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Abstract

An understanding of both structure and dynamics is essential to the full characterization
of any biomolecule, but is especially relevant with respect to RNA for which dynamics is
used in myriad ways to achieve functional complexity that would otherwise be
inaccessible based on its rigid framework composed of only four chemically similar
nucleotides. Due to experimental difficulties in resolving the plethora of motional modes
that exist in RNA, their dynamical properties remain poorly understood. Solution nuclear
magnetic resonance (NMR) is one of the most powerful tools for the characterization of
structural dynamics, as it provides atomic level detail on a variety of timescales, from
picoseconds to seconds. Spin relaxation measurements can in principle provide
information at sub-nanosecond timescales, providing that internal motions are not
correlated to overall molecular tumbling. Residual dipolar couplings and residual
chemical shift anisotropies (RCSAs) report on the average global RNA structure and
provide insight into sub-millisecond motions. Finally, chemical exchange measurements
can provide quantitative kinetic information on the micro-to-millisecond timescale.
Unfortunately, many of the techniques commonly used for studies of RNA are limited to
nitrogen resonances, which are not frequently observable in functionally relevant, non-
canonical regions of RNA. In addition, target RNAs are relatively small, typically less
than 30 nucleotides or 10,000 molecular weight. In this thesis, I develop the much needed
NMR methods which can target the carbon nuclei of RNA and in systems up to 150
nucleotides. A combination of new spin relaxation, RCSA, and chemical exchange

techniques are developed to probe site specific motions over the picosecond to

xi



millisecond time regime and provide important insight into some of the fundamental
properties of RNA. Spin relaxation revealed a surprisingly complex dynamical landscape
for the relatively simple transactivation response element from HIV-1 RNA where
intriguing entropy compensation occurs upon ligand binding in the bulge region, with
order parameters of 0.2-0.3, as global domain motions are suppressed. New, selective R,
dispersion experiments detected previously unobservable chemical exchange in
functionally important regions of the bacterial ribosomal A-site RNA, with a timescale of

320 ps, and the modified base in a 1,N6-ethenoadenine - damaged DNA.
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Chapter 1. Introduction

The molecular machinery within a cell is critically important for maintaining the
viability of the cell. The ribosome, a 2.5 megadalton nucleoprotein complex made of 3
large RNAs and over 50 proteins, is a prime example of this machinery that produces
the numerous proteins found in the cell by translating the genetic code from a
messenger RNA (mRNA).! Riboswitches, cis-acting gene control elements found in the
5" untranslated region (UTR) of many mRNAs, regulate the gene expression in response
to changes in various physiological parameters. After the initiation of transcription,
transfer RNAs (tRNA) are recruited to insert the correct amino acid in the sequence and
then leave to allow translocation in the protein elongation cycle. This continues until a
stop codon is reached in the mRNA and the complete protein is released. Every step
along the way, molecular motions have been involved in order to allow the process to
continue: from local fluctuations to accommodate the recognition of a particular mRNA
or tRNA structure, to dramatic secondary structure rearrangements in the formation of
new helical elements. A description of these motions is therefore essential to understand
how they drive biomolecular function. This is especially true for nucleic acids which use

dynamics to add diversity to an otherwise simple chemical and structural makeup.?

Evidence for significant internal motions in large biomolecules has existed for over
50 years.’> These ubiquitous motions have timescales ranging from picoseconds for
localized motions in the sugar or nucleobases, to seconds or longer for global
conformational changes and translation/transcription processes. Peptide bond formation
occurs about ten times per second and can be thought of as an upper limit of one or
more of the regulatory steps during transcription.* For example, the ribosomal A-site
RNA decodes the mRNA message by dynamically flipping out two internal loop

adenines once a proper codon/anti-codon mini helix is formed between the amino-acyl



tRNA and mRNA. Base flipping motions like this have been found to occur over tens of
milliseconds.> On the other hand, modified bases in DNA sequences, which play an
important role in recognition by repair enzymes, may occur much faster if a number of
stabilizing interactions of a canonical base pair are disrupted. These damages disrupt the
canonical structure of DNA, allowing sequence specific recognition by various cognate

proteins.®

Large conformational changes can include secondary structural rearrangements and
long range domain reorientations. The former is a characteristic feature of the newfound
class of RNA riboswitches mentioned above. Purine-sensing riboswitches accomplish
this by forming a transcription (anti)terminator helix at a downstream decision-making
expression platform when the physiological concentration of the specific purine under
control reaches a predefined threshold.”. Recently these RNAs have attracted interest as
potential antibacterial targets, given their abundance in bacteria and their ability to bind
small molecules. The guanine-sensing riboswitch (G-switch) in particular is found in
many bacterial species, including the pathogen associated with anthrax, and is thought
to exist as several slowly (30-60 s!) interconverting conformers in the absence of
guanine.® Different riboswitches act as either kinetic or thermodynamic switches and
have been carefully tuned by evolution for their particular function. Understanding

these dynamics will likely be crucial in developing successful new antibiotics.

Global domain reorientations can best be illustrated in the transactivation response
element (TAR), a highly conserved RNA element located at the 5'-end of the UTR of the
human immunodeficiency virus (HIV) RNA genome.” TAR is a natively bent and
flexible RNA that must rearrange itself to a more linear state to accommodate binding of
the cognate protein Tat.!®!! Subsequently, additional proteins bind to the TAR-Tat
complex in order to hyper-phosphorylate the polymerase, increasing its elongation
efficiency to produce viral mRNA.?*® By understanding these processes, it may be
possible to design therapeutics that target these key regions and prevent viral

replication, killing the virus.



Due to the complexity of these motions in nucleic acids, it is difficult to obtain
enough experimental measurements to fully describe them and therefore they remain
poorly understood. Here, nuclear magnetic resonance (NMR) can be an invaluable asset
as it provides unrivaled structural and dynamic information with atomic resolution.
Using a variety of experimental techniques, NMR is capable of probing motions over the
entire range of biologically relevant timescales. Among the earliest applications of NMR
was nuclear spin relaxation which monitors the decay of nuclear magnetization.™* The
rate of decay is dependent on the size and shape of the molecule being studied, the
strength of the external magnetic field, and internal motions. Biomolecules typically
have global rotational diffusion times on the order of several to tens of nanoseconds,
thus setting the upper limit of the timescales accessible to the analysis of spin relaxation
rates. While it may be expected that local base wobbling or sugar puckering fall within
this limit, global motions, such as diffusion-limited domain reorientations, can also

occur on this timescale.®

Slow changes in the chemical environment of a nucleus, such as a base flipping
from a helical to a solvent exposed state, can introduce another relaxation mechanism
known as chemical exchange that is sensitive to motions on the microsecond to
millisecond timescale.'*’® These experiments in particular can provide a wealth of
information regarding the kinetics of the dynamic event. Alternatively, fundamental
parameters, such as chemical shifts and scalar couplings, can be monitored when the
biomolecule is partially aligned with respect to the external magnetic field to produce
residual chemical shift anisotropies (RCSAs)*?! and residual dipolar couplings
(RDCs).222 These measurements provide long range structural information that
complements the common short distance constraint measurements, nuclear Overhausser
effects (NOEs), which are often sparsely available in nucleic acids as compared to the
higher proton density in proteins. RDC and RCSA measurements can also provide rich
information about the dynamics of the nucleic acid that occur over timescales faster than
milliseconds, supplementing the results of spin relaxation and chemical exchange.?

Further NMR experiments, such as ZZ-exchange or real-time NMR, can probe motions



up to hundreds of milliseconds and longer.?>?¢ However, most of these techniques have
been developed almost exclusively for the backbone amide nitrogen spins of proteins.
While they are often readily applicable for imino nitrogens in nucleic acids, these nuclei
are only observable when they belong to highly structured Watson-Crick base paired
regions, whereas in the functionally relevant, non-canonical loops and bulges are mostly
unobservable. It is therefore critical to develop these techniques to study the abundant
carbon nuclei in the backbone and nucleobases of RNA and DNA nucleotides. In
addition, most nucleic acids studied by NMR are relatively small, often less then 30
nucleotides or 10 kDa owing to a number of experimental complications.””! In this
thesis, we aim to develop these much needed NMR methods which can target the
carbon nuclei of nucleic acids in systems larger than 70 nucleotides or 25 kDa. These
techniques will then be used to study the dynamical landscape for the relatively simple
transactivation response element (TAR) from HIV-1 RNA and other representative

nucleic acid samples.

1.1 The History of Nucleic Acid Dynamics and NMR

The study of nucleic acid structure and dynamics and the development of NMR
have occurred roughly over the same period of time (Figure 1.1). The first NMR studies
of bulk materials, water and paraffin, occurred in late 1945 by the groups led by Bloch3?

and Purcell® with theoretical and instrumental developments in the following year.33

In the early 50s, the first reports of nucleic acid structure appeared in the journal Nature
3637 including the landmark discovery of the DNA double helix.?% It took a number of
years before the two topics met, with the first proton spectra of polynucleotides taking
place in 1964 by two separate groups.*4! These early studies predated FT-NMR#*4* and
effective water suppression techniques and were conducted in 100% D20 solutions.
Temperature dependent studies of the proton spectra for polyU and polyC, although
polydisperse, were found to have considerable disorder and flexibility about the ribose

backbone above room temperature, while polyA and polyl showed a larger degree of



Figure 1.1. Timeline of the progress of nucleic acids studies by NMR.



order. Mixtures of polyA and polyU or polyl and polyC were found to be completely
ordered below ~50°C. Signals from tRNA samples similarly showed about 15-25%
disorder at 31°C and broad ribose and aromatic resonances indicated a larger variety of
local magnetic environment compared to the homopolymers. Later, the first spectra of
tRNA in water were recorded by Kearns, Patel, and Shulman* and highlighted the
exchangeable imino proton region, which is far enough downfield from the significant
water resonance to be measurable. These resonances were immediately found to be a
good indicator of the number of base pairs in an RNA since a single Watson-Crick pair
contributes only one resonance to the region between 12 and 15 ppm. The presence of
these peaks indicated lifetimes of the base-paired regions of >2 ms, slow on the NMR
timescale, that then broaden out as temperature is increased past its melting
temperature, thus allowing the protons to exchange with water at significantly faster
timescales. The observation of differential line broadening of the imino resonances as a
function of temperature in this first study, as well as in the many experiments that
followed, was attributed to sequential unfolding of the tRNA, beginning with tertiary
interactions, and followed by the T{C stem, D stem, the anticodon stem, and finally the
acceptor stem.**8 It was therefore recognized early on that dynamics would play an

important role in understanding nucleic acid function.

