' and C4' atoms of Ag have

similar activation energies which suggest these atoms are reporting on sugar

pucker transitions. Likewise, C4' resonances of Cg and A7 have similar

activation energies which could suggest correlated motions. Activation energies

measured are higher that those obtained for 15N amide resonances in

ribonuclease A studied by the Loria group, where measured activation energies
for exchange yielded 15 kJ/mol and 31 kJ/mol (57). However, LiWang et al. (64)
determined the lower threshold for ribose pucker activation energy is 17 kJ/mol
using ribose molecules. It is possible that ribose pucker conformations within the
tetraloop region are more sterically hindered. Such constraints could raise the
activation energies measured.

To sum up, rigorous analysis of ribose dynamics in the tetraloop region of
the GCAA RNA hairpin were presented. Fast internal motions on the ps to ns
timescales were analyzed by the model-free analysis of Lipari-Szabo (42-44).

Motions on the us to ms timescale indicative of conformational exchange were
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analyzed using rcCPMG, on-, and off-resonance R1, NMR spin relaxation

experiments at multiple fields. This analysis was made possible using the novel
alternate-site isotope labeling scheme. Motional exchange parameters for C2'
and C4' atoms were determined from simultaneous fits of relaxation dispersion

curves at multiple fields. From these results, individual fits for C2' and C4' atoms

to a single kex value were determined. Because kex values for C2' and C4'

atoms of a residue were determined to be similar within error, data were refit to a

single kex value for a residue. Likewise, multiple residues displayed similar kex
values, thus a global kex values was determined for Gs and Ag as well as Cg and

A7. It can be concluded that exchange parameters are reporting on sugar pucker

transitions. To ascertain thermodynamics of ribose motions within the tetraloop,
activation energies for sugar pucker transitions were determined, further
supporting the idea of correlated motions. The work presented here details the
usefulness of the alternate-site labeling scheme to study ribose dynamics within
RNA molecules. This work has laid the foundation for studies in biologically
relevant molecules, such as the hairpin ribozyme, to evaluate structure/function

relationships.
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Chapter 4

Analysis of Ribose Dynamics at the Cleavage Site of the Lead-dependent
Ribozyme Using 1:"C NMR Spin Relaxation Experiments
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INTRODUCTION

The lead-dependent ribozyme, or leadzyme, is a catalytic RNA molecule that

was derived from in vitro selection assays of yeast tRNAPhe (1), which was

shown to undergo cleavage upon the addition of Pb2+ (2,3). The mechanism of

the leadzyme was determined to be similar to other small, naturally occurring
ribozymes in using an internal 2' OH nucleophile, it cleaves the phosphate
backbone at a specific phosphodiester bond linkage to form 2'3'-cyclic
phosphate and 5'-OH termini (4). However, the leadzyme is unique in that the

2' 3'-cyclic phosphate is further hydrolyzed to 3'-phosphate (4). As evidenced by

its name, the leadzyme is specific for catalysis in the presence of Pb2+. Even
though Pb2+ is required for catalysis, the addition of divalent and trivalent metal

. . . . 2+
ions including rare earth metals can enhance the catalytic rate over Pb™ alone

(5,6). The structure of the leadzyme (Fig 4.1, 4.2) is centered within an

asymmetrical internal loop containing the cleavage site flanked by A-form

helices. Within the internal loop, Cg, Gg, and G24 are conserved residues (7,8).
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LCGCUGA G GGUUGA
Figure 4.1: Secondary structure of the lead-dependent ribozyme used in this
work. Cytidine residues are highlighted in bold; and the arrow denotes the site of

phosphodiester bond cleavage. Ovals (filed and open) denote non Watson-
Crick base pairs.

Kinetics studies have probed the catalytic mechanism of the leadzyme
(5,7-11). Uhlenbeck and co-workers (8) have shown that the log of the cleavage

rate is linear with pH in the range from 5.5 to 7.0, indicative of a basic group

being involved in the rate-limiting step of catalysis, presumably Pb2+-bound

hydroxyl. Unfortunately, full kinetic profiles cannot be obtained for the leadzyme
due to the formation of lead polyhydroxide species at high pH values.

Several structural methods including the NMR solution structure (12), X-
ray crystal structures (13,14), and computer modeling (15) of the leadzyme have
yielded conflicting results for the internal loop. Glycosidic torsion angles as well
as sugar pucker conformations for the three guanosines within the internal loop
are not consistent in the three analyses. Based on these inconsistencies, it was

hypothesized that conformational changes occur for the active site to activate the
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leadzyme. The use of 8-bromo-guanosine (8BrG) analogs (9) as well as locked
nucleic acid (LNA) ribonucleotides (rNTPs) (10) have probed glycosidic and
sugar pucker conformations, respectively. Using 8BrG analogs forces the

glycosidic torsion angle into syn conformation through steric hinderence. The

results demonstrated that G7 and Gg strongly prefer anti conformation while rate

enhancement was observed when Gg4 was modified with 8BrG (9). Locked

nucleic acids are rNTPs that restrict the sugar pucker to C3-endo. The
leadzyme with a locked nucleic residue at position 9 was shown to have a rate
enhancement when the sugar pucker was restricted to C3'-endo using the LNA
variant (10).

What the different structural analyses do agree on is a C3'-endo sugar

pucker for Cg. Yet, in this conformation, the 2'-OH is not positioned for in-line

nucleophilic attack as required for this mechanism. It was hypothesized that
conformational fluctuations could participate in the catalytic mechanism of the
leadzyme. In fact, comparison of residues in the asymmetric unit of the crystal

structures for the leadzyme indicated that metal binding can force a sugar pucker

conversion for Cg (13,14).

As shown in previous chapters, heteronuclear NMR experiments are

useful in examining conformational fluctuations. Previous NMR work by Pardi
and co-workers (16,17) measured a pKjy of 6.5 for A2s N1 as opposed to < 3.1
for other helical adenines. Using NMR line shape analysis, an exchange lifetime
of 28 + 4 us was determined for the protonated state of Azs N3 (16). Also,
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Hoogstraten et al. (18) measured a strong Rex dependence for Aos C2 and C8

atoms for the leadzyme from power dependent R1, measurements. For Ags C2

and C8 atoms, exchange lifetimes of 40 + 1.8 us and 47 + 18 us were

determined, respectively. It was hypothesized that protonation of Azs N1 is

influenced by the base of Cg flipping out of the helix. The agreement of these
experiments suggests a model whereby base pair opening is required for
catalysis. Unfortunately, no dynamics could be collected for the base of Cg due

to spectral overlap.

Based on these findings, it can be suggested that the sugar pucker

conformation of Cg would be affected by the proposed base dynamics. As

demonstrated in previous chapters, utilizing the alternate-site labeling scheme
can probe such dynamics. In this chapter, sugar pucker transitions were

examined for a cytidine-labeled leadzyme incorporating the alternate-site labeling

scheme using power dependent R1, experiments. The results demonstrate

active site fluctuations on the us to ms timescale which are postulated to position

the reactive nucleophile for catalytic activity.

MATERIALS and METHODS

Preparation of 130 Cytidine rNTPs. Cytosine specific 13C rNTPs for the lead-

dependent ribozyme were prepared as described earlier (19,20). 1'“,'C rCMP was
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separated from other rNTPs using an Akta Basic FPLC (GE Healthcare) with a
POROS P1/20 column (20 um, 4.6 mm x 100 mm) using a linear gradient from 50
mM NH,COOH, pH 3.0 to 500 mM NH4COOH, pH 2.5 over 3.5 min and a flow

rate of 5 mL/min collecting 10 mL fractions followed by UV absorbance. After
lyophilization of pooled fractions, 13C rCMP was phosphorylated to 13C rCTP
(19). The phosphorylation reaction was monitored using a Vydac 3021C4.6 lon-
Chromatography column (10 um, 4.6 mm x 250 mm) with a linear gradient from

25 mM 1:1 NaH2PO4:Na2HPO,, pH 2.8 to 125 mM 1:1 NaH2PO4:Na2HPO,, pH

2.9 over 34 min and a flow rate of 1 mL/min. 13'C rCTP was purified from

proteins using centrifugation, concentrated using a Rotovapor RE 120 (Buchi)
under vacuum at 40 °C to a final volume of 1 mL, and ethanol precipitated.

Transcription of the 13C Lead-dependent Ribozyme. The alternate-site
labeling scheme was incorporated into the cytidines of the thirty nucleotide lead-
dependent ribozyme by in vitro transcription using recombinant T7 RNA
polymerase and a synthetic DNA template (21,22) with 2',4'-1302 rCTP and non-
labeled rATP, rGTP, and rUTP. Transcribed RNA was ethanol precipitated and
purified using denaturing polyacrylamide gel electrophoresis on a Bio-Rad model
491 preparative cell (23) with a flow rate of 1 mL/min with 4 mL fractions. RNA

fractions corresponding to the lead-dependent ribozyme as determined by gel

electrophoresis were pooled, concentrated as above to 1 mL, and desalted using

Centricon-3 units (Millipore). RNA was dried, exchanged into 99.9% D20 with
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repeated lyophilization, and resuspended to a final concentration of 360 uM in

260 pL 99.96% D20, 10 mM sodium phosphate pH 5.5, 100 mM NaCl, and 200

puM EDTA in an advanced microtube matched with D20 (Shigemi, Inc.). Prior to

use, the NMR sample was incubated at 65 °C for 5 min and cooled on ice for 5
min.
NMR Data Setup, Acquisition, and Processing. All NMR data were acquired

on a Varian UnityINOVA 600 MHz (130 150 MHz) spectrometer at 25 °C. A 1H-
130 heteronuclear single quantum coherence (HSQC) spectrum was acquired to
verify chemical shift assignments previously obtained (11). The 1H-130 HSQC

spectrum was acquired with 1024 x 512 complex points in the {2 and t4

dimensions, respectively, with corresponding spectral widths of 6000 and 7540

Hz, a 1.5 s recycle delay, and 64 steady state scans. The proton radio frequency

(RF) carrier was centered on the residual HDO signal and the 130 carrier

frequency was set at 85 ppm to allow differential folding of the ribose and base

13
C resonances.

1 . . . . .
For 3C relaxation experiments, all two-dimensional spectra acquired on

the 600 MHz spectrometer were obtained with 1024 x 128 complex points in the

t2 and t1 dimensions, respectively, with corresponding spectral widths of 6000

and 1800 Hz, a 2 s recycle delay, and 15 min of steady state scans. The proton

RF carrier was centered on the residual HDO signal, and the 13C carrier
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frequency was set at 78.3 ppm. R1 data were acquired using minor variations of

published pulse sequences (24). R4 delay times ranged from 100 ms to 1050 ms

collected in a random format. Dispersion curves were acquired through the use

of relaxation-compensated CPMG (25,26), on-resonance R1, (24), off-resonance
R1, (27,28), and Hahn echo (29) pulse sequences. The relaxation-compensated

CPMG experiments were acquired as a function of inter-pulse spacing 2tcp,
where tcp values ranged from 180 us to 4500 pus, corresponding to effective
spin-lock powers yB1/2n [vcp=1/(4tcp)] of ca. 1400 Hz to 55 Hz. On-resonance
R1, experiments were acquired as a function of RF power w1, where w1/2n
ranged from 1.5 to 6 kHz. Off-resonance R1, experiments were acquired as a
function of Q at a w1/2n of 3 kHz, where Q/2n ranged from 3.5 to 9 kHz. Hahn

echo experiments were acquired with a tcp value of 40 ms.

All NMR data were processed using FELIX 2002 (Felix NMR, Inc.). Prior

to Fourier transformation in the t2 dimension, a 20% DC offset was applied, data

were zero filled, and a 3 Hz exponential line broadening function was applied.

Prior to Fourier transformation in the t1 dimension, t1 was extended by 20% using

linear prediction and a cosine-squared apodization function was applied.
Data Analysis. Resolved crosspeak intensities were integrated using FELIX

2002 and exported to Igor Pro 5 (Wavemetrics). In all experiments, one data

171



point was acquired three times to determine error. R4 relaxation rates were

extracted by fitting the integrated peaks to a single exponential decay. For

. . b . .
dispersion curves, R2 and R1,,° ® rates were calculated using the equation

R2/R1 p°bs = 1T * In (I(T)/l,), where T is the relaxation delay time, / is the

measured intensity, and /, is the measured intensity with no relaxation delay.

The |, was acquired twice to ensure reproducibility. R1, rates were calculated
from R4 ,,Obs using the equation R4 pObS = R1 cos2 0+ R1p sin2 6, where 0 = tan'1
(01/Q) is the tilt angle of the spin lock axis from the z axis, w1 is the spin lock
power in Hz and Q is the offset in Hz. Errors were propagated from a single weff
or vcp repeated three times (see chapter 3). Minimum values of errors were
. 2 0 0

imposed to be 2% or greater. kex, Pex = pAPB(A® ), R2 , and R1, values were
extracted by simultaneously fitting dispersion curves to CPMG and R1, equations

(30) using Igor 5.0.4.8's Global Fit. The CPMG and R1, equations used are
given:

2 * * A%
R2(1/xcp )=R2(1/1cp—=) + pAPB(A®) Tkex*(1-((tanh(kex/(4*1cpP)))*4*1CP/Kex))

[4.1]
and

2 2 2
R1p (weff) = R1, (weff —) + pAPB(A®) " Kex / (weff + kex ) [4.2]
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where R2(1/1cp—=) and R1(wef—~) are the transverse relaxation rates in the
absence of exchange, respectively, pa and pg are the exchangeable populated
states where the sum of pa and pg are equal to one, Aw is the chemical shift
difference in radians between the populated states pa and pg, kex is the
exchange rate constant, 2icp is the delay time between 180° pulses, and the

effective field, weff, in radians per second can be expressed as:

2 2,
weff= (0” + Q)" [4.3]

F-statistic critical values (o) were calculated to justify fitting dispersion

curves to exchange dependent equations as opposed to a horizontal line. F-

values for C2' and C4' resonances were obtained by comparing x2 values

obtained by fitting data sets to a horizontal line versus the dispersion equations.
F-statistic  critical values were obtained using the  website:
http://Iwww.stattrek.com/tables/f.aspx. The confidence threshold was set to an o

value of >0.95.

RESULTS

Hoogstraten et al. (18) previously analyzed dynamics of nucleotide bases

within the active site of the lead-dependent ribozyme using power-dependent R1,,

dispersion curves. From this work, it was proposed that the base of Cg

undergoes conformational fluctuations that extrude the base from the asymmetric
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internal loop. Unfortunately, spectral overlap prevented the analysis for Cg using

NMR spin relaxation techniques. To directly probe motions of Cg, ribose

dynamics were analyzed for cytidine residues in the lead-dependent ribozyme

using the alternate-site labeling scheme.
1,13 P -
The H-"C HSQC for the 2'4'- "C2 cytidine-only lead-dependent

ribozyme was acquired to verify chemical shifts previously obtained (11) (Fig.

4.3). All eight C2' and four C4' resonances, including the C2' and C4' for the Cg
residue, were resolved for analysis. Hahn echo R2 vales were measured to
qualitatively determine resonances that have Rex contributions (31) (Fig. 4.4).
An increase in the Rz value consistent with exchange on the ps to ms timescale
was observed for both C2' and C4' resonances of Cg as well as for C2 C4', but

not C2'. Also, a decrease in the R2 value was observed for C14 C2' and C3g C2'

and C4'. This decrease is indicative of motions on the ps to ns timescale.
Overall, these results suggest motions on multiple timescales for sugar carbons

in the leadzyme. Relaxation dispersion curves were obtained to analyze ribose

pucker transitions for Cg in detail.
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Figure 4.2: 1H-130 HSQC spectra of the cytidine-only specifically-labeled lead-
dependent ribozyme corresponding to C2' (top) and C4' (bottom) resonances.

Both Cg resonances are labeled. The * denotes the resonance of C3g C2'.
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C2 C5 Cé6 C10 C11 C14 C28 C30

Residue

Figure 4.3: 136 R, measurements from Hahn echo experiments for cytidine C2'
(grey) and (b) C4' (black) resonances at 25 °C.

Analysis of us-ms Motions. Relaxation dispersion curves were acquired for C2'
and C4' atoms of cytidine residues in the lead-dependent ribozyme.
Inconsistencies were observed for cCPMG data points for C6 C2' (Fig. 4.5a).

Due to these inconsistencies, rcCPMG data points were deemed unreliable and

motional parameters were determined from R1, data points only. Motional
parameters were extracted from statistically significant fits to equation 4.2 for Cg

and C3p C2' atoms. In Figure 4.4a, relaxation dispersion curves obtained for Cg
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C2' Rq, data are presented. Also shown are the rcCPMG and R1, data for Cg

C4'. Motional parameters could not be obtained for C4' due to the large errors.

In Table 4.1, motional parameters determined from relaxation dispersion curves

are presented. For Cg C2', the kex was determined to be (1.1 £ 0.4) x 104 s'1,
which corresponds to an exchange lifetime, tex, of 93 £ 36 pus. This value is

larger than the 7ex values previously reported for Azs atoms around 40 to 50 ps

(16,18).
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Fig. 4.4: CPMG (open circles) and R1,, (closed circles) data for Cg (a) C2' and
(b) C4' of the lead-dependent ribozyme. Solid line represents fit to equation 4.2

for R1, data.
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Table 4.1: Motional parameters derived via fitting Ce and C3p C2' R1,, data to
equation 4.2 at 25 °C.

Ce C2' C3p C2'
Dex 1.8e5+0.2e5 1.5e5+0.2e5
kex - 1.1e4 £+ 0.4e4 2.5e4 +0.3e4
R, 282+ 0.9 149405
Aomn(ppm)  0.91+0.05  0.8110.07
Tex (1S) 93+ 36 41+5

DISCUSSION

In this work, sugar pucker transitions in the lead-dependent ribozyme were

analyzed using 13C NMR spin relaxation experiments. Base dynamics of the
leadzyme were previously studied using on-resonance R1, dispersion data (18).

Rex contributions were observed for several residues found within the tetraloop

and in the asymmetric internal loop covering a range of exchange lifetimes.

Interestingly, A2s C2 and C8 nuclei showed evidence of Rex contributions that

were attributed to proposed Cg base fluctuations (18). It was postulated that this

motion could be coupled to a sugar pucker interconversion from C3'-endo to C2'-
endo (12,14) that would position the 2'-nucleophile for catalytic attack on the
scissile phosphate.