While the majority of the early magnetic resonance studies in the 1960s and 1970s
focused on the abundant proton spins, experiments using other spin-%2 nuclei were also
investigated. The natural isotope of phosphorus, 3P, is about a tenth as sensitive as
protons and is therefore a good reporter on the structure and dynamics of the nucleic
acid backbone. In the early 1970s, the 3'P spectrum of tRNAs recorded by Guéron was
found to be partially resolved allowing investigations of pH and divalent metal ion
titrations as well as melting studies.*>* Phosphorus relaxation studies were also used to
identify fast (~0.5 ns) temperature- and salt-independent local motions in the backbone
of large RNAs and DNAs.5' However, with the advent of superconducting magnets
around that time, it was noticed that the dominant relaxation mechanism was the

chemical shift anisotropy (CSA), which increases with the square of the magnet strength,



thus counteracting the sensitivity gains typically associated with higher fields. Fluorine,
being nearly as sensitive as the proton, 100% naturally abundant as the spin %2 nucleus
YF, and having a larger chemical shift range than protons was incorporated into the
uridine bases of tRNA% and 55 RNA% from E. coli. However, like 3!P, its sizeable CSA
counteracts the sensitivity gains that could be achieved by going to larger magnetic
fields. Despite their obvious biological significance, the carbon and nitrogen nuclei
suffer from poor sensitivity (3 and 0.3% of hydrogen, respectively) and very low natural
abundance of their spin % isotopes ("N = 0.37%, 1®C = 1.07%) and required the
development of more sensitive heteronuclear NMR techniques®% and/or isotopic

enrichment strategies.

Like the first proton spectra, the first recorded N spectra in 1975 were of
unfractionated tRNA samples.®® By growing cells in media containing »N-enriched
ammonium chloride, Lapidot et al. showed that tRNA¥, and later DNA%, could be

uniformly N labeled, although the sample mixtures could only reveal some basic

Figure 1.2. RNA mononucleotides. In DNA, the 2" hydroxyl is replaced with a hydrogen and the
uridine base is replaced with thymine by substituting a methyl group at the H5 position.



information about the new spin system. Similar studies of *C were also limited to
unfractionated tRNAs and DNAs.5"%* Relaxation studies of various single- and double-
stranded DNAs showed differences in local mobility of the ribose carbons (Figure 1.2),
increasing from C1’/C3’/C4’ to C2’ and finally C5" having the largest degree of freedom.
Attempts to isotopically label specific sites in the nucleobase and ribose found success at
incorporating *C4 of uracil®®!, 3C2 of adenine, uracil, and cytidine®?, and 3C-
methylation of tRNA® (Figure 1.2). In a purified sample of *C4-uniformly labeled tRNA,
spectra showed single resonance resolution and allowed a temperature-dependent
relaxation study of the system.® Here, Olsen et al. were able to construct a detailed first
description of the dynamics of the tertiary interactions. Relaxation studies of uniformly
13C1” labeling of tRNA conducted by Schmidt and Agris, although not residue specific,
found large amplitude internal motions of about 2 ns, similar to the motions observed in
DNA samples.® It was not until 1992 when the groups of Pardi and Williamson
proposed strategies for uniform *C/"N labeling of nucleotide 5" triphosphates (NTPs).
This finally made it possible to synthesize virtually any RNA sequence using in vitro
transcription and enabled the use of 3-dimensional NMR techniques.®>®” Among the first
RNAs prepared using this new method was the transactivation response element (TAR)
RNA from the human immunodeficiency virus (HIV). Multidimensional *C relaxation
studies showed a complex profile of ps-ns timescale dynamics of the pyrimidine C6 and
purine C8 nuclei, with the most mobility found at the internal trinucleotide bulge and in

the several loop residues.®

Most recently, three experimental techniques were developed that have
revolutionized biomolecular NMR studies. In 1997, Pervushin et al. demonstrated the
sensitivity and resolution-enhancing effects of cross-correlated relaxation on '®N-'H
spectra of large proteins.® In particular, the dipolar and CSA interactions destructively
interfere with each other for one component of the “N-'H doublet resulting in
significantly decreased transverse relaxation rates. Experiments developed to exploit
this effect are termed Transverse Relaxation Optimized Spectroscopy (TROSY). In the

same year, Bax and coworkers showed how liquid crystalline media can be utilized to



impart partial molecular alignment to biomolecules and subsequently extract residual
dipolar couplings (RDC) from scalar coupling measurements under these conditions.?
RDCs, and later residual chemical shift anisotropies (RCSAs),%2! provide long range
orientational restraints useful for structure determination. This is particularly true for
nucleic acids which are poorly defined owing to their elongated structure and a dearth
of usable short range proton distance restraints that are typically used in protein
structure determination. Finally, in 1998, Dingley and Grzesiek reported the first
observation of scalar couplings across the hydrogen bonds of Watson-Crick base pairs
and developed experiments to generate correlations between the imino nitrogens of the
nucleobases.”” These correlations allow unambiguous characterization of the base
pairing of nucleic acids, thus benefitting resonance assignment and providing
information regarding relative hydrogen bond strengths. Since these seminal
achievements, application of NMR to the study of nucleic acids has spread to a wide
variety of constructs, including pseudoknots”, quadruplexes’?, mRNAs elements’74,

ribozymes’>77, and riboswitches.”

0

Figure 1.3. Orientation and magnitude dependence of induced magnetic fields (blue) from the
circulation of electrons (green) in an aromatic ring.



1.2 Theory

Of interest to the current discussion are descriptions of the dipolar and the chemical
shielding interactions and how they give rise to residual anisotropic interactions and
nuclear spin relaxation. NMR active nuclei generate their own local magnetic fields
which can be felt by neighboring nuclei as a perturbation of the external magnetic field.
This dipolar interaction manifests as a resonance splitting in anisotropic solutions, RDC,
and is a dominant component of nuclear spin relaxation. The atomic resolution of NMR
however results from differences in the electronic environment of various nuclei in a
biomolecule known as chemical or nuclear shielding. Circulation of electrons
surrounding the nucleus will generate local magnetic fields that introduce perturbations
of the external magnetic field observed by the nucleus. An idealized picture of this can
be understood by the circulation of electrons in an aromatic ring (Figure 1.3). When the
ring normal is parallel with the external magnetic field, a current is induced resulting in
a left-handed circulation of the electrons. This circulation generates a magnetic field
through the center of the ring that is opposed to the external field and an additive
interaction to the protons on the periphery of the ring, resulting in a deshielding of the
nuclei and pushing them to higher resonance frequencies compared to a bare nucleus.

The effect on the resonance frequency is described by

w =-y (1-0) Bo (1.1)
where w is the resonance frequency, vy is the nucleus-specific gyromagnetic ratio, o is the
chemical shielding, and Bo is external magnetic field strength. While shielding represents
the physical phenomenon of local magnetic fields altering the effect of the external field
on a nucleus, chemical shifts represent the change in resonance frequency with respect

to a common reference resonance:

— W — Wyt

o =0, — O . (1.2)

Wy

The chemical shift, d, and likewise chemical shielding, o, are very small numbers and

10



conventionally reported in parts per million (ppm). Returning to the aromatic ring
example, if the ring were rotated in the magnetic field, the current would reduce to zero
as the plane normal becomes perpendicular to the external magnetic field, neglecting
other electron circulation in the molecule. Clearly, shielding is not a scalar quantity, nor
is the induced magnetic field necessarily in the same direction as the external magnetic
field. The anisotropic component of chemical shielding (CSA) therefore can result in
perturbations to the chemical shift in anisotropic solutions and is another source of spin
relaxation. A theoretical development of residual interactions and spin relaxation
involves averaging the appropriate spin Hamiltonians under isotropic and non-isotropic

solution conditions.”?-83

While some fundamental concepts of nuclear magnetization can be understood
using a classical mechanics description of the bulk magnetization vector, a quantum
mechanical representation of the magnetization, known as the density matrix formalism,
is required to accurately describe nuclear spin dynamics, which will be relevant to the
topics of spin relaxation and the residual anisotropic interactions. For diamagnetic

molecules, the nuclear spin Hamiltonian takes the general form

H=u"R'\v (1.3)
where u and v are angular momentum (u,v'={Ly, Iy, I.}) or magnetic field vectors (v'={0, 0,
Bo}), T is the transpose, and R* is a second rank Cartesian tensor representing the
coupling interaction, A, between the vectors, such as CSA or dipole. The coupling tensor
is described by a 3x3 matrix and can be decomposed into zeroth (isotropic), first (anti-
symmetric), and second rank (anisotropic) components with R® =1/3 Tr{R} E, R® = (R -
R")/2, and R® = (R + R")/2 - RO. A physical interpretation of the tensor can be obtained
by writing the Hamiltonian in the principal axis system (PAS) of the second rank tensor,
where the diagonal contains the principal components dq = Rqq - 1/3 Tr{R} for q = {x,y,z}
and off diagonal components of the first rank part are equal and opposite (Rxy = -Ryx,

etc.):
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RS~ yTRO 4RO ROy
:ATr{C}uov

+ny(uxvy -u,v,)+R,, (u,v, —uZVX)+Ryz(uyVZ —uzvy)

y

+d,u v, +dyugvy +d,u,v, . (1.4)
While the Cartesian form provides a useful physical understanding of the nuclear spin
interaction, averaging of the Hamiltonian is accomplished more easily using irreducible
spherical tensors, Tim, as they have relatively simple transformation properties. The
components of the Cartesian angular momentum and field vectors are not themselves

irreducible, although a linear combination of them can yield the appropriate first rank

spherical components:

Tlil :Vil =+—= VX +1Vy

NG

Typ=vy=v,

(1.5)

Irreducible spherical tensors of arbitrary rank can be obtained from the direct product of
lower rank tensors and the interaction between two spin-%2 nuclei (or a spin-%2 nucleus
and the external field) will only result in tensor components of rank two or less. The
Hamiltonian can therefore be written generally using spherical tensors as

W=C'S SE)TARY, (16)

1=0m=-1

where C* contains the factors of proportionality required for coupling interaction, A.
While the spin dependent operators, Tim, can be obtained from the lower rank vector
operators, the coupling tensor, Rim, can not be known beforehand. In order to form a
relation between the second rank Cartesian and spherical coupling tensors, the
components of TmRm need to be expressed with Cartesian components. The Rim
components can then be obtained from a comparison of the spherical and Cartesian
tensor elements and are collected in Table 1.1. In the PAS of the second rank tensor,
making use of the traceless and antisymmetric properties, d: = -dx - dy, Ry = -Ryx, Rz = -
Rz, Ryz = -Rzy, and defining an axial asymmetry parameter n=(dy - dx)/d-, the nuclear spin

Hamiltonian can be expressed as
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y
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where

R}, =1/3Tr(R") =R}, +R}, +R}, )/3

180

R:

Y44

>R},

#[R%| as)

and the parameters {C%, R, d2, 0} are {w1, Giso, Oz, 1)} O {-2y1s, 0, 3, 0} for the CSA
or dipolar interactions, respectively. Here, the ordering of the principal values R, Ryy,
and Rz follows the ordering used by Spiess®! as it ensures that either R > Ryy > Rzz or Rz
> Ryy 2 R which will be more convenient when dealing with shielding tensors. While it
is useful to consider the Hamiltonian in the principal axis frame of the coupling
interaction, the spin dependent operators take on a much simpler form when written in
the laboratory frame, listed in Table 1.2, with the z-axis parallel to the magnetic field.
Since the spin operators are independent of orientation, a Wigner rotation can be
applied to the coupling tensor to bring the Hamiltonian to the laboratory frame:
#=C'S ST, SREM0L (0t ) 19)
1=0m=-1 k=-1
Now that the Hamiltonian is written in such a way that the Tim and Rim are orientation
and time independent, averaging due to rotations of the molecule can be described

through the Wigner rotation matrices alone.