For analysis of ribose dynamics, the leadzyme was transcribed using 2',4'-

1302 rCTPs and commercial non-labeled rATPs, rGTPs, and rUTPs. Because
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only cytidine residues are 13C enriched with the alternate-site labeling scheme

and there are only eight cytidines in the leadzyme, spectral overlap is decreased.

Near complete resolution for the C2' resonances was achieved. Only C44 and

C2g were slightly overlapped; however, they were resolved well enough to allow

for data analysis. Only four resonances were resolved for the C4' resonances.

Fortunately, both Cg 130 resonances were completely resolved allowing analysis

of the critical nucleotide at the cleavage site.

Hahn echo experiments were acquired to verify us-ms motions for the

ribose ring. Hahn spin-echo experiments measure R2 values at low effective
fields. An increase in Rz for both C2' and C4' atoms of Cg were observed (Fig.

4.4). Anincrease in the R2 was also observed for C2 C4' which is adjacent to the

terminal residues. Because terminal residues are normally frayed, it can be

presumed that dynamics for C2 is due to terminal fraying. A decrease in the

measured R was observed for C14 C2' and both C3p resonances, indicative of

ps to ns motions. Both residues are located at the end of the helix. To further
probe these motions, analysis using the model-free formalism (32-34) would be

best suited.

Conformational change has been hypothesized to position the 2'-OH of Cg

to attack the scissile phosphate. Functional studies demonstrated that

conformational flexibility for Cg is required for catalysis. Cedegren and co-
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workers (7) observed decreases in the observed catalytic rate when mutations

stabilized the base pairing of site 6 to site 25. For example, when Cg was

involved in a Watson-Crick base pair at site 25 with a guanosine, catalysis is
reduced by 50% (7). However, the catalytic rate was enhanced when
modifications were utilized that disrupted stable base-pair formation for site 6. In

fact, an increased catalytic rate over wild type was observed for an abasic

residue of Azs (7).

Interpretation of data for C3g is complex due to the existence of motions

on multiple timescales. Motional parameters were extracted from the relaxation

dispersion curve of Cg C2' fitted to equation 4.2. Motions in the ribose ring have
been attributed to ribose puckering transitions (see chapter 3). An exchange rate
of (1.1 £ 0.4) x 104 s'1 was calculated for Cg C2'. This corresponds to an
exchange lifetime of almost 95 ps, which is longer than the exchange Iifetirﬁes for

A2s C2 (40 ps) and C8 (47 us) aromatic carbons (18). It should be noted that

rcCPMG measured Rz data were not included in the analysis. To rigorously

analyze exchange for cytidine residues, acquisition of relaxation dispersion

curves at a second field could aid in the interpretation of dynamics for Ceg,
particularly at 900 MHz. Though motional parameters were obtained from using

R1, data acquired at only one magnetic field, this initial result is promising
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because it demonstrates that the ribose ring of Cg is dynamic consistent with the

assumption that fluctuations at this site are needed to activate the leadzyme.

A statistically significant relaxation dispersion curve was not observed for

Cs C4' (o = 0.48) which can be attributed to the large error bars on these data
points. However, an increased R2 was observed from Hahn echo experiments.

It is possible that there is an exchange contribution present, yet the Rex

contribution is too small to accurately determine. Sugar pucker interconversions
have been shown to be coupled to both C2' and C4' atoms of a given residue

(see chapter 3). Acquisition of relaxation data at higher magnetic fields can

increase Rey contributions, which could clarify ambiguities.
The 7gx value obtained for the ribose Cg C2' is longer than aromatic C2

and C8 for A5 previously obtained (18). One reason that these values are not

similar could be additional constraints affecting sugar pucker interconversion. In

the GCAA RNA hairpin, correlated motions for Cg and A7 residues and Gs and

Ag residues (see chapter 3) were observed. This could also be occurring in the

lead-dependent ribozyme. Dr. Minako Sumita of the Hoogstraten lab is

investigating ribose dynamics for guanosine residues in a guanosine 13C
specifically labeled leadzyme NMR sample. Based on previous work by Julien et

al. (10), the restriction of Gg to C3'-endo conformation using a guanosine LNA

greatly increased the observed catalytic rate. The measurement of ribose sugar
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pucker interconversion for the guanosine residues could elucidate a pattern of

concerted motions that helps position the 2'-OH of Cg for proper orientation.

These results coupled with Cg dispersion data taken at multiple fields can yield

insight into the active site of the leadzyme.

In this chapter, preliminary dynamics for sugar carbons of the lead-

dependent ribozyme enriched with 130 cytidine residues using the alternate-site

labeling scheme were examined via NMR spin relaxation techniques. As

evidenced from increased R2 values from Hahn spin-echo measurements, an
exchange lifetime of 93 us was measured for Cg C2', which is longer than values

reported for base carbons of Azs5. While intra-residue correlated motions were
not observed, these preliminary results suggest conformational flexibility for the
ribose ring of Cg which could aid in the catalytic mechanism of the lead-

dependent ribozyme. For detailed analysis of the active site in the lead-
dependent ribozyme, acquisition of relaxation dispersion curves at higher
magnetic fields will be critical to aid in the understanding the catalytic

mechanism.
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Chapter 5

Assignment of 1H, 13C, and 15N Resonances of Domain A of the Hairpin
Ribozyme
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INTRODUCTION

The hairpin ribozyme is a catalytic RNA that is derived from the minus
strand of the tobaéco ringspot virus satellite RNA (1). In vivo, the function of the
ribozyme is to generate monomeric genomes from the rolling circle replication of
the viroid genome for packaging (2). The hairpin ribozyme is similar to other
small endonucleolytic ribozymes in that the cleavage reaction produces 2',3'-
cyclic phosphate and 5'-OH termini ends (3). Unlike other small ribozyﬁes, such
as the hammerhead and Hepatitis delta virus, the equilibrium favors ligation of
the products rather than cleavage (4). An interesting characteristic of the hairpin
ribozyme is that metal ions are required for folding, but do not directly participate

in the chemical reaction. Catalysis for the hairpin ribozyme has been shown to

. 2+ .
occur in the presence of Mg as well as non-ligand exchangeable

Co(III)[NH3]¢;3+ (5,6). Because of this, it has been theorized that nucleotide

aromatic groups play an important role in the catalytic mechanism.

In vivo, the hairpin ribozyme uses a four-way helical junction to stabilize
the tertiary structure (Fig. 5.1) (4). However, a reduced structure known as the
minimal form that comprises the helix-loop-helix domains A and B that are linked
together by a hinge is capable of catalysis (7), as are constructs in which the
domains have been isolated and function in trans. (8). The scissile phosphate is
located within the internal loop of domain A. For catalysis to occur, the two
domains must interact with each other. This process is commonly referred to as
docking. The domains for the hairpin ribozyme have been characterized from

NMR solution structures of isolated domains A (9) and B (10), and from X-ray
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crystal structures of the docked hairpin ribozyme complex (11-14), as well as

functional studies (4-7,15-24).
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Figure 5.1: Diagram of the hairpin ribozyme utilizing a four-way junction. The
internal loops are labeled, and the arrow denotes the site of cleavage.

In the NMR solution structure of the isolated domain A, an A-form RNA
structure with anti y glycosidic angles for all residues was found with a C3'-endo
sugar pucker for all stem residues (9). In the NMR structure, the residue 5' of the
cleavage site was cytidine as opposed to adenosine in our sequence (Fig. 5.2).

Within the internal loop, C3'-endo sugar pucker conformations were determined
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for Ag, A10, and C_1, C2'-endo sugar pucker for Gg and G+1, and an equilibrium
between the two forms for A7, U+2, and C+3 (see figure 5.2 for numbering). This
cytidine base pairs with A1g, which is protonated due to a shift in the pK3 to 6.2,
similar to results seen in the lead-dependent ribozyme (25,26). Also, G+1 was

shown to form a non Watson-Crick base pair with Ag.

Conformational changes have been implicated in the catalytic mechanism

for the hairpin ribozyme. From X-ray crystal structures, Ferre-D'Amare and co-

workers (11) observed the extrusion of G+1 from the domain to base pair with
C2s in the internal loop of domain B upon docking, which is hypothesized to be

strengthened by base stacking with Azg. Comparison of the docked active site

precursor, transition state mimic, and product structures of the hairpin ribozyme

demonstrates a rigid active site (12) where changes were observed for the

scissile phosphate and sugar moiety of A_4, including a switch of pucker

conformation from C3'-endo to C2-endo. Investigation of ribose and base
dynamics could help elucidate the role that conformational flexibility of active site
nucleotides contributes to the overall catalytic mechanism of the hairpin
ribozyme.

Mutational studies have been important in highlighting residues that are
critical for the catalytic mechanism of the hairpin ribozyme, particularly within the

active site (27-30). For instance, Burke and co-workers (30) investigated binding
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and cleavage assays using single base substitutions of A_1 and U+2. While it
was determined that U+2 is not required for catalysis, the data suggested that
U+2 is involved in tertiary contacts that can properly align the active site. From

NMR analysis, the U+2 sugar pucker conformation was determined to be in

equilibrium and the residue was modeled to be bulged from the internal loop with
evidence of conformational flexibility on the ms timescale (9). Burke and co-

workers (21) used time resolved fluorescence resonance energy transfer

experiments to probe how U.+2 mutations affect docking. Although cleavage

rates decreased significantly, nucleotide substitutions did not drastically affect

formation of the docked complex, including a U+2C modification which could form
a Watson-Crick base pair with Gg. From X-ray crystal structures, U+2 was

determined to have cross-strand interaction with Gg (11,13,14). What still

remains unknown is how mutations within the internal loop prohibit catalysis, but
allow for global conformational changes such as docking. It is possible that the
mutations that alter the internal loop architecture can quench key dynamics that
are required for catalysis and not affect docking, a hypothesis which can be

clarified by comparing dynamics between wild type and mutant sequences. One

possible mutant sequence to test is U+2C/C+3U domain A (Fig. 5.2). Burke and

co-workers (31) demonstrated that U+2C/C+3U sequences inactivate Gg

ribozyme strands in ligation assays, which could partially be rescued with the
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introduction of a GgU mutation. Unlike the U+2C mutant, the double mutant was

shown to inhibit formation of the docked complex, which again could partially be

restored with GgU. Taken together, these results suggest that the role of U+2 is
to properly align Gg in the active site such that catalysis can occur efficiently.

With the U+2C/C+3U mutant sequence, internal loop dynamics may be
decreased such that key interactions cannot be made.
Several groups have measured 130 nucleotide base dynamics of RNA

molecules (32-36). In previous chapters, methods and results were described
that detailed the investigation of conformational exchange for ribose atoms in
RNA molecules using NMR spin relaxation experiments. These methods can aid
in understanding the catalytic mechanism of the hairpin ribozyme, particularly by
investigating conformational exchange within the active site. Even though the
NMR solution structure has been determined and chemical shift assignments for
that sequence have been reported, the sequence used in this thesis is different
(Fig. 5.2). Thus, chemical shift assignments for the wild type and mutant
sequences are needed for detailed analyses using NMR spin relaxation

experiments.
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Figure 5.2: Secondary structure of the (a) wild type and (b) U+2C/C+3U mutant
domain A. The numbering scheme is similar to the hinge form of the hairpin
ribozyme in which the structure is constructed from separate strands. Arrow
denotes the site of catalysis. For the mutant sequence, the box denotes the
residues that were transposed which could result in Watson-Crick base pairs.
Standard methods employing multidimensional spectroscopy of RNA
molecules focus on two assignment strategies (37-40). The strategy of through-
bond correlation uses scalar coupling between covalently bound nuclei to identify
spin pairs, while through-space correlations of spin pairs are determined based
on distances. The use of standard uniform isotope labeling can greatly aid in the

determination of chemical shifts. Specific heteronuclear experiments have been

designed to take advantage of heteronuclear spin pairs in RNA molecules. For
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example, H1' and H2' ribose spin pairs can be identified using an HCCH-COSY

pulse sequence. The H1' region of the spectrum from this pulse sequence has

less resonance overlap as compared to a 1H-1H NOESY spectrum of the same
region. Even though correlated spectroscopy can identify spin pairs for a given
nucleotide, NOE based experiments are vital to determine sequential nucleotide

assignments. By combining the results obtained using both strategies, the

complete assignment of a RNA molecule can be determined.

In this work, partial 1H, 13C, and 15N chemical shift assignments have

been determined for the wild type and U+2C/C+3U mutant domain A of the

hairpin ribozyme. These assignments were obtained from exchangeable and
non-exchangeable spectroscopy experiments. Comparing exchangeable

spectroscopy, new imino proton peaks and amino proton peaks were detected

for the mutant U+2C/C+3U indicating a tightening of the internal loop. While two-
dimensional experiments were acquired, the acquisition of three-dimensional
data as well as RNA-specific triple resonance experiments will allow for the

complete determination of chemical shifts for detailed analysis of active site

dynamics of domain A of the hairpin ribozyme.

MATERIALS and METHODS

Transcription of the 13C, 15N Domain A of the Hairpin Ribozyme. Uniformly

13C, 15N labeled ribonucleotides (Spectra Isotopes) were incorporated into the
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twenty-six nucleotide domain A of the wild type and mutant U+2C/C+3U hairpin

ribozyme by in vitro transcription using recombinant T7 RNA polymerase and a
synthetic DNA template (41,42). For the wild type sequence, transcribed RNA
was purified from an ethanol precipitate of the previous reaction using denaturing
polyacrylamide gel electrophoresis on a Bio-Rad model 491 preparative cell with
a flow rate of 1 mL/min and 4 mL fractions. Fractions corresponding to domain A
of the hairpin ribozyme as determined by gel electrophoresis were pooled,
concentrated using a Rotovapor RE 120 (Buchi) under vacuum at 40 °C to a final
volume of 1 mL, desalted using a G-25 Sephadex column collecting 1 mL
fractions, pooled again and dried. For exchangeable proton spectroscopy, wild

type domain A was resuspended to a final concentration of 1 mM in 270 pL

90%/10% H20/D20, 10 mM sodium phosphate pH 6.4, 150 mM NaCl, and 100

uM EDTA in an advanced NMR microtube matched with D20 (Shigemi). For
non-exchangeable proton spectroscopy, wild type domain A was resuspended in
99.96% D20 after repeated lyophilization and resuspension with 99.9% D20 to a
final concentration of 1 mM as mentioned above.

For the mutant U+2C/C+3U, Patrick Ochieng, a graduate student in the

lab, transcribed domain A and purified RNA using gel filtration chromatography

on an Akta Basic FPLC (GE Healthcare) using a HiLoad 26/60 Superdex 75

column (34 um, 26 mm x 60 mm) (43) monitored at Ao with an isocratic flow

rate of 3 mL/min of 10 mM sodium phosphate pH 6.4, 100 mM NaCl collecting 5
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mL fractions. Fractions corresponding to mutant domain A of the hairpin
ribozyme were pooled and exchanged with HoO with Amicon Ultra-4 centrifugal
filter units, 3000 MWCO (Millipore). Mutant domain A was resuspended to a final

concentration of 0.8 mM in 250 uL 90%/10% H20/D20, 10 mM sodium

phosphate pH 6.4, 150 mM NaCl, and 100 uM EDTA in an advanced NMR
microtube matched with D2O (Shigemi). Prior to use, both NMR samples were

heated to 65 °C for 5 min before cooling on ice for 5 min.

NMR Data Acquisition and Processing. All NMR data were acquired on a

Varian UnityINOVA 600 MHz or Bruker Avance 900 MHz spectrometer. The 900

MHz spectrometer was equipped with a cryogenically cooled probe (Bruker TCI).
Exchangeable proton spectra were acquired at 5 and 15 °C. In all cases,

the proton RF carrier was placed on the HDO residual peak. One-dimensional

imino-optimized spectroscopy was performed using a 1-1 echo pulse sequence

with 16388 complex points in the t1 dimension, a spectral width of 15003.8 Hz, a

3 s recycle delay, and 80 steady state scans. 1H-15N heteronuclear single

quantum coherence (HSQC) spectra were acquired with 1024 x 256 complex
points in the t» and t1 dimensions, respectively, with corresponding spectral
widths of 13197 and 6078.76 Hz, a 1.5 s recycle delay and 128 steady-state
scans. The 15N carrier frequency was set at 118 ppm as determined from
indirect referencing to internal reference standard 10 mM of sodium 2,2 dimethyl-

2-silapentane-5-sulfonate (DSS). 1H-1H 15N-edited homonuclear nuclear
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Overhauser spectroscopy (NOESY-HSQC) spectra were acquired with 1024 x
128 complex points in the 2 and t1 dimensions, respectively, with corresponding

spectral widths of 11995.8 and 11995.8 Hz, a 1 s recycle delay, 256 steady-state
scans, and mixing times of 150 ms and 300 ms.
All non-exchangeable proton spectra were acquired at 25 °C for the wild

type domain A. The proton RF carrier was placed on the HDO residual peak.

Unless otherwise noted, the 130 carrier was positioned at 111 ppm based on

indirect referencing to internal reference standard DSS.