The dipolar interaction between two nuclear spins is a purely second rank
interaction, as is shown in Table 1.2, and therefore averages to zero under isotropic
solution conditions. However, second order perturbations can contribute to relaxation of
the magnetization, as will be discussed in §1.2.2. By introducing anisotropy to the
solution, incomplete averaging of the dipolar interaction can result in resonance
splittings, known as RDCs. These can be used to define long range structure and

dynamics of the nucleic acid and will be discussed in §1.2.1. The interaction between
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m Tim (spherical) Tim (Cartesian) u’ RO v Im
0 Ugvp—u,v_—-u_v,=uev Uy Vy +uyVy tu,v,=uev Risou.v Riso

1 -
0 E(u+v_ —u_v+) ﬁ(uxvy —uyvx) ny (uxvy uny) - i\/ERXy

+ sz(uxvz _qux)

AR vt —utvg) Ry iR

+1 ﬁ tu,vytugvy 5 u,v- —u v + RyZ uyv, —u,vy xz T1Ryz
1 1 1 3
0 %(u+v, +u_v, +2u0VO):%(3uOV0 —uov) ﬁ@uzvz —uev) dyuvy +dyuyvy +d,u,v, EdZ
1

1 -1 == -

o) I ooy ;
1 4 4 +1dzn(uyvy _uxVx) 1

+2 UV Suwv 2 _Edzn

1 m Tim (CSA) Tim (Dipolar)
0 0 IoBo 0
1 0 0 0
1
+1 E(J—r 1:By) 0
1
2 0 %10130 —6(3105O IeS)
1 1
1 T3 1Bo 75 1:50 +1s52)
+2 0 I + S +

Table 1.2. Explicit expressions of the CSA and dipolar spin-dependent operators in the laboratory frame.

Table 1.1. Relationship between spherical and Cartesian spin and coupling operators. Here, u*=ux + i uy, and v*=vx * i vy, dq = Rqq - Riso with q =
{X,y,Z}, ny = -Ryx, Rz = -RZX, Ryz = -Rzy, T]=(dy - dx)/dz



nuclei also gives rise to a through space transfer of magnetization known as cross-
relaxation. Proton-proton cross-relaxation, often referred to as the nuclear Overhausser
effect (NOE), is the basis of most structure determination techniques by NMR. The
heteronuclear NOE (hetNOE), cross-relaxation between two different nuclei such as
proton to carbon, is an important additional parameter for the interpretation of
relaxation in terms of dynamic parameters (see §1.2.3). Longitudinal and transverse auto
relaxation is often the dominant relaxation mechanism for X-H spin systems, where X

can be 3C or N, and will be discussed in detail in §1.2.2.

The description of nuclear shielding arises from the interaction between a spin 2
nucleus and the external magnetic field and is therefore conveniently represented as a

second rank tensor.

Oxx Oxy Oxz 011 012 O13

O=|0yx Oyy Ovyz =5R_1 Op1 Opp Op3 ‘.R=5R_1O'PASER (110)

Ozx Ozy Ozz 031 O3 O3

Unlike the dipolar interaction, chemical shielding is real and nonsymmetric, meaning
that the nine parameters can take any arbitrary value. As mentioned above, rotating into
the PAS of the second rank anisotropic part, it can be represented as a sum of its

irreducible tensor components of rank zero, one, and two:

0" =6 + o + o®

1
_ﬂ 0 0
1 00 0 O1p O13 2 ,
:O-iSO 0 1 0 + —0-12 0 0-23 +OZZ %ﬂ O
0 01 —013 —093 0 0 1

where the parameters oiso and the asymmetry parameter, 1, are given by
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Oiso Z(Gn +0p +U33)/3
033209 207

o -0
]’]:—yy XX ’ OST]Sl

O-ZZ

|OZZ|Z|OXX|Z‘GY}" (1.12)
It is worth noting that the choice of indices is intentional in an effort to easily
differentiate between the arbitrary shielding tensor (capital subscripts), the shielding

tensor in its PAS (Arabic numeral subscripts), and the anisotropic tensor (lowercase

subscripts) which may or may not be in its PAS.

A frequently overlooked component of the chemical shielding tensor is the first
rank, antisymmetric part. Antisymmetry primarily is found in nuclei with low point
symmetry and has only been experimentally observed in highly ring-strained small
molecules.*% A handful of theoretical studies have been done on such molecules and
show that the antisymmetry can be significant, although on the order of 5 to 25 ppm in
magnitude for more common geometries. In general, antisymmetry is most likely to be
found at nuclei that are known to have considerable axial asymmetry, n close to 1,
although this not necessarily true as antisymmetry and axial asymmetry are not directly
related. As will be discussed in §1.2.1, only spin operators of the form Tw contribute to
frequency shifts, therefore the antisymmetric component rigorously does not give rise to
shifts under solution conditions. The antisymmetric component of chemical shielding
can, however, affect solid-state spectra, albeit under rare circumstances. It can be shown
in a straight forward manner that the result of the shielding tensor is to induce an

additional magnetic field on a nucleus:
w =-Y (1-0) Bo
w=-yBo+vyoBo

@ = -y Bo+ Y Bina. (1.13)
For antisymmetric shielding, which has only zero values along its diagonal, the result is

to induce a magnetic field, oans Bo, that is perpendicular to external field. The effective
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Parameter Name Definition Note
Shielding Tensor CSA Tensor
. Largest Principle o1 - Oiso, |o111>10331 Not to be confused with
o) Ozz . .
Value 033 - Oiso, |0111<] 0331 chemical shift
o + 033
- = Jou|> oy Oy +0
. 2 XX Yy
Chemical Oy + 0 Ozz = 2 Axially symmetric tensor
CSA, Ao Shielding 033 -2 |5 < o5 ysy
. 2 3 withn =0
Anisotropy 3 ~o
< Y74
2% 2
2
Chemical 2 /42 AU(l + le / 3)1/2 Axially asymmetric tensor
Aoll+1?/3) y asy
CSAa, Aoes Shielding ) ) s 1/2 3( 5 ) ) 1/2 withn#0
Anisotropy (011 +t02 +03 ~011022 ~ 011033 ‘022033) |:E(Gxx TOyy +Uzz)} |CSAal= Acet
Ox» ~033
——— /91| >[933 R :0to1l
Axially 011 = 0iso ‘ ‘ ‘ Oyy ~Oxx ange. ©
n Asvmmetr P T 0: symmetric (Ox< = Oyy)
Y y —2 U g 11\ < ‘G 33 zz 1: asymmetric (Oxx11 = -022,33)
033 = Oiso
Q Span 03 - O11 |02z - Oxx|
Range:-1to 1
-1: symmetric about least
» Skew - 3(0 22 = Oligo ) -30 vy shielded axis, on
Q Q 0: asymmetric (Oxx11 = -0z2,33)
1: symmetrix about most

shielded axis, o33

Table 1.3. Parameterization of the chemical shielding and CSA tensors.



field will therefore have a magnitude (B% +B2, )1/2 and result in a chemical shift change

in the *C dimension of 0.75 Hz at 14.1 T and an antisymmetry magnitude of 100 ppm.
Unless the antisymmetry is extremely large, it is all but undetectable in NMR spectra.
This is not necessarily the case for true for spin relaxation and will be discussed further

in §1.2.2.

The second rank part of the shielding tensor is (mathematically) symmetric and
traceless and is often referred to as the chemical shielding anisotropy (CSA) tensor,
although confusion between it and the full nonsymmetric shielding tensor is common. A
number of parameterizations appear in the literature to describe the magnitude and
axial symmetry of the CSA tensor principal values. The most common parameters are
listed in Table 1.3. In tensor form the parameterization of chemical shift is very similar to
shielding with the exceptions that d11 > 022 > 833 and that the principal components of the
chemical shift anisotropy tensor are only opposite in sign of the chemical shielding
anisotropy tensor principal components, although both are commonly referred to as the
CSA tensor. Often, the CSA tensor is assumed to be axially symmetric since this greatly
simplifies the analysis of relaxation data and the significance of the interaction is usually
small compared to the dipolar interaction. However, at high fields and for carbonyl and
nucleobase carbons, the CSA can become the dominant contribution to relaxation and
therefore axial asymmetry must be taken into account. In addition, the axial asymmetry
is important for the analysis of RCSA measurements as differences between ox and oyy
can have a significant effect on the orientational dependence of the measurements. A
variety of discrepancies in literature can appear. For instance, when axial symmetry is
assumed, the largest principal value is not chosen when calculating Ac and n, or Ac are
reported along with n. The latter is particularly prevalent and inappropriate for the
description of axially asymmetric tensors since the parameter Ao reduces to (3/2) o. If
either ou1 or 033 are consistently used as the principal axis, then 1 can range from 0 to 3.
The parameter CSA., which can be more directly related to the analysis of relaxation

data of isotropically tumbling molecules, will in general be up to (4/3)? larger the Ao (or
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twice as large if the wrong principle value is chosen). The span and skew parameters, ()
and x, have a slightly simpler form than CSA. and 1), but are not easily incorporated into
the analysis of relaxation data and are more commonly found in solid state NMR
literature. In order to be accurate and consistent with literature, only the parameters
CSA. and 1 or the individual principal values themselves will be used throughout the

rest of this text.

1.2.1 Residual Anisotropic Interactions

Weak fist order perturbations of the Zeeman Hamiltonian using the nuclear spin
Hamiltonian in Equation 1.9 results in the resonance frequencies observed in NMR
spectra. As a consequence, only components of the spin Hamiltonian that commute with
the Zeeman Hamiltonian are preserved. The resulting simplified Hamiltonian therefore
only contains terms where the spin operator is of the form Tjj:

2 1
= £ ERY ol la o)
1=0  k=-1
—CM TARMPAS + T2 kig@f*‘s@ﬁo o*,p ,0)} (1.14)

'TAR)

A 1SO
=<l \Edg{@go (0,8*,0)- \Erﬂ (0% (a*,6,0)+ %, (aA,(sA,o))}

In addition, since only the Wigner elements Dy, are retained, the Euler angle y, which

represents rotations about the z-axis of the laboratory frame, is unnecessary and

therefore arbitrarily set to 0.

Since the isotropic component is invariant upon rotation, only the second rank
terms of the nuclear spin Hamiltonian must be considered when describing RDCs and
RCSAs. As stated above, the averaging of the Hamiltonian under solution conditions is
easily accomplished through averaging of the orientationally dependent Wigner

matrices
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#=Ch ST, 3RS (0L lad B vioL) (1.14)

m=-2 k=-

which can be generally described by
(Dhn B, V)= [ Dhon (0B, ) pla B, v)sin(B) da df dy

where p(a,p3,y) is the orientation probability distribution function that describes the
orientation of the magnetic field relative to a fixed molecular frame. Under typical

solution conditions, the orientation of molecules is isotropic, p(a,3,y) = 1/(87?) and the

A
iso

average Wigner rotations equal zero, leaving only interactions with the THR7, terms,

A
iso

such as chemical shifts and scalar couplings (C*THR2A, = VBolz0:s, 0or 27, 12S 7,
respectively). In general the orientation of the principal axis system with respect to the
magnetic field will not be known (ie. ar-t, Brs1, yr1), so it is useful to relate it first to a
molecule centered alignment frame (ie. ar-a, Br>a, yYr-a) and then represent the average
over the molecular orientations as a single order parameter, S;:

2 2
ATA APAS 12 (A A A 2( A A
H=C"Ty 2. kZ Rok (ij(aPaA/[?’PaA/YPaAX(Djo(aAaL/F’AHL/O»

j=—2k=-2

2 2
ATA A,PAS A .
=C Tzo.ZZkzszk (Dlzj(aléaA/[?’PaA/Y%aA)Sj - (1.15)
j=— =

2
A A *
=C Tzoj_z_zRg‘jsj

The set of the spherical order parameters S; =(—1)jSi]~ are related to the real, traceless,

and symmetric Saupe irreducible order parameters, Si:

SO :Szz
S,1 = +y273(,,%iS,,) . (1.16)
S.5 =176(S, Sy, J¥ix/2/35,,

Combining Equations 1.15 and 1.16, we arrive at the final, general expression for the

Hamiltonian under anisotropic conditions in Cartesian form is
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i={x,y,z}j={x,y,z}
3cos’B-1 n°

-f-—SiIl2 3C()52Y (117)
_—CAT/\ —3dAS 2
20\ 7 zY 77 A

S (cos2a(3 + cos2B)cos2y —
L COSZasinz[S+n— (. ) ) v
2 6 | 4cosPsin2asin2y

where 1° = (Sx - Syy)/Szz and Szz > Syy > Sx. Substituting in the parameters for C*, d;\ , Y
and incorporating the correct units, the dipolar coupling equation collapses to the

familiar form

#H =mDg(31,S, —TeS)

=2nDygl,S,, if 2mDyg <<|w; — wg| : (1.18)
2 S
HohYivs o J3cos™B-1 1” . »
Dy =-— S +—sin“ 3cos?2
1S 87‘(31‘% zz{ 7 7 [3 Y

Similarly, the result for chemical shielding is

H= _Yl(l ~Ojiso ~ Oani )IZBZ

) . 1.19
O ani :g z Z Gijsij ( )
i={x,y,z}j=(x,y,z}

1.2.2 Spin Relaxation

During an NMR experiment, equilibrium magnetization is perturbed to produce
transitions between energy states. Using density matrices, the populations of these
energy levels fall on the diagonal whereas transitions between states are represented by
the off-diagonal elements. Over time, the magnetization will return to thermal
equilibrium and it is this fundamental process that is referred to as nuclear magnetic, or
spin, relaxation. In other spectroscopies, this process can often be described by
spontaneous or stimulated emission. The probability, W, of a transition from a high to

low energy state is given by
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where c is the speed of light. For a proton spin with a Larmor frequency as large as one
GHz (23.5 Tesla), this probability amounts to only 4.6 x 102" s' and is therefore an
inadequate mechanism for spin relaxation. Alternatively, fluctuating magnetic fields
caused by a coupling between the nucleus and its surrounding environment, often
called the lattice, can have a significant effect. Nonadiabatic energy processes, which
exchange energy with the surroundings, result from fluctuations of local fields in the
transverse plane and lead to relaxation of both diagonal and off-diagonal components of
the density matrix. However, changes in local fields parallel to the static magnetic field
do not require any exchange of magnetization. These adiabatic processes do not perturb
the populations of the energy states and only off-diagonal components of the density
matrix are reduced to zero. Consequently relaxation of magnetization parallel to the
magnetic field is only caused by nonadiabatic processes, giving it the name of spin-
lattice relaxation, whereas both adiabatic and nonadiabatic processes can cause

relaxation of the transverse magnetization.

Like residual anisotropic interactions, spin relaxation is a semi-classical problem in
which a quantum mechanical description is given to the spin dependent parts of the
parts of the Hamiltonian and the remaining, orientationally dependent parts are treated
classically. Any description of relaxation begins with the Liouville equation of motion of
the density matrix

do(t) _

Frai SOREAICXO) (1.21)

where square brackets represent the commutator relationship. Transformation into the
interaction frame removes the dependence on # while keeping the time dependence
associated with #1. Any arbitrary operator, X, can be transformed this way by

XF = e/ Hotxe ot (1.22)

and the Liouville equation becomes
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do’ (1) _

L= 00" )= et . (1.23)

Use of the Liouvillian, £(t) = [#(t), ] , or commutation superoperator, helps to illustrate
the solution to the equation of motion. Integration by consecutive approximations up to

second order results in
Q" (1) =0%(0) -7 [y £ (Yo" (0)dt - [, £ (t)dt' [ L5 (t")oF (0)dt" (1.24)

after which, taking the derivative gives

F
det(t) =i 5 (10" (0) - [} 2§ ()25 (¢ o (0)dlt

=—ilpef (0, 0" O] o laeF (o), [ (), 0F () e
=—i([rF (1), 0" @) - [ ({25 ) [2f (), 0F @) e

F
L O e .t - m0 0]

(1.25)

Observation of a signal is found by taking the average of the density matrix, indicated
by angle brackets in line 3 of Equation 1.25. Since the average of the #i(t) is zero, the first
term is eliminated. Several assumptions are made to arrive at the master equation of
motion in the fourth line, and the new variable Tt =t - t’ is introduced. First, the evolution
of the density operator is assumed to be slow, allowing o(0) to be written as o(t). Second,
one can extend the integration to positive infinity, as contributions to the integral for
times t >> 1c are insignificant. Finally, the higher order expansion terms in Equation 1.24

are negligible. In general, this master equation is valid for weak perturbations, #i, such

that/ - 1213 << 1, where . is the correlation time of the function.®’ For isotropic solutions,

this is obtained from modeling the global rotational diffusion of the molecule and is
typically on the order of several to tens of nanoseconds. These assumptions are
discussed in detail by Abragam and in other texts.”! One shortfall of the semi-classical
treatment is its inability to describe the equilibrium state of the system. For this reason,

0f(t) is often replaced with QF(t) - o, where o is the equilibrium density operator.

The operator form of the Hamiltonian in Equation 1.6 can now be incorporated into

the master equation by giving time dependence to the spatial operators, Rim. In principal,
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the time dependence of the Hamiltonian can be introduced through either the spin
dependent, Tim, or spatial, Rim, components. Since the spin dependent components are
invariant upon rotation, only the time dependence of the spatial components will be
considered here. For other relaxation mechanisms, such as spin rotation and scalar
relaxation of the second kind, it can be more appropriate to apply the time dependence

on the spin operators and is discussed in detail elsewhere.®!

Relating the master equation back to the laboratory frame requires an
understanding of the transformation properties of 7 1(t). Following equation 1.22, the

spin operators can be rewritten

TE, =e! oty e /ot =ZTII§ne“‘)Eit (1.26)
p

where TP satisfies the relationship [#6, T}, 1= 0B T and wP,, =—w?F . The index p is
used to distinguish spin operators of the same order, m, but with different
eigenfrequencies, w, such as for dipolar interactions between unlike spins. The resulting
interaction frame Hamiltonian becomes
2 1 2 1 ,
HO=C'Z RO TR (0=C1 L ¥ DD TR, (0 (1.27)

and substituting this into the master equation gives us

d +w
Q (t) ——sz Z ( 1)m+m i(wk [Tlm ’[ lm’Q (t) QO]]
dt I=1m,m’,p,p’ (1.28)

0[5 A A Rt
: .[0 <Rl—m' (t)RI—m (t - T)e Hm >dT
Two simplifications can be made immediately. First, the random processes of Rm and
Rim are assumed to be independent so that terms with m” # -m will be eliminated from

the ensemble average. Second, nonsecular terms with ‘wgl + wﬁl,‘ >>0 do not contribute

significantly to the density matrix as the exponential factors oscillate rapidly and
average to zero before relaxation can occur. This leaves only secular terms where p=p’,

assuming there are no degenerate eigenfrequencies, and results in
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dt I=lm=-1 p

While the spin operator for the dipolar coupling arises from the combination of two
nuclear spins, the chemical shielding is the combination of a nuclear spin and the

components of the static magnetic field. For this reason, the two contributions to
relaxation will need to be treated separately. The new TP and wf elements are

collected in Table 1.4 for the dipolar and CSA interactions. In addition, the commutator
properties of like spins (being of the same nucleus type) will have degenerate
eigenfrequencies, leading to additional terms in Equation 1.29 and therefore different
relaxation rates. For simplicity, only the case of unlike spins will be discussed here as the
dominant relaxation mechanism of heteronuclei in biomolecules is often between the
nucleus and its attached proton. These expressions can also be used for relaxation rates
arising from several coupled carbon nuclei as long as their chemical shift difference is

sufficiently large and the nuclei can be excited selectively.

I m ) Tllfn (Dipolar) Tllfn (CSA) wkb
1 0 0 0 0 0
1
+1 0 0 iEBOSi ws
2
20 0 \/71 S, —B,S, 0
3
-1 l\/EI S, 0 wWs - W1
4\3
1 l 2I+S 0 wI- Ws
4\3
1 -1
+1 0 +21ZS+ +EBOSi ws
1 Ill S 0
2 g4 I
1
+2 0 Elisi 0 w1+ ws

Table 1.4. Expressions of the CSA and dipolar spin-dependent operators and eigenfrequencies.
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The average spatial terms <R17 (DR, m(t—'[)> are real, even-valued correlation

functions describing the fluctuation of the nuclear interaction. These autocorrelation
functions and their half-sided Fourier transforms, fim(t) and gm(w), respectively, are

defined as:

Fim(= (D" ™Ry (DR, (=)

Zim (D= J fim (e’ " dT (1.30)

The imaginary part of the Fourier transform is odd with respect to w and results in
second order frequency shifts of the resonances called dynamic frequency shifts. These
ultimately have the same form as the isotropic shifts and do not contribute to relaxation
and can be safely neglected. The real part is symmetric with respect to w, therefore

w? =-wf =k and the simplification Re[ gim(T) ] = gi(t) can be made.

—m

Any observable quantity, such as a relaxation rate, can be obtained by calculating

the expectation value of the spin operator of interest.