1H-130 HSQC spectrum was acquired with 1024 x 256 complex points in

the t2 and t1 dimensions, respectively, with corresponding spectral widths of

6000.15 and 7540 Hz, and a 2 s recycle delay. 13C carrier frequency was set at
85 ppm, as determined from indirect referencing to internal reference standard
DSS (10 mM), to allow folding of the aromatic 130 resonances. 1H-130 HSQC
spectrum at 900 MHz was acquired with 512 x 256 complex points in the f2 and

t1 dimensions, respectively, with corresponding spectral widths of 9920.64 and

15847.86 Hz, a 1.5 s recycle delay, and 256 steady-state scans. 'H-'H HCCH-

correlated spectroscopy (COSY) sub-spectra were acquired with 1024 x 256

complex points in the t2 and t1 dimensions, respectively, with corresponding

spectral widths of 2999.18 and 2399.18 Hz, a 2 s recycle delay, and 256 steady-

state scans. 1H-1H HCCHe-total correlated spectroscopy (TOCSY) sub-spectra
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were acquired with 512 x 256 complex points in the fo and t{ dimensions,

respectively, with corresponding spectral widths of 2999.18 and 2999.18 Hz, a 2

s recycle delay, and 384 steady-state scans. For carbon correlation, a 10 ms

DIPSI-3 mixing period was used. 1H-1H homonuclear 13C-edited nuclear

Overhauser spectroscopy (NOESY-HSQC) sub-spectra were acquired with 1024
x 256 complex points in the f2 and tq dimensions, respectively, with
corresponding spectral widths of 5997.9 and 5997.9 Hz, a 2 s recycle delay, 256
steady-state scans and mixing times of 150 ms and 300 ms. At 900 MHz, 1H-1H
homonuclear NOESY spectrum was acquired with 1024 x 200 complex points in
the t2 and t1 dimensions, respectively, with corresponding spectral widths of

9920.64 and 9920.64 Hz, a 1.5 s recycle delay, 256 steady-state scans and a

mixing period of 150 ms.
All two-dimensional exchangeable spectra in H2O were processed using

Varian VNMR 6.1. Prior to Fourier transformation, 3 Hz exponential line

broadening function was applied for the fo dimension and a Gaussian window
function was applied for the t1 dimension. All other experiments were processed

using FELIX 2002 (Accelrys). Prior to Fourier transformation in the f2 dimension,

a 20% DC offset was applied, data was zero filled, and a 3 Hz exponential line

broadening function was utilized. Prior to Fourier transformation in the t4

dimension, a cosine-squared apodization function was applied.
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RESULTS
One-Dimensional Spectroscopy. RNA molecules have different types of

exchangeable protons including those on imino (-NH) groups of guanosines and

uridines, and amino (-NH2) protons for cytidines, guanosines, and adenosines.

These protons are not observed in 1H NMR unless they are protected from fast

exchange with solvent, primarily through base pairing (37). The observation of
these exchangeable protons can provide information about secondary structure

of the RNA molecule. Figure 5.3 shows imino proton resonances detected at 15
°C for (top) mutant U+2C/C+3U and (bottom) wild type domain A of the hairpin

ribozyme. Guanosine imino protons usually resonate between 10 and 13 ppm
while uridine imino protons typically resonate between 12 and 15 ppm. From the
wild type imino proton spectrum, six guanosine imino protons and one uridine
imino proton were detected, which is in good agreement with the predicted
secondary structure. Guanosine imino protons detected upfield at 10 ppm have

been observed from sheared G:A base pairs (37). The guanosine imino proton

of G+7 was observed in both sequences at 10.5 ppm. From the wild type

sequence, the lone uridine imino proton for U+s was detected at 14.16 ppm

whereas two uridine imino protons were detected in the mutant sequence, one at

14.2 (U+s) and another at 13.96 ppm (U+3). From 12 to 13 ppm, five distinct

guanosine imino protons were detected in the wild type sequence. Several

additional imino protons were detected in the mutant sequence. Interestingly,

201



four guanosine imino protons have similar chemical shifts in both the wild type

and mutant sequence in this chemical shift range. These peaks can be attributed

to base-paired guanosine imino protons of G.3, G4, G141, and G13. For the

mutant sequence, an additional guanosine imino proton was detected at 12.36
ppm, which can be attributed to Gg located in the internal loop. This imino proton

was not observed in the wild type spectrum. Also, the guanosine imino proton
detected at 12.62 ppm in the wild type spectrum was shifted to 12.76 in the
mutant spectrum. This guanosine imino proton was tentatively attributed to Ge.
In the mutant spectra, an imino proton peak was detected at 12.49 ppm. The

identity of this peak is unknown (see discussion). No imino proton peaks were

detected for G+1 in either spectrum. G441 imino proton would resonate upfield

similar to G+7 due to non Watson-Crick base pairing with Ag. These results

strongly suggest a properly folded RNA molecule with good agreement with
predicted RNA secondary structure. Based on overlap of chemical shift
assignments in both spectra and the addition of new peaks in the mutant
spectrum, these results display consistent secondary structure predictions with

variations localized near the internal loop.
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Figure 5.3: One-dimensional comparison of the imino proton region for the (top)

mutant U+2C/C+3U and (bottom) wild type isolated domain A at 15 °C. For the
mutant spectrum, * represents new peaks not observed in the wild type

spectrum. #* represents a downfield shift for Gg H1 in the mutant spectrum.

Two-dimensional Exchangeable Spectroscopy. For the imino proton region,

the 1H-15N HSQC spectra acquired at 15 °C confirms the 1H assignments from
one-dimensional spectroscopy of the wild type and mutant U+2C/C+3U

sequences (Fig. 5.4). In addition, 15N chemical shifts were correlated to 1H

chemical shifts.
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Figure 5.4: 1H-15N HSQC spectra of the imino proton region for (a) wild type and

(b) mutant U+2C/C+3U domain A of the hairpin ribozyme at 15 °C. Labeled
crosspeaks were determined from one- and two-dimensional spectra.
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Analyzing exchangeable amino protons is less straightforward than imino

protons due to resonance overlap with aromatic protons. The use of two-

dimensional spectroscopy can reduce resonance overlap and identify amino 1H
chemical shifts. Two dimensional 1H-15N HSQC spectra for the amino proton

region at 15 °C are shown in Figure 5.5 for the wild type and mutant U+2C/C+3U

sequences. Resonances are observed in two distinct chemical shift ranges.

These ranges correspond to the hydrogen-bond proton (downfield) and non-

hydrogen bond proton (upfield) of the amino NH2 for cytidines base paired with

guanosines. Both protons correlate to the same 15N nuclei. For the wild type

sequence, five amino proton pairs are detected while seven amino proton pairs

are detected for the mutant sequence, which is in good agreement with predicted

Watson-Crick base pairs for domain A. Unlike imino proton resonances, 1H and

15N amino proton chemical shifts are dissimilar for wild type and mutant

sequences. In the mutant spectrum, a feature derived from an additional cytidine
amino group was observed. Because amino proton chemical shifts are dissimilar
between the wild type and mutant spectra, tentative residue assignments could
not be made.

Amino protons from purine residues are less commonly observed due to
intermediate exchange which results in severely broadened resonances.
Temperature and pH changes could allow for detection in some cases. Lowering

the temperature to 5 °C did not result in the detection of purine amino protons

205



(data not shown). It is possible pH changes could result in the detection of

purine amino protons; however, pH changes were not examined in this work.
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Figure 5.5: H- "N HSQC spectra of the amino proton region for (a) wild type

and (b) mutant U+2C/C+3U domain A of the hairpin ribozyme at 15 °C. For the
mutant spectrum, * denotes crosspeaks from a non-predicted cytidine residue.
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To identify Watson-Crick G:C base pairs, 1H-1H 15N-edited NOESY sub-

spectra were acquired (Fig. 5.6 and 5.7). From these spectra, amino protons of

cytidine NH2 groups were identified which confirmed the identification of spin

pairs determined from 1H-15N HSQC experiments. G:C base pairs were

identified from guanosine imino proton to cytosine amino proton crosspeaks.
Two NOE correlations were observed for each imino proton resonance. These

NOEs, again, confirm amino proton assignments for cytidine residues. With the

tentative identification of Gg and Gg chemical shifts, imino to amino proton

correlations allowed the identification of C+4 and C+2, respectively. Also, the

unknown guanosine imino proton at 12.49 ppm was observed to correlate with
unknown cytidine amino protons. This was not observed in the wild type
spectrum. The identity of this G:C base pair is unclear.

NOESY experiments can also identify A:U base pairs. Uridine imino
protons in A-form RNA have been shown to exhibit strong NOEs to H2 of base
paired adenines. A single NOE was observed for each uridine imino proton to

the base paired adenosine H2 in the wild type and mutant spectra. These

crosspeaks can be attributed to H2 of As and A7 for U+s and U+3, respectively.

The inter-residue distance for imino protons in base pairs is = 4 A. For
NOESY experiments, this can give rise to weak NOEs at longer mixing times.

From these NOEs, a NOESY walk would aid in the sequential assignment of
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Watson-Crick base paired regions, particularly G_5, G_3, G4, G11, and G13. With

these assignments, the remaining cytidine resonances could be identified. No
imino to imino proton NOEs were observed for spectra acquired with 150 and
300 ms mixing periods at 15 °C. Even at 5 °C, imino to imino proton NOEs were
not observed at 300 ms mixing times (data not shown). Because imino to imino
proton crosspeaks were not observed, complete imino proton sequential
assignments were not obtained for the wild type or mutant domain A. However,

partial assignments have been made and are listed in Tables 5.1 and 5.2.

Taken together, all 1H and 15N chemical shifts for guanosine and uridine

imino protons as well as cytidine amino protons have been determined, which
are consistent with a properly folded RNA molecule and agree well with predicted
secondary structures for the wild type and mutant sequences of domain A.

Preliminary residue assignments were determined for helix cytidine amino

protons, uridine and guanosine imino protons including Gg.
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Figure 5.6: 1H-1H NOESY-HSQC sub-spectra of the wild type hairpin domain A

at 15 °C. Shown are the (a) amino to amino proton and (b) amino to imino proton
regions at 150 ms mixing time.
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5.7: 'H-"H NOESY sub-spectra of the mutant U+2C/C+3U hairpin domain

A at 15 °C. Shown are the (a) amino to amino proton and (b) amino to imino
proton regions at 150 ms mixing time.
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Table 5.1: Wild type domain A 'H and "°N chemical shifts.

1 .
Imino proton 1 chemlcaal B\ chemical
assignment shift (ppm) shift (ppm)
G+7 10.50 146.14
GX1 12.11 147.61
G+6 12.62 147 .61
GX2 12.70 147 .46
GX3 12.98 147.68
GX4 13.00 147 .47
U+s 14.19 162.93
'H chemical 15
Amino proton chemica N chemical

assignment  shift (ppm)b shift (ppm)

CX1 8.03, 6.63 97.52
C+4 8.35,6.97 97.58
CX2 8.42,6.69 98.04
CX3 8.43,7.10 97.87
CX4 8.59, 6.76 97.77

a. . b .
Resonances are ordered based on “imino proton or "amino proton chemical
shifts. X denotes unknown assignment of resonance.
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Table 5.2: Mutant U+2C/C+3U domain A 1H and 15N chemical shifts.

1 .
H chemical 15\ .homical

Imino proton a
assignment  shift (ppm) shift (ppm)
G+7 10.51 146.18
GX1 12.08 146.69
Gs 12.36 146.65
GX2 12.49 147.62
GX3 12.70 147 .48
Ge 12.76 148.64
GX4 13.00 147.69
GX5 13.04 147.55
U+3 13.96 162.65
U+s 14.16 162.74

1 .
Amino proton  H chemical O\ chemical

assignment  shift (ppm) shift (ppm)

CXx1 8.03, 6.62 97.59
C+2 8.23,6.89 98.35
CX2 8.36, 6.81 97.65
CX3 8.40, 6.91 99.41
CX4 8.40, 6.68 98.64
CX5 8.57,6.79 97.91
C+a 8.70, 6.94 98.02

a. . b . 1 .
Resonances are ordered based on imino proton or "amino proton H chemical
shift. X denotes unknown assignment of resonance.
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Two-Dimensional Spectroscopy of Non-exchangeable Resonances. To

identify 1H-13C proton spin systems and obtain 1H and 13C assignments, non-

exchangeable experiments have been utilized for the wild type sequence.

Mutant U+2C/C+3U 1H and 130 assignments would be compared to wild type

chemical shifts. It is possible that 'H and '°C chemical shifts would be roughly

similar between both sequences, as was the case for imino proton resonance
chemical shifts. With this approach, mutant chemical shifts could be easily
identified with noticeable chemical shift changes limited to resonances in the

internal loop.
1,,13 . . . . 1,, 13 .
H- "C spin pairs were identified from a H- "C HSQC experiment at 25

°C acquired at 600 MHz (Fig. 5.8) for the wild type sequence. For the ribose
atoms, significant overlap is observed for H2'/C2', H3'/C3', H4'/C4', H5'/C5', and
H5"/C5" crosspeaks while the H1'/C1' crosspeaks are well dispersed. From the
latter region, twenty-three resonances have been identified out of a total of
twenty-six. For the aromatic atoms of cytidine and uridine, all twenty H5/C5 and
H6/C6 crosspeaks have been identified. Thirteen out of sixteen crosspeaks were
detected for purine H8/C8 atoms. Although the regions of purine H8/C6 and

pyrimidine H6/C6 resonances overlap, they could be differentiated based on

multiplet structures. Because 13C labeled C6 are coupled to 13C labled C5, the

H6/C6 crosspeak is observed as a doublet in the 130 dimension. Moderate
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overlap was observed for adenine H2/C2 resonances.

Similar results were

obtained for a 1H-13C HSQC acquired at 900 MHz (data not shown).
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Figure 5.8: 1H-13C HSQC spectrum of the non-exchangeable resonances of the
wild type domain A of the hairpin ribozyme at 25 °C acquired at 600 MHz.

Spectral regions are labeled.

Considerable overlap for the H2'/C2', H3'/C3', H4'/C4', H5'/C5’, and

H5"/C5" spin pairs prevents accurate obtainment of chemical shift assignments

from these data. However, the use of sophisticated RNA correlation experiments

can alleviate ambiguity by the detection of crosspeaks from multiple spin
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systems, particularly correlations to well dispersed spin systems. HCCH-COSY

experiments were used to correlate covalently bound 1H-130 spin pairs. Briefly,

the HCCH-COSY pulse sequence transfers proton magnetization to adjacent
protons through one-bond 130-130 coupling. The 1H—1H HCCH-COSY sub-
spectrum that shows correlation of H1' and H2' proton chemical shifts is

presented in Figure 5.9a. Nineteen H1'-H2' resolved crosspeaks out of twenty-

six were observed. Two H1' protons with 5.57 ppm chemical shifts that were
resolved in the HSQC based on 130 chemical shifts were correlated to a single
H2' proton. This was also observed at 5.59 ppm. Because a two-dimensional

sub-spectrum was acquired, the acquisition of three-dimensional spectrum could

clarify which H1' correlates to H2'. Correlations among other ribose protons

could not be differentiated due to their similar chemical shifts. The 1H-1H HCCH-

COSY sub-spectrum that shows correlation of H5 and H6 chemical shifts is
shown in Figure 5.9b. Ten crosspeaks are observed consistent with the total

number of pyrimidine residues.
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Figure 5.9: 1H—1H HCCH-COSY sub-spectra of the wild type domain A at 25 °C
at 600 MHz. Shown are the (a) ribose H1'-H2' correlations and (b) pyrimidine
H5-H6 correlations.
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To complete accurate chemical shift assignments for ribose protons,
HCCH-TOCSY experiments were employed. HCCH-TOSCY experiments are
similar to HCCH-COSY experiments. However, the HCCH-TOCSY pulse

sequence employs a mixing period where magnetization can be transferred

through several 13C-13C couplings, thus connecting all 1H—130 pairs within a
single spin system. Combining HCCH-COSY H1'-H2' correlations with HCCH-
TOCSY H3', H4', and H5' correlations to H1', the entire ribose 1H-13C spin
system can be assigned. From the 1H-1H HCCH-TOCSY sub-spectrum

presented in Figure 5.10, additional crosspeaks are observed when compared to

the 1H-1H HCCH-COSY sub-spectrum of the same region. These additional

crosspeaks can be attributed to correlations to H3', H4', and H5' to H1'.
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Figure 5.10: 'H-'H HCCH-TOCSY sub-spectra of the wild type domain A at 25
°C at 600 MHz.

The ribose and aromatic 1H and 130 chemical shift were obtained using

correlated spectroscopy identifying intra-residue correlations. This approach,
however, does not correlate ribose and aromatic chemical shifts to adjacent
residues. NOE based experiments can be used to correlate intra-residue sugar
and base protons, as well as inter-residue correlations. Both correlations can be
used to obtain sequential assignment of residues. Sequential assignments can
be made through H8/H6 to H2' correlations which give rise to strong NOEs

although significant overlap limits the usefulness of acquired data. Sequential
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assignments can also be obtained from H8/H6 to H1' correlations. Because H1'
chemical shifts are more dispersed than H2', assignment can be less ambiguous.
In A-form RNA, the distance between H8/H6 and H1' are close enough to detect

NOEs (= 5 A).

1H-1 H 13C-edited NOESY-HSQC sub-spectra were acquired for the ribose

and aromatic regions. From the ribose optimized 1H-1H NOESY-HSQC sub-

spectra shown in figure 5.11a, correlations among ribose atoms were determined
from strong NOEs, consistent with HCCH-COSY and HCCH-TOCSY sub-
spectra. Correlations can also be observed among intra-residue H2' to H8/H6
from weak NOEs. This is probably due to the optimization of the pulse sequence
which attenuates aromatic proton signals. Intra- and inter-residue correlations for
H1' to H8/H6 could not be unambiguously determined due to overlap even with a

300 ms mixing period (data not shown). To complement the ribose NOESY,
aromatic 1H-1H 13C-edited NOESY-HSQC sub-spectra were acquired (Fig.
5.11b). Consistent with the ribose NOESY, inter-residue correlations were
observed for H2' to H8/H6. A few weak NOEs were observed for H1' to H8/H6

correlations. Other NOEs may be present yet overlapped with more intense H5

to H6 crosspeaks.
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Figure 5.11: 1H-1H 13C-edi’ted NOESY-HSQC sub-spectra of the wild type
hairpin loop A at 25 °C at 600 MHz. Shown are the (a) ribose and (b) aromatic
spectra using a 300 ms mixing time.
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For NOE based experiments, signal intensities can be enhanced at higher

magnetic field strengths. The aromatic to sugar region of a two-dimensional 1H-

1H NOESY spectrum acquired at 900 MHz with a 150 ms mixing period is

presented in Figure 5.12. Additional crosspeaks were observed compared to
600 MHz. These crosspeaks can be attributed to H1' to H8/H6 correlations intra-
and inter-residue correlations. Unfortunately, significant overlap with H5 to H6
prevents unambiguous assignments. While using a longer mixing period could
enhance magnetization transfer for increased S/N, three-dimensional acquisition

would be more useful due to H1' and H5 separation.

All results were acquired as two-dimensional 1H-1H sub-spectra. With
the acquisition of three-dimensional spectra, overlapped resonances can be

resolved with 13C chemical shifts. Combining the information of ribose spin
systems with intra-residue H1' to H8/H6 correlations, the entire nucleotide 1H-

13C spin systems can be identified. The inter-residue H1' to H8/H6 correlation

can identify residue assignments. At this point, three-dimensional experiments
have been acquired for HCCH-COSY, HCCH-TOCSY, and NOESY experiments,

but have not been processed for detailed analysis.
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Figure 5.12: 1H-1H NOESY spectrum of the wild type hairpin loop A at 25 °C

with a 150 ms mixing time at 900 MHz.
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Table 5.3: Ribose 'H and '°C chemical shifts for wild type domain A.