(Q)F (t) =Tr[Qof ()]
2 1
QFH)=-C% ¥ T g @[T TP, Q7 () - Q|

d (1.31)
dt S Im’L*1-m~

For longitudinal dipolar relaxation of a two spin system, neglecting cross-correlation
between opposing relaxation mechanisms,

d [282(&)1 +ws)+82(ws)+%gz(ws _wI):|<SO>

C2
a _

(S )(t) = (1.32)

1
+ [282(&)1 +ws)—§82(ws _wl):|<10>
Note the second term depends on the magnetization of the second spin and is the source
of heteronuclear cross-relaxation (NOE). By appropriately controlling the equilibrium
magnetization of the two spins, the longitudinal auto- or cross-relaxation rates can be

determined independently. Transverse dipolar relaxation can similarly be written
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(1.33)

Cross-relaxation between I and S spins does not occur for transverse relaxation due to

the secular approximation. The CSA contribution to longitudinal relaxation is

d

<(80)(0=-C*{g1(s) + g2(ws)S0)} -
2

L1800 =~ 1 @s) +8a(ws) + 82(0)S0)} (1.35)

Since chemical shielding is in general a nonsymmetric interaction, first rank terms, gi(w),

can also result in relaxation.

Before the general equations for longitudinal and transverse relaxation can be used
to calculate relaxation rates, the correlation functions and their Fourier transforms need
to be known. The origin of most of the fluctuating magnetic fields in solution is the
result of the overall tumbling of the molecule. Globular proteins can often be nearly
spherical, resulting in simple expressions for rotational diffusion. However, the
elongated structure of nucleic acids requires a thorough description of anisotropic
rotational diffusion. This is traditionally accomplished through use of Debye’s diffusion
model to describe hindered molecular rotations in liquids.#” A full discussion of the
derivation is given elsewhere® ! and only the results of the derivation will be given
here. The elements of Rim can be represented in the same way as for residual anisotropic
interactions, Table 1.1, only in the principal axis system for diffusion instead of

alignment. The correlation function becomes
11
* 1 1)
fin@= X ¥ REPSRE (o), (900, (t+0) (1.36)
m'=—-1m"=-1
where R}, =(-1)""™R __ .The average Wigner functions can be calculated with the aide

of a Green’s function to derive analytical expressions for fim(t) and their Fourier

transforms, gim(w), for a completely asymmetric molecule.
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The correlation times and coefficients are collected in Table 1.5. Simplification of these

expressions occurs for a number of cases:
1. All antisymmetric contributions are eliminated due to symmetry or are negligible.
2. The diffusion tensor is a) axially symmetric, D: =0, R =1, or b) isotropic, Da =0
3. The coupling tensor is axially symmetric, D=0 (ie. dipolar)
4. Symmetry of the molecule adds degeneracy to one or more of the euler angles.
5. Extreme motional narrowing, w?tu? <<'1

Cases 4 and 5 are only relevant for small molecules. The assumption of symmetric CSA
tensors is often used in the analysis of amide resonances in proteins. However, the
nucleobase carbons are known to have highly asymmetric CSAs and this assumption is
not valid for the study of carbon relaxation in RNA and DNA. Fortunately, the
elongated nature of nucleic acids requires only an axially symmetric description of

diffusion (case 2a).

In addition to overall rotational motion, the nuclear interactions can be influenced
by internal motions. It was recognized in the first studies of large nucleic acids that the
ability to observe signal was indicative of significant internal mobility since the expected
transverse relaxation times for such large systems should be well over 100 Hz. Providing
a detailed picture of these motions, unfortunately, is not a realistic possibility given the
limited number of measurable experimental parameters. Fundamentally, recording an
infinite number of relaxation experiments at different field strengths would allow one to
map out the spectral density, and therefore the correlation function, that gives rise to the
particular motion. However, it would still be difficult to form a complete picture as the
correlation function and nuclear interactions are not necessarily sensitive to all motions.

For these reasons, the best approach to adopt is one that can describe motions generally
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while avoiding over-interpretation of the data that could result from the insistence of a
particular model. A simple description like this would address at least two properties of
the motion, namely the amplitude and timescale of the motion. The most common
approach in biomolecular NMR is to use the Model-Free formalism developed by Lipari
and Szabo in the early 80s.”2 Here, the correlation functions is divided into two parts

representing independent overall and internal motions

fim(t) = C(t) = Co(t)Cu(t). (1.38)
The internal correlation function can be approximated by a series of exponentials, with

the most common, single-exponential function taking the form

G(t) = S + (1-5) etre (1.39)
where S is the generalized order parameter describing the restriction of the motion and
Te is an effective correlation time that depends on both the local diffusive rates and
spatial properties of the motion, thus complicating its interpretation. The parameter S?
ranges from 0 to 1 for unrestricted isotropic internal motions to fully rigid, or no internal
motion, respectively. Using the general expression for the overall motions in Equation
1.37, the Fourier transform of the correlation function is now given as

a()= 3 ey 5B (5

k=2 | l1+w Ty 1+ w?t

(1.40)

where, T = 7! + te! and 1t = T2k and ¢k = c2k. For convenience, the first rank components
of diffusion are neglected. Although the separation of internal and overall motions is not
rigorously true for molecules with anisotropic overall tumbling, Lipari and Szabo
showed that the expressions are exact when w?te? << 1, the motions do not modulate
overall tumbling, and te << tm.”? For carbon dipolar interactions at 14.1 T, this amounts to
Te of less than ~70 ps. For motions with w?te? ~ 1 or higher, >210 ps for carbon at 14.1 T,
the parameter errors are expected to be less than 25%, depending on the amplitude of
the motion and the number of measurements. In situations where a single correlation

time is not sufficient to fit the NMR data, an extension to the Model-Free formalism was

30



proposed by Clore et al. in which a second exponential is added to the internal

correlation®

Ct) = 2 + (1-S?) et + (S2-52) el (1.41)
where 52 = S¢25s? and Sk (tr) and Ss (ts) are the order parameters (effective correlation
times) for the fast and slow motions, respectively. For the case of anisotropic overall
diffusion the Fourier transform becomes

2 2t (1-SP)ter  (SE-S%)tys

g2(w)= 2 ¢y
k=—2 1+(1)2Ti 1+(1)2Ti1: 1+w2TiS

(1.42)

where, Tq! = Tl + 1¢! with q being either F or S.

All of the equations so far can be used to describe the relaxation contribution for a
single mechanism whereas the total relaxation of a spin is the result of many
interactions. The total relaxation rate for a carbon spin, for example, limiting ourselves
to the CSA and dipolar interactions and neglecting first rank contributions to chemical

shielding, can be written as the sum of all these contributions,**

d(Agtz(t)) _ —[QC,CSA +20cH, + 20, J(ACZ(t))— Yoc, (AH, (1)
1 ] : (1.43)
~2.0cc, (ch,z(t))
]
d(A;?;(t)) _ {Rz,csA + 2Ry, + 2R, e J(Ag(t)) + Ry (1.44)
i j j

in which longitudinal dipolar auto- and cross-relaxation, 0 and o, and transverse

relaxation, R, are given by

2 1
QCX = Rl,CX = G’thYCYX /87Tz) {2g12)D(COC +wx)+§g12)D(wC _wX)+g12)D(wC)}

2 1
Ocx = (HthCYx /87T2) {Zg?D(wc erx)—gglz)D (wc —wx)}
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ZgzDD (wc +wx)+ 282DD (wx)

1 2
Ry ex =—(}1thch/87T )Z 1 4
2 g5 (wc —wx)+gzDD(wc)+§gzDD(0)

Qcsa =Rycsa = wé{ggSA ((Uc)}

Racsn =5 @t {8§ (e ) +5 854 0] (1.45)
Rex is the chemical exchange contribution to transverse relaxation. In principle, each of
the relaxation rates listed in Equations 1.43 and 1.44 will be sensitive to different
motional modes and would require separate order parameters. It is important to note
that longitudinal carbon relaxation is also dependent on the magnetization state of
neighboring carbon and proton spins through cross-relaxation, making it fundamentally
a multi-exponential process. These cross-relaxation pathways can be controlled by
eliminating any magnetization on neighboring spins before monitoring the decay of the
carbon of interest. The initial decay of the magnetization will then be, to a good

approximation, mono-exponential up to delays of ~1/Ri1.%

A critical step in the analysis of relaxation data is the choice of “model” to
accurately describe the underlying process. Here, “models” represent the particular set
of adjustable parameters that are being determined during the analysis. These are

outlined by d’Auvergne and Gooley as*

MO = none,
M1=5
M2 =52 T,
M3 =52, Rey,

M4 = 52’ Te, Rex,
M5 =52, S¢?, s,

M6 =S?, TF, Sr?, Ts,
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M7 = 52, SFZ, Ts, Rex,
MS8 = SZ, TF, SFZ, TS, Rex,
M9 = Rex.

Here, Rex is the contribution to transverse relaxation by chemical exchange. Order
parameters that are not being varied in a given model are assumed to have a value of 1
while correlation times or exchange contributions excluded from the fitting are set to 0.

Models 1 through 5 are the standard single field models first used by Clore, et al.””

The choice of model, in some sense, is an application of Occam’s razor and is a
balance between the accuracy and precision of the resulting parameters. Perhaps
intuitively, using more parameters to fit the data will result in less precision, whereas
under-fitting will add a bias and be less accurate. Given the interrelatedness of the
model free parameters, how this bias will manifest is difficult to predict. In addition to
the internal motional parameters, the choice of the global diffusion model, whether
isotropic, anisotropic, or fully asymmetric, can have a dramatic effect on the results. A
number of methods have been proposed for this selection process including hypothesis
testing”®, Bayesian methods®, Akaike’s Information Criteria (AIC), bootstrap, and cross-
validation.'® In hypothesis testing, models are tested in a step-wise manner using x> and
F-statistics, incrementally increasing in complexity. While hypothesis testing is most
widely used in analyzing relaxation data of proteins and nucleic acids, arguments have
been made against its use due to its inability to test non-nested models and tendency to
under-fit the data.”1? In bootstrap, simulated data is generated using the experimental
uncertainties of the input data. These new data are minimized and the mean value of the
X? statistic is then used for the model selection. The cross-validation test iteratively
removes a single measurement and then minimizes parameters using the remaining
data to predict the removed datum. The x? between the measured and predicted values
is the cross-validation criterion. Bootstrap and cross-validation have the opposite
problem in that they tend to be overly optimistic, slightly over-fitting the data, although

they outperform hypothesis testing. In addition, cross validation requires more than
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three independent measurements are made, which is what is typically measured at a
single field strength. Most of the above methods require numerous simulations to arrive
at significance parameters or repetitive analysis of the data after removing some of the
input before a model selection can be made. AIC and Bayesian Information Criteria

(BIC), developed from differing fields of statistics, are closely related to the x> parameter,
AIC=x2+2p

BIC=x2+pInM (1.46)
where p is the number of floating model free parameters and M is the number of
independent measurements, which is easily calculated during the fitting procedure and
makes model selection much faster. The best model is chosen as the one with the lowest
AIC or BIC value. They do not rely on subjective parameters like the significance level,
and have been found to be more accurate and precise than hypothesis testing.10010 After
a model is chosen additional criteria may be applied, such as model elimination'®* or a
final quality check of the model’s ability to satisfactorily describe the data'®, followed by

Monte Carlo simulations to estimate parameter errors.

With a means of discussing internal motions, we can now address one final issue
regarding shielding antisymmetry. Using the expressions for relaxation given in Table
1.5 and Equations 1.34 and 1.35, it can be concluded the antisymmetric component of
chemical shielding will not significantly contribute to the transverse relaxation since the
second rank component has a zero frequency term which dominates the relaxation of
biomolecules with w?t > 1. Longitudinal relaxation does not have any zero frequency
component, so the effect of antisymmetry can be more profound. Using an isotropic

diffusion model, the symmetric and antisymmetric contributions to R: can be written
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R, =w? %AGZ le 5 +£C5Aa2%
3 1+wty 15 1+wt)

3
=w2[3Aaz Te +3C5Aa2T—CJ (1.47)

3 1+w?(3c2) 15 1+w?t?

=2w? (Acrz](Sw) + % CSAaZJ(w)j

where the relationship 1 = 312 = 31 for the different correlation times of the first and
second rank components of the diffusion tensor, Ao=(012? + 013? + 023?)/2, and the spectral
density function J(w) is a simplification of the g2(w) given in Equation 1.37 where c« =1/5
and Tt = .. It can be seen that the antisymmetric component can have up to 15 times the
contribution that an anisotropic component of similar magnitude would have. However,
in practice, the antisymmetry is expected to be at most 5-25 ppm, or 5-15%, of the CSA
magnitude. For a rigid biomolecule at 14.1 T, this would amount to less than 5% of the
longitudinal relaxation rate. However, fast internal motions can exacerbate the affect
that antisymmetry has on longitudinal relaxation. A simple illustration of this effect can
be obtained by using the model free formalism in place of the J(w). Antisymmetry
contributions calculated in Figure 1.4 are calculated for a correlation time of 20 ns at 14.1
T, a carbon CSAa of 135 ppm and Ao of 25 ppm. As it can be seen, even low amplitude
motions on the order of 200 ps can have significant antisymmetry contributions in such a

scenario, and larger for highly mobile regions, such as partially unfolded motifs in

Ry amif Ry (%)

. . . . . 5
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Figure 1.4. Antisymmetric contribution to Ri modeled with fast internal motions.
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proteins and nucleic acids. Ultimately, the consequence of this effect is to modulate the
expected internal correlation time of the fast motions which contribute most
significantly to Ri and NOE measurements. Clearly, a better understanding of the
magnitude of the antisymmetry of commonly studied nuclei would be beneficial for the

study of heteronuclear longitudinal relaxation rates.

1.2.3 Chemical Exchange

Chemical reactions and conformational changes that affect the molecular
environment around a nucleus and occur slower than overall tumbling can be studied in
a different way by NMR spectroscopy. These changes often have the effect of
modulating the chemical shift as it exchanges between various chemically distinct states.
This phenomenon can be described by simple kinetic schemes. For the simple case of 2-

site exchange this would be written”

k12
A¢>B (1.48)
k21

in which exchange between states A and B are governed by unimolecular or pseudo-

tirst-order rate constants ki. This allows the kinetic rate laws for the system to be written

o)L 2 ko as

which has the known solution

klze—(k12+k21)t +Xky Koy (e_(k12+k21)t -1)
[AJY _ kyp + Ko kyp + Koy AL (1.50)
[B](t) K1, (e—(klz +ko)t _ 1) 1<21e—(1<12+k21)t +Kkqp [B]O
kqa +ky kqa +ky
This can be generalized for N-site exchange in matrix form as
% =KA(t)
t

A=A, =U"ePUA, (151)

where A(t) and Ao are Nx1 vectors containing the time dependence and initial
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concentrations of the exchanging states, K is an NxN kinetic rate matrix with Kj = k;i for i
#j and diagonal elements
N
Ky =-2kjj, (1.52)
i=1
Jia!
U is a unitary transformation matrix, D is a diagonal matrix, and D = URU". For
application to NMR, magnetization is proportional to the concentration of the given
nuclear spin and the kinetic rate laws are incorporated into the magnetization evolution
according to the Bloch-McConnell equations.® In the absence of applied radiofrequency

tields, longitudinal and transverse relaxation are described by

—dl\gi O _ (R +K)AM, (1)
! (153)
w ~(iQ-R +K)M* (1)

where AM; = M(t) - Mo, Mo represents the equilibrium longitudinal magnetization, Q
are the chemical offsets of the different states with Qj = ;5 (), and R contains the intrinsic
relaxation rates of the states with Rj = 0i Rj, and 0 is the Kronecker delta function. When
the initial magnetization is excited non-selectively so that the spin states are
proportional to the equilibrium populations, then chemical exchange does not affect the
longitudinal relaxation rates. Processes of this nature are typically monitored with so-
called Z-exchange experiments with lifetimes on the order of 10! - 102 s range, and
typically do not cause any noticeable effect in standard biomolecular NMR
experiments.?>? Transverse relaxation, on the other hand, is very sensitive to chemical
exchange on the microsecond to millisecond timescale and can be observed as increased
linewidths and/or multiple resonances in NMR spectra. Figure 1.5 illustrates these
effects and was obtained by taking the Fourier transform of {Mu«(t) + M2+(t)} from the
solution to Equation 1.53. The broadening of resonances is most pronounced for
intermediate exchange, when kex = k12 + k21 ® Aw, even for small populations of the minor
state. On the other hand, it can be difficult to distinguish resonances in fast exchange

from those in slow exchange and low populated minor states such that the minor state is
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hidden within the noise of standard experiments. Instead, direct measurement of

transverse relaxation rates is required and will be discussed further in §1.3.2 and §1.3.3.

Slow Exchange

Intermediate Exchange

Fast Exchange

1., =50ms T, =500 us T, = 10us
p, = 10% JL
~ N
P, = 25% l
A
p, = 50% I
p,=75% N
LA
p, = 90% J
p, = 100%
_ L JL
5 4 3 2 1 0

5 4 3 2 1 0

5 4 3 2 1 0
13C Chemical Shift (ppm)

Figure 1.5. The effect of chemical exchange on 3C resonances frequencies and linewidths.
Parameters used for the simulation were wc/27 =150.9 MHz, Aw =2 ppm = 1896.3 s, Moa = pa,
Mos = ps, and Roa = Rop = 25.0 s'. Populations pa = 1 - ps are shown in the left panel while
timescales of the motion, 1/Tex = kex = ki2 + k21, are shown at the top of the figure.
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1.3 Measurements

1.3.1 RDCs and RCSAs

The measurement of residual dipolar couplings (RDCs) or residual chemical shift
anisotropies (RCSAs) requires running high resolution experiments to record either
scalar couplings or chemical shifts with high accuracy. These experiments are then
repeated under any number of partial alignment conditions. A lot of development in
accurately measuring scalar couplings has been pursued in order to achieve higher
quality biomolecular structures by NMR. They have the added benefit that they can be
used to record accurate chemical shifts simultaneously and will therefore be the current
focus. Scalar couplings are commonly measured in one of two principle ways: through
frequency-based measurement of splittings in the direct or indirect dimension of a
multidimensional experiment, or through intensity-based experiments such as
quantitative ] correlation experiments.’%”” The latter is accomplished through the
measurement of peak intensity rations of in-phase and anti-phase signals or the J-
modulated pulse sequences which monitor the evolutions of the scalar coupling in much
the same way a relaxation experiment is recorded (see § 1.3.2). All of these are subject to
a number of relaxation effects and require careful pulse sequence development and
choice of spin system to avoid systematic errors in the measurements. The main
disadvantage of frequency-based techniques is inaccuracy in the frequencies themselves,
which are subject artificial shifts in peak maxima from differential line broadening or
partial cancellation of overlapping signals. Quantitative ] experiments are affected by
differences in the relaxation rates of the different peaks being monitored.'® J-modulated
experiments are less susceptible to these errors by monitoring only a single spin
operator during a constant time delay. All types of measurements are affected to some
degree by cross-correlated relaxation and dynamic frequency shifts, although the
contribution is small compared to magnitude of the one-bond scalar and to a large

degree canceled when measuring dipolar couplings.
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The simplest measurements are of one bond NH or CH scalar couplings which can
be achieved by recording HSQC or HMQC experiments with heteronuclear decoupling
turned off during acquisition. This has three main disadvantages: a decrease in
sensitivity as the signal is cut effectively in half, an increase in spectral overlap as the
number of peaks is doubled, and the evolution of undesired H-X multi-bond couplings.
Multibond couplings are frequently smaller than the linewidth of the signals in
biomacromolecules and result in an overall decrease in sensitivity and resolution.
Proton-proton couplings in particular can have a detrimental effect on the quality of
spectra recorded in aligned solutions. While the scalar coupling may be small, proton-
proton distances of 2.5 A, can easily leading to dipolar couplings up to 15 Hz. Large
multibond heteronuclear couplings, such as the 2Jcani, 2Jcans, and 2Jesny couplings in
purines (~10-12 Hz)!'®°, could be used as additional targets for RDC measurements.
However, these will also decrease sensitivity and resolution and increase spectral

overlap.