1
H''H c1Pc H2'H
(ppm)®  (pPm)  (ppm)

1 530 9319 442
2 539 9212 457
3 530 0417  4.38
4 542 9387 434
5 547 0466  4.48
6 547 9397  4.40
7 549 9436 453
8 553 9182 468
9 557 8977 a

10 557 9153 430

11 559 9192 a

12 559 9319 439

13 563 9104 467
14 568 9407 439
15 573 9319 453
16 573 9387 397
17 575 9173  4.81
18 582 9114 463
19 587 9261 463
20 588 9329 453
21 592 9182 457
22 593 9251 477
23 607 9280 471

a , . .
Resonances are ordered based on H1' chemical shift
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Table 5.4: Aromatic 1H and 13C chemical shifts for wild type domain A.

1
HS'H  C5 Bc e cs ¢
mopm)® (pPM)  (ppm)  (ppm)

1 505 9729 736 14056
2 511 9729 761 14095
3 523 9778 747 14163
4 535 9788 7.81 14182
5 542 10335 7.92 14261
6 544 07.88 757 141.04
7 560 10452 7.83 143.19
8 562 10491 7.79 14397
9 576 9827 7.85 141.92

10 587 9837 790 14241

H8 'H ?380 H2'H 213

(ppm)” (opm) (ppm)°  (pPM)
711 13645 1 7.33 15325
720 13655 2 7.56 153.93
736 13753 3 7.69 15520
753 13626 4 7.92 155.01
759 139.38
771 139.77
773 137.72
774 137.14
7.75 138.90

10 7.93 140.95

11 804 139.97

12 815 13948

13 821 142.80

Resonances are ordered based on aH5, bH8. cH2 1H chemical shift

O ONOODAWN--

DISCUSSION
1., 13 15 . . : ,
Partial H, “C, and ~N chemical shift assignments were determined for

the isolated domain A of the hairpin ribozyme. These assignments were made
possible by assignment strategies using standard through-space and through-

bond correlated spectroscopy experiments for uniformly enriched nucleic acids.
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Due to ambiguity from spectral overlap in two-dimensional sub-spectra, only

partial chemical shift assignments were documented for wild type and mutant
U+2C/C+3U domain A.

From one-dimensional exchangeable spectroscopy, imino proton and
amino proton peaks were observed. The observation of imino and amino proton
peaks is indicative of folded RNA oligomer. The quantity of guanosine and
uridine imino proton peaks from wild type and mutant sequences, which can be
attributed to involvement in Watson-Crick base pairs, is consistent with predicted

secondary structures. One- and two-dimensional exchangeable data exhibited

high similarity between both sequences of domain A used. Consistent with

predicted secondary structure, imino proton peaks for Gg-NH and U+3-NH were

observed in the mutant U+2C/C+3U sequence. Also, Gs-NH was determined to

be shifted downfield in the mutant sequence at 12.76 compared to 12.62 in the
wild type sequence. This is plausible because Gg is adjacent to the internal loop
in the wild type sequence and sandwiched by A:U base pairs in the mutant

sequence. This shift can be attributed to additional base stacking interactions.

However, no base pairing was observed for G+1. Because G+1 would form a
non Watson-Crick base pair, the G+1-NH chemical shift can be expected to

resonate near 10 ppm, similar to G+7. No additional peaks besides G+7 were

observed between 10 to 11 ppm in the mutant sequence.
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The proposed role of U+2 is to position Gg properly in the active site.
From wild type one- and two-dimensional spectra, no imino proton interactions
were observed for Gg. However, an intense imino proton peak was observed in

the U+2C/C+3U mutant spectra for Gg as well as a second uridine imino proton

not present in the wild type spectra, U+3. Interestingly, the U+2C/C+3U mutant
not only abolishes chemistry, it also disrupts proper formation of the docked

complex. Docking and catalysis can be restored with a GgU substitution,

suggesting flexibility at site +2 in the internal loop of the wild type sequence. In
fact, an abasic residue at site +2 only leads to =10 fold decrease in catalysis

while nucleotide substitutions (G, C, and A) lead to more significant decreases in

the catalytic rate (21). Because the U+2C/C+3U mutant has been shown to not
form a docked complex, this can be interpreted as quenched dynamics for G+1.

While the U+2C severely reduced the cleavage rate constant, efficient docking

still occurred. Differences observed between wild type and mutant samples from

exchangeable data in this work indicate changes were localized to the active site.

It is possible that the U+2C/C+3U mutant sequence restricts the flexibility of G+1,
particularly limiting its ability to form a cross domain base pair with Ca2s.

Comparison of C8 dynamics of G+1 using 13C NMR spin relaxation techniques
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between the wild type and U+2C/C+3U samples could discern quenched

dynamics for the U+2C/C+3U mutant.

Tentative sequential assignments have been made for wild type and

mutant U+2C/C+3U domain A. Unambiguous sequential assignments could not

be obtained due to absence of imino to imino proton NOEs from 1H-1H 15N-

edited NOESY-HSQC sub-spectra. Several methods were attempted to observe
imino to imino proton NOEs including increasing the mixing period to 300 ms,
reducing the temperature to 5 °C to limit exchange, moving the proton irradiation

frequency to 12.5 ppm to maximize enhancement for imino proton resonances,

and the acquisition of a 1H-1H NOESY spectrum at 900 MHz. All methods

produced results similar to Figures 5.6 and 5.7. It is not clear why imino to imino
proton NOEs were not observed for wild type and mutant domain A spectra. It is

possible that imino to imino proton NOEs could be more easily observed from

1H-1H NOESY spectra as opposed to 1H-1H 15N-edited NOESY-HSQC sub-

spectra. The removal of 15N-editing would decrease the pulse sequence length,

thus increasing the signal to noise ratio of observed crosspeaks.

Using correlated spectroscopy, proton intra-residue correlations for H1'
and H2' were determined. To clear up ambiguities, such as H3', H4', H5' (H5")
correlations to H1' and H2' assignments, the use of three-dimensional data

acquisition can remove spectral overlap within the ribose region. To determine

intra- and inter-residue correlations, 1H-1H 13C-edited NOESY-HSQC sub-
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spectra were acquired. While intra-residue proton to proton as well as aromatic
H5 to H6 NOEs were easily observed, H1' to H8/H6 were not easily detected.
The detection of these NOEs would aid in the sequential assignment of domain
A. Proper identification of aromatic and sugar resonances is crucial for detailed
analysis of dynamics of domain A using NMR spin relaxation experiments.
Acquisiton of a three-dimensional 'H-'H '“C-edited NOESY-HSQC sub-
spectrum at 300 ms using 600 MHz and/or 900 MHz could help remove spectral
overlap with aromatic H5 resonances.

A complementary strategy that can be employed is using residue specific
triple resonance experiments that correlate exchangeable and non-exchangeable
protons. Pardi and co-workers (44,45) have developed residue specific pulse
sequences for guanosine, cytdine, and uridine residues that correlate
exchangeable and non-exchangeable protons. The combined results from these
experiments as well as other correlated spectroscopy could greatly refine the
assignment process. Unfortunately, no information was obtained implementing

modified versions of these pulse sequences (46) (data not shown).
In this chapter, partial 1H, 13C, and 15N chemical shift assignments were
determined for wild type and mutant U+2C/C+3U sequences of the isolated

domain A of the hairpin ribozyme. From exchangeable spectroscopy, imino and

amino 1H-15N spin pairs were identified, which led to preliminary residue

assignments. New imino and amino proton peaks were detected for the mutant

U+2C/C+3U domain A compared to the wild type domain A. These new peaks
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were localized to the internal loop. These results support the proposed model
that reduced mutant activity may be linked to decreased flexibility of internal loop

residues.
1H-13C spin pairs were identified from spectroscopy of non-exchangeable

resonances. To obtain complete sugar intra-residue spin systems, three-
dimensional HCCH-TOCSY spectra would aid in unambiguous assignment.
While sequential assignments could not be obtained, three-dimensional 130-
edited NOESY-HSQC spectra will be critical. With the obtainment of complete
chemical shifts, active site dynamics for the isolated domain A of the hairpin
ribozyme can be investigated. Comparing dynamics in wild type and mutant

sequences, the role of key residues in the catalytic mechanism can be better

characterized.
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CONCLUSIONS

This thesis was motivated by an interest in investigating dynamics in RNA
molecules by use of NMR spin relaxation techniques. NMR spectroscopy is a
versatile tool which can detect motions across a broad range of molecular motion
timescales (1). While investigations of molecular motions have been extensively
probed in proteins, dynamics in RNA molecules have been less studied. Motions
in RNA molecules have mostly been limited to the nucleotide base C8 and C6
atoms (2-5), and little information has been obtained for the ribose atoms.

Studies of ribose dynamics have been hampered because of difficulties in

acquiring reliable data due to the coupling among 130 atoms of the ribose ring

when using uniform isotope labeling schemes (6). Other methods, such as
natural abundance acquisition (7,8) or chemical synthesis (9) have their
limitations as well. Because the ribose ring of RNA molecules has may play an
important role in the catalytic mechanism (10), a method is needed to accurately
extend dynamic studies throughout sugar molecule. With the combined analysis
of base and ribose carbons of RNA molecules, the role of dynamics can be
defined for RNA molecules during RNA folding or catalysis.