Fortunately, most of these issues can be overcome using TROSY-based and higher
dimensionality experiments which record peaks of the one bond scalar coupling in
separate experiments. While this requires the acquisition of at least two experiments
instead of a single experiment, congestion in the spectrum is reduced as each experiment
contains only one peak per residue. In addition, couplings measured in the indirect
dimension (*C or ®N) are less sensitive to multibond RDCs with hydrogens as the
heteronuclear gyromagnetic ratios are considerably smaller, with couplings to protons >
2.5 A away of less than 3 Hz. Homonuclear carbon-carbon couplings can often be
eliminated using selective pulses or constant-time detection of the indirect dimension. A
number of such techniques have been developed for measurement of RDCs in nucleic
acids."14  The most accurate frequency-based experiments are E.COSY-type
experiments which can easily measure small multi-bond couplings (<10 Hz).!"> The small
unresolved couplings are recorded in one dimension from the relative difference of two
components of a larger splitting that has been resolved in a second dimension of a

multidimensional experiment. Examples of this approach proposed by Bax and
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coworkers as 3-dimensional experiments are capable of resolving 5 couplings in HCCH
spin systems in a single experiment'® (such as H1'-C1’-C2’-H2’ in the ribose: Jcrnr,
Jernz, Jernz, Ycrnr, 3Jurnz) or 8 couplings in methine-methylene pairs'” (such as the C4'-
C5’ pair). Unfortunately, these experiments which not likely applicable to large nucleic
acids, where spectral congestion and peak broadening from increased relaxation rates
becomes a significant hindrance. Additional experiments for measuring one- and two-

bond couplings in nucleic acids have been the subject of several reviews.18120

In 1995, researchers in the Prestegard group were the first to measured RDCs in a
biomolecule by following the magnetic field dependence of scalar couplings of the
paramagnetic protein, cyanometmyoglobin. They recognized that these residual dipolar
interaction would prove to be a powerful tool in refining larger protein structures. The
key development in 1997 by Bax and coworkers was the use of liquid crystalline media
to orient their biomolecular samples in the magnetic field.?>?* Since that time, numerous
alignment media have been developed to achieve a variety of alignment orientations
and different sample conditions, such as temperature and pH.!'$12012 A common
alignment media used for the study of nucleic acids are bacteriophages. Pf1 filamentous
phage are 1-2 pym in length and about 6 nm in diameter and is composed of several
thousand proteins coated on a core of single-stranded circular DNA.'? Highly
anisometric particles like Pfl phage undergo spontaneous phase transitions from
isotropic to chiral nematic phases above a certain critical concentration.'?*12> Below this
concentration, the phase transition can be induced by the external magnetic field in what
is known as a paranematic phase. For Pfl, the concentrations over which it will align in
the magnetic field from several to tens of mg/mL and becomes mostly field independent
at concentrations above 16 mg/mL. Another popular alignment medium for
biomolecular studies are liquid crystalline bicelles, often composed of a mixture of
dimyristoyl phosphatidylcholine (DMPC) and dihexanoyl phosphatidylcholine (DHPC)
for magnetic resonance studies.'?® Here, the term ‘bicelle’ is used loosely to represent the
mixture of long- and short-chain phospholipids for reasons that will be made clear

shortly. Bicelles take on a variety of interesting morphologies depending on the lipid
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concentrations, temperature, and any doping agents, and are thought to be an ideal
medium for studying membrane associated proteins.’?1?° In lipid ratios of about 3:1
DMPC:DHPC, total lipid concentration of ~8-30 wt%, and temperatures less than 25 °C,
bicelles are isotropic and take the form of the common visualization of disk-shaped
micelles, for which the term ‘bicelle” was coined, that have a width of roughly 5 nm and
a diameter of 20-50 nm. Above this temperature they undergo a phase transition to a
chiral nematic phase that aligns in an external magnetic field. The exact nature of this
phase has been somewhat controversial with suggestions from NMR studies of being
disk-shaped®, to small-angle neutron scattering (SANS) studies suggesting ‘swiss
cheese’-like perforated lamellar sheets.’® More recently, it has rather definitively been
shown by SANS, polarized light microscopy, and cryo-transmission electron microscopy
that the phase is best described as being made of worm-like micelles that are again 5-10
nm wide but 10s of um in length, much like Pf1 phage mentioned above.'?"!3> Negative
anisotropy of the magnetic susceptibility gives rise to the magnetic alignment observed
by NMR.13313¢ At temperatures above 50°C, the bicelle mixture forms multi-lamellar
vesicles. Because of its temperature induced phase transition to a magnetically aligned
phase, it is ideal for the measurement of RDCs and RCSAs in biomolecules as both
isotropic and aligned experiments can be measured from a single sample. The
temperature dependence of heteronuclear chemical shifts is to a good approximation

linear over the range of temperatures and this will be demonstrated in Chapter 2.

1.3.2 Spin Relaxation - Ri, Rz, and het-NOE

In order to extract accurate dynamical information from spin relaxation
measurements, simple isolated spin systems are preferable. Proton spins are convoluted
by the abundance of other neighboring protons and are not often interpreted in terms of
ps-ns dynamics, although sophisticated experiments have been developed for
measuring us-ms chemical exchange.’>1%¥ The sensitivity of heteronuclear NMR

experiments is enhanced by a factor of (yu/ys)®? when magnetization begins and ends on
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a proton, as compared to direct excitation and detection of the S spin magnetization,
where S is either *C or ®N. This results in up to a 32 (316) fold enhancement for carbons
(nitrogens). Heteronuclei are considerably less sensitive to long range proton
interactions and can largely be described by their dipolar interaction with their directly
attached proton and chemical shift anisotropy. This is particularly true for nitrogen spin,
which are routine used in the description of protein dynamics and have been the subject
of many reviews.$13140 Unfortunately, imino nitrogens in nucleic acids are only
observable when protected from exchange with water, such as in canonical Watson-crick
helices. This provides at most one spin system for every base pair in the RNA/DNA. The
non-exchangeable carbon spins are a much more abundant source of dynamic
information but this leads to significant additional complications. CC scalar couplings
range from 8-12 Hz, for 3-4 bond couplings in the aromatic ring, to over 80 Hz for
directly bonded carbons.!® Preventing the evolution of these couplings and accounting
for their additional contributions to relaxation is non-trivial and a primary focus of

Chapter 3 and will be discussed only briefly here.

The basic heteronuclear longitudinal or transverse relaxation experiment consists of
i) preparation of the pure S spin magnetization, of the form S: or Swy respectively, ii) a
relaxation block, iii) chemical shift encoding, iv) transfer back to a proton, and v)
detection. The heteronuclear NOE experiment differs from this basic procedure and is
discussed below. Preparation of S magnetization is commonly accomplished using
Insensitive Nucleus Enhanced Polarization Transfer (INEPT) elements. During the
relaxation block, the spin is allowed to decay for a time T while carefully controlled to
prevent unwanted cross- or cross-correlated relaxation mechanisms from contributing.
Afterwards, the indirect dimension is encoded with the chemical shift of the
heteronuclear spin. For carbon spins in uniformly labeled samples, it is often necessary
to include some form of homonuclear decoupling, either through constant-time
evolution or application of selective pulses, to remove "Jcc couplings from the indirect
dimension. A refocused-INEPT or Spin State Selective Coherence Transfer (S5°CT)! is

then used to return magnetization to the directly attached hydrogen before detection.
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Using these affords the preservation of equivalent pathways (PEP)4>!4 phase cycling
schemes and, in the case of S?CT, TROSY sensitivity enhancements. Appropriate
broadband decoupling is applied during detection of the proton signal, if TROSY
detection is not used. While the purpose of this is to eliminate the large scalar coupling
to the directly bonded heteronucleus, some carbon spins in the aromatic rings have large
Jun couplings (10-15 Hz) that can give rise to observable couplings in the direct

dimension if additional decoupling is not applied to the nitrogen spins.

The critical elements that will govern the decay of the signal are the preparation and
relaxation blocks. As discussed previously, longitudinal magnetization is dependent on
the initial magnetization of neighboring carbon and proton spins. During the relaxation
delay, proton cross-relaxation and CH-dipole/CSA cross-correlated relaxation are
effectively suppressed with a train of hard 180° pulses or broadband decoupling.
Homonuclear interactions are not so easily controlled during the relaxation delay
without affecting the spin of interest so selective excitation is necessary during the initial
INEPT elements and equilibrium carbon magnetization should be destroyed prior to the
first proton 90° pulse.** The former prevents buildup of magnetization on neighboring
protonated carbons (i.e. C1’/C2’ in the ribose or C5/C6 in pyrimidines) while the latter
suppresses cross-relaxation to quaternary carbons in the aromatic rings. Alternatively, in
small biomolecules, tc < ~5 ns, the auto- and cross-relaxation rates are nearly equal and
opposite, thus non-selective excitation during the preparation block would cancel the
CC interactions leaving the interpretation to a good approximation dependent only on
CH-dipole and CSA relaxation mechanisms. Long range carbon interactions, such as
those with quaternary carbons, are negligible in small nucleic acids. The systematic error
in this approximation grows to over 100% for molecules with global tumbling times of
17 ns.®>1# The relaxation of magnetization anti-parallel to the static magnetic field as
carbon/nitrogen magnetization returns to equilibrium during the relaxation block is
governed by a three-parameter exponential decay, Hx(t) = Hz() + Hz(0)exp(-R1 t) and is
dependent on the initial proton magnetization. Accurate measurements of Ri can be

difficult and time consuming as this requires delays of several to tens of seconds
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between scans to return proton magnetization to its equilibrium state.’*> By applying a
phase cycle that alternates the phase of carbon/nitrogen magnetization before the
relaxation block with a simultaneous inversion of the receiver phase, the requirement for
equilibrium conditions is removed and relaxation can be accurately measured with short
(1-2 sec) pre-delays and rates can be determined from intensity fits to two parameter

exponential decays, I(t) = Io exp(-R1 T).14¢

Transverse relaxation is often measured using Carr-Purcell-Meiboom-Gill (CPMG)
or rotating-frame (Rig) relaxation techniques. CPMG experiments maintain transverse
magnetization by applying a train of 180° refocusing pulses on the carbon/nitrogen
channel during the relaxation block, whereas application of a continuous wave rf field,
or spinlock, is used in Ri studies. While CPMG experiments are routinely applied in the
study of protein dynamics, the abundant scalar coupling networks makes them less
amenable for studies of nucleic acids. Even the nitrogen spins have scalar couplings on
the order of ~7 Hz to their hydrogen bond partners”™ and can cause significant artifacts
in CPMG experiments.'#-1# Using low power refocusing pulses to prevent Jan coupling
evolution during the relaxation delay can suppress this effect but in turn can lead to off-
resonance effects.’™® Methods have been developed to suppress or correct for these
errors'>'1 and have been an important spin probe for large RNAs.1515+157 R1, techniques
are arguably better suited for the study of nucleic acids. Generally, the spinlock will not
be on resonance with most spins in multidimensional experiments and the
magnetization will have an effective tilt angle of O = atan(w1/Q), where w: is the spinlock
power, Q) is the offset of the spin from the spinlock frequency. The relaxation rate

therefore has contributions from both R: and Rz and is calculated as

Rio =Ri1 c0s?0 + Rz sin?0. (1.54)
Adiabatic passages are often used to align spins along their effective tilt angle, otherwise
sensitivity can be lost for nuclei that are considerably off resonance from the spinlock
due to B: field inhomogeneity.’”® In order to extract the transverse relaxation rate,

accurate spinlock powers are necessary. These can be determined by monitoring
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intensities of 2D spectra with and without the adiabatic passages or measuring one bond
scalar couplings in the presence of weak continuous wave decoupling and relating them
to their offset from the spinlock field."” Alternatively, the spinlock power can be directly
obtained from a 2D B: nutation experiment, although rf field inhomogeneity causes
small differences between the average and most-probable values.!® Hartman-Hahn
interactions between homonuclear scalar coupled spins can be reduced, often to less that
1%o0, by appropriately choosing spinlock powers and offsets that minimize the
function'®

\~1
w -
A —114+ eff,I eff,S 1.55
HAHA ( ))/2 ( )

Jis (1 + cos(0; —Og

where wettx = (w12 + x2)12 and Jis is the scalar coupling constant between spins I and S.
For high power spinlocks (wi/2m >1000 Hz), the effects of CH-dipole/CSA cross-
correlated relaxation and Jcu evolution are efficiently suppressed by two proton 180°
pulses placed at times T/4 and 3T/4 during the spinlock.!¢1¢> Cross-correlations between
CC-dipole/CSA or CC-dipole/CH-dipole are small, owing to the small gyromagnetic
ratios of heteronuclei and non-ideal tilt angles between the various interactions, and are
reviewed by Kumar et al.’® Since there is an R: contribution to the relaxation rate, the

phase cycling scheme used in longitudinal relaxation is also required.