In chapter two, a method was outlined to make use of the pentose

phosphate pathway of E. coli cells to obtain ribonucleotides that have an
. 13 . 12 . . . . 13
alternating ~C- “C pattern for the ribose ring, thereby isolating C atoms for

NMR dynamic studies. This pattern was obtained using E. coli strains (zwf)
deficient in the oxidative portion of the pentose phosphate pathway. Other

methods were identified to effectively isolate other carbons, including C3'. These
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results along with previous techniques provide a method to specifically label all

13C atoms in ribonucleotides such that NMR dynamic studies are suitable.

The utility of the alternate-site labeling scheme for relaxation studies was
validated by comparing R1 and R1, measurements for specifically (2',4’-1302)
and uniformly labeled rAMP. Consistent with previous work (11), it was shown,
from R{1 measurements, that 13C-130 dipolar interactipns can be neglected at

short correlation times, but these interactions become more significant at longer

correlation times consistent with previous results. While 13C-13C dipolar
. . . 13, 13 . . o
interactions are negligible for R2 measurements, C- ~C scalar interactions limit

data analysis of transverse relaxation. This was demonstrated by the removal of

Hartmann-Hahn 130-130 interaction from R1, measurements. The specific
. 13, 13 . .
labeling scheme removes ~C- "C dipolar and scalar coupling, greatly

simplifying the determination of relaxation parameters from 1H-13C spin systems.

From these results, it is clear that the alternate-site labeling scheme can be used
in RNA molecules to study ribose dynamics on multiple timescales.
In chapter three, dynamics were studied in the GCAA RNA hairpin via the

alternate-site labeling scheme. Previous NMR studies and molecular simulations

reported sugar conversion for Cg from C3'-endo to C2'-endo in conjunction with

Ce base flipping out of the ground state structure, as well as a heterogeneous

hydrogen bond model for the tetraloop (12,13). With the specific labeling
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scheme, ribose dynamics were investigated on multiple timescales, particularly
on the pus to ms timescale.

Motions on the ps to ns timescale were investigated using the Model-free
approach pioneered by Lipari-Szabo (14,15) from '°C Ry, Ri, and
heteronuclear NOE values at 600 MHz. The GCAA RNA hairpin was found to be
a rigid molecule on this timescale with internal order parameters, 82, of at least

0.9 for non-terminal atoms. Some atoms were determined to have internal,

effective correlation times indicative of fast motions on the ps to ns timescale.

Interestingly, all tetraloop atoms except Cg C2' exhibited an Rex contribution,

indicative of us to ms motions. To accurately ascertain the Rex contribution,

relaxation dispersion curves were analyzed.
Motional parameters were determined from fits to relaxation dispersion

curves obtained at multiple field strengths. With the combined approach of

CPMG, on-, and off resonance R1, measurements, as well as multiple fields, the

complete dispersion profiles for nearly all atoms in the GCAA RNA tetraloop

hairpin were determined, particularly the tetraloop atoms. Exchange lifetimes

were determined for C2' and C4' atoms of all tetraloop atoms except Cg C2'. For
Gs, A7, Ag, the C2' and C4' exchange lifetimes were determined to be similar

within error. The C2' and C4' atoms of a given residue could be fit to a single tex,

which implies that atoms of a residue are reporting on a single conformational

event. This motional event was proposed to be sugar pucker transitions, where
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previous results determined the sugar puckers of the GCAA RNA tetraloop to be

in equilibrium (12). Also, exchange lifetimes clustered into two groups across the

tetraloop, which suggested two different motional timescales. The Cg and A7

atoms were fit to a single tex while Gs and Ag were fit to another tex. This

suggests that the motions of Cg and A7 are coupled and Gs and Ag are coupled.

It is plausible that the Cg and A7 motions are reporting on the base flipping

motion of Cg, while the Gs and Ag are reporting on the dynamic hydrogen bond

network. These results demonstrate the usefulness in measuring conformational
changes for RNA molecules using NMR experiments, whereas other methods
would not be able to detect such motions.

Relaxation dispersion curves were obtained at multiple temperatures to
ascertain the temperature dependence of the exchange rate constant for C2' and
C4' in the tetraloop. The activation energy of sugar pucker transitions was
determined from Arrhenius plots. While the data are somewhat ambiguous due

to large error bars, the fitted activation energy values suggest that sugar pucker

transitions require =30 kJ/mol. Not surprisingly, the activation energies for Gs

and Ag atoms were clustered within a narrow range, while the activation energies

of Ce and A7 C4' were reported to be similar within error. These results depict

the first analysis of ribose dynamics for C2' and C4' of RNA molecules. Taken

along with nucleotide base dynamics, a complete assessment of motions within
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RNA molecules can be obtained yielding a wealth of information, such as

correlated motions.

In chapter four, the alternate-site labeling scheme was incorporated into

cytidine residues of the lead-dependent ribozyme. Preliminary results suggest

an Rex contribution for Cg C2', which is the nucleophile in the catalytic

mechanism. An exchange lifetime of 93 + 36 us was determined, suggesting

possible motional correlation to the protonation/deprotonation of A2s N1, which
forms a non Watson-Crick base pair with Cg.
. 1, 13 16 . .
In chapter five, preliminary H, "C, and N chemical shifts are reported

for wild type and U+2C/C+3U mutant isolated domain A of the hairpin ribozyme.

From comparison of exchangeable spectroscopy data between the wild type and
mutant domain A, additional peaks were observed in the mutant sequence.

These peaks were attributed to the residues in the internal loop. Because the

U+2C/C+3U mutant is not able to form a docked structure, and the U+2C single

mutant does form a stable docked structure, it is plausible that the U+2C/C+3U

mutant reduces or quenches dynamics.

FUTURE WORK
While this thesis has documented methods and analyses in RNA
molecules, many questions still remain. Several of these issues have been listed

below:
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Further Characterization of the GCAA RNA Hairpin. The usefulness of the
specific labeling scheme was demonstrated to obtain motional parameters for C2'
and C4' of the ribose ring of the tetraloop region. It was concluded that C2' and
C4' report on the same motion of sugar pucker interconversion. To further
examine sugar pucker transitions, motional parameters can be obtained for C3'

atoms of the tetraloop residues to further probe ribose dynamics. This can be

done by obtaining ribonucleotides from wild type E. coli cells with 4-13C glucose

as the sole carbon source. These ribonucleotides can then be incorporated into
any RNA oligomer of choice, i.e. the GCAA RNA hairpin.

Concerted motions for the ribose ring were determined, even among
multiple residues. However, concerted base and ribose motions were not

detected. In the GCAA RNA hairpin, Cs was predicted to de-stack from the

tetraloop structure. However, dynamics for Cg C6 were not observed which was
due in part from the unambiguous 1H only assignments for the GCAA RNA

hairpin. Using 1H-1H HCCH-COSY sub-spectra, H5 and H6 correlations can be

used to clarify H6/C6 spin system for accurate acquisition of relaxation dispersion
data.

Investigation of Dynamics for the Lead-dependent Ribozyme. Preliminary

data have been presented that suggest exchange contributions for C2' of Cg in
the lead-dependent ribozyme. To further characterize this motion, the acquisition

of CPMG and R1, measurements at higher fields, particularly 900 MHz, could aid

244




in the analysis of leadzyme dynamics. As shown previously, acquisition at higher

magnetic fields increases the Rex contribution, aiding in the analysis of small Rex

contributions.  Also, to investigate base motions, a uniformly labeled 130

cytidine-only leadzyme NMR sample could unambiguously detect aromatic Cg
C6 motions.

Investigation of Dynamics for the Hairpin Ribozyme. Preliminary 1H, 13C,

and 15N chemical shifts were obtained for wild type and mutant U+2C/C+3U

hairpin ribozymes. To complete the chemical shift assignments, three-
dimensional HCCH-TOCSY and NOESY will be essential. Three dimensional
datasets have been acquired at both 600 and 900 MHz. Processing and analysis
of these datasets would greatly improve the effectiveness of chemical shift

assignment.

With the unambiguous assignment of 1H and 130 resonances for wild type
and U+2C/C+3U mutant sequences, active site dynamics can be investigated on

multiple timescales using R1, R1, and heteronuclear NOE measurements as

well as relaxation dispersion curves at multiple field strengths for base and ribose

atoms using uniform and specific labeling schemes, respectively, particularly A_1,

G.1, U+2, and Gg. These experiments may reveal never-before-seen dynamics

within the active site that NMR spectroscopy is uniquely suited to measure.
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With the ground state dynamics defined, active site perturbations due to

docking can be probed using labeled domain A with unlabeled domain B in the

presence and absence of Co(III)[NH3]63+. To prevent cleavage, a GgA/A3gU

mutant will be used which has been shown to dock but does not cleave on the
timescale of NMR experiments (personal communication). These experiments
have the unique ability to probe timescale of docking perturbations.

To conclude, the work detailed in this thesis has probed ribose dynamics
in RNA molecules. The methods documented herein in conjunction with other

studies can aid in the understanding the catalytic mechanism of ribozymes.
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