In contrast to longitudinal and transverse relaxation techniques, heteronuclear NOE
experiments are used to measure the ratio of intensities of spectra recorded with and
without proton saturation in order to determine the proton cross-relaxation rate, o. In
the presence of proton saturation, the signal intensity of an isolated spin system is

‘enhanced’ by the factor

NOE =1 +yn/ys o/R1 . (1.56)
For nitrogens, yn is negative and results in a signal decrease in the saturation
experiment. The carbon spins, unfortunately, are rarely isolated and the magnetization
from the protons will bleed into neighboring spins and throughout the ring. It was

shown that for two neighboring singly protonated carbons, the NOE will have be*
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where oxy is the cross-relaxation rate between spin X and Y, and Rix is the auto-
relaxation rate for spin X. Three new relaxation rates enter into the equation and the
effect of homonuclear cross-relaxation (ocic2) will begin to dominate in larger systems.
For molecules with tumbling times of 18 ns, the difference between equations 1.56 and
1.57 is more than 30%. In addition, the delay between successive scans should be about
4-5 times the length of the proton Ti (1/R1) which, as mentioned earlier, can result in very
long delays. These issues make the NOE measurement largely unreliable for most spins
in uniformly labeled nucleic acids, except for imino nitrogens and purine C2 and C8

spins.

1.3.3 Chemical Exchange - Ric and Rzcrmc

The techniques used for measuring transverse relaxation described in §1.3.2 can also
be used to monitor chemical exchange. During the relaxation block, the effect of
chemical exchange is suppressed by the different methods of keeping magnetization
along the transverse plane. In the CPMG experiment, tighter spacing between the carbon
180° pulses refocuses the magnetization of the different spin states faster than they can
exchange and results in suppression of the exchange process. By monitoring the effective
relaxation rate as a function of the spacing between refocusing pulses, important kinetic
parameters can be determined about the conformational change or chemical reaction
taking place. If the CPMG train is defined as (0 - 180° - d)n and exchange is fast, the

effective relaxation rate is described by?¢1819

Ry o :%[RZ,A +Ryp +key —%arccosh(D+ coshn, -D_ Coshn)j (1.58)

where
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Di:

and Aw = Qs - Qa is the chemical shift difference between states A and B, pa and ps are
the populations, Rza and Rep are the intrinsic relaxation rates, and ws is the Larmor
frequency for the heteronucleus. However, as was mentioned above, CPMG
experiments are not ideal for highly coupled networks such as those found in nucleic
acids. Further details about the measurement of chemical exchange using CPMG

techniques can be found in a number of reviews.9164165

Since 1970, it has been recognized that chemical exchange can be detected by
monitoring the effective relaxation rate of a nucleus by varying the amplitude of a
spinlock field.”” However, only recently have expressions been developed that describe
exchange outside of this fast exchange limit.'°”! Primarily this has been due to the high
lower limit of usable spinlock powers (w1/21t = 1000 Hz) that would suppress exchange
events slower than 300 us almost completely. Below this spinlock power, conventional
decoupling techniques would fail to suppress scalar coupling evolution and off-
resonance effects and lead to oscillatory behavior of the magnetization decay.'®"162
Fortunately, new techniques have emerged that can allow the use of spinlocks as low as
25 Hz without distortion of the relaxation decay.!®>17>17 For fast exchange, the effect on

the Ry, rate is simply

Dk
Ry, =Ry, +sin® = (1.60)
’ kex T W

where wer = (w12 + (2)12 is the effective spinlock strength of the nucleus at the population
weighted average resonance offset from the spinlock frequency, Q) = paQa + pss, Rio~ is
the intrinsic rate given by Equation 1.54, and ®e = papsAw? is used as a single fitting

parameter. General expression for Rie that are valid for all time scales can be found from
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approximate solutions to the Bloch-McConnell equation of motion or the stochastic
Liouville equation for a two spin system. The most accurate of these solutions uses

Laguerre’s method of polynomial root finding to arrive at!”

.2 2
R. <R . sin” Op A ppAw ke,
e T 202 2k2 (pAw2 +p wz)
AWB 12 o2 2 ex A T PBWE
5 tKe —sin” OpppAw”| 1+ 5 5
Wet WAWE T WeprKox

(1.61)
with additional parameters representing the effective spinlock power at each spin state.
Despite the apparent complexity, this expression has only three unknown parameters,
P8, Aw, and kex. This is in effect an extension of an earlier result that were most accurate

when the populations of the two states where highly skewed!”!

.2 2 .2 2
Op AppAw’k Op appAw’k
Ryq =Ryq, + - —PAPBZE Bex (R, + 20 PAPBCED Rex (1.62)
’ WAWE 12 ' Qp + w7y +kg,
ex
Weff

The second relationship helps to illustrate the effect of offset dependence of the spinlock
as well as the power dependence. In particular, the effect of chemical exchange is at a
maximum when the spinlock is on resonance with the minor state (s -0). Additional
expressions have also been derived that have improved accuracy for the special cases of
pa = ps and the spinlock being placed at the average resonance frequency of the two

states, (Qa + Qs)/2.
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Chapter 2. Insight into the CSA Tensors of Nucleobase Carbons in RNA

Polynucleotides from Solution Measurements of RCSAs

2.1 Introduction

Circulation of current within electronic clouds of molecules gives rise to a local
magnetic field at nuclei of interest that fluctuates as molecules tumble relative to the
applied magnetic field. The orientational dependence of this local field can be
mathematically described by five elements of a 2nd rank chemical shift anisotropy
(CSA) tensor. Knowledge of CSA tensors is required to account for CSA relaxation
mechanisms. This proves to be important for a range of biomolecular NMR applications
including the interpretation of spin relaxation data in terms of angular constraints!* and
dynamical parameters®® and in analyzing TROSY effects’. Knowledge of CSA tensors is
also necessary for structure determination by solid-state NMR®!? and for interpreting
spectra of partially oriented samples in which anisotropic chemical shift interactions no

longer average to zero!"°,

Of particular interest in nucleic acids are the CSAs of the nucleobase carbons
adenine C2, pyrimidine C5 and C6, and purine C8 (Figure 2.1A). These C—H carbons are
essential spins for probing the fast dynamics of nucleic acids by spin relaxation
measurements!'®?!, Unlike amide nitrogens in proteins, imino °N relaxation data is only
available for half the residues in nucleic acids (guanine and uridine/thymine) and
seldom for flexible sites of interest due to rapid exchange of imino protons with
solvent?2. The large CSA of these aromatic carbons together with the often highly
anisotropic tumbling of nucleic acids makes knowledge of all five CSA tensor elements

crucial for these studies especially when working at higher magnetic fields.
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Figure 2.1. Simultaneous measurements of nucleobase RDCs and RCSAs in TAR4312 RNA. (A)
Watson-Crick base-pairs showing the nucleobase carbons targeted for RCSA measurements
along with the definition of the angle ® (shown as positive values) used in Table 2.1 to define the
orientation of the 611/022 CSA principal axes. (B) Secondary structure of TAR4312 in which A22-
U40, G26-C39 and the CUGGGA hairpin loop in wt-TAR are replaced with C22-G40, A26-U39,
and a UUCG loop, respectively. Filled circles denote Watson-Crick hydrogen bonding as inferred
from a Jnn-COSY experiment?. Residues that experience the largest bicelle-induced perturbations
in isotropic *C chemical shifts are circled. (C) Measurements of base RDCs ('Dcu) and RCSAs
(0ani) using C2 in A26 as an example. Uniformly *N/*C-labeled TAR4312 was prepared by in
vitro transcription. NMR samples contained ~0.5 mM RNA, 15 mM sodium phosphate pH 6.4, 0.1
mM EDTA, and 25 mM NaCl in D20. NMR experiments were carried out on a Bruker AMX 600
MHz spectrometer equipped with a cryogenic probe.

To date, only one solid-state NMR study of RNA mononucleotide powders has
reported experimental values for the principal components of the nucleobase carbon
CSAs (Table 2.1, SS)*. However, the CSA orientations were obtained using density
functional theory (DFT) calculations on simplified mononucleotides. To our knowledge,
no experimental data has been obtained so far that reports on the orientation of the
carbon nucleobase CSAs. Two other nucleobase carbon CSA sets derived by DFT
calculations on simplified mononucleotides and which include both principal values
and orientations have also been reported in the literature (Table 2.1, DFT1?> and DFT2%).

Though widely used in the analysis of BC relaxation data, the validity of these
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mononucleotide CSAs in the context of RNA polynucleotides under solution conditions
remains to be established. This is important given the well-known dependence of CSAs
on intermolecular interactions®?? and involvement of nucleobases in hydrogen-
bonding and stacking interactions. Indeed, a recent *C relaxation study of RNA
dynamics alludes to potential deviations from the mononucleotide CSAs. In particular,
difficulties were encountered when using the SS CSAs in analyzing *C relaxation data
measured at high (17.6 T) but not low (11.7 T) magnetic fields?’. Furthermore, the
discrepancies in the reported CSA magnitudes (CSAa = (3/2 - (d112+ d222+ 033?))!/2, where i
are the principal values of the traceless CSA tensor) for purine C8 and pyrimidine C6 are
sufficiently large to impart undesirable uncertainty in the dynamical interpretation of

relaxation data (Table 2.1).

Here, we have measured the manifestation of nucleobase carbon CSAs as residual
perturbations in chemical shifts that can be observed when a weak degree of RNA
alignment is imposed!>1>231, Such residual chemical shift anisotropies (RCSAs) have
previously been used to determine CSA tensors for carbonyl carbons, amide nitrogens,
and amide protons in proteins’®? and more recently for sugar carbons in A-form RNA
helices'. Since RCSAs depend on the orientation of CSA tensors relative to the order
tensor governing alignment, they also provide long-range orientational constraints'#32
for structure determination, much like residual dipolar couplings (RDCs)**. Having an
abundance of such long-range constraints is particularly important for structure

determination of extended and proton deficient nucleic acids.
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Atom (#) Source o1 (ppm) Ox (ppm) 033 (ppm) ¢ (deg) CSAa (ppm) rmsd (Hz) Q (%)

AC2(1)  SS 84.7 36 -88.3 -3.0 149.9 1.8(1.4) 44 (36)
DFT1 84.0 1.0 -85.0 -3.8 146.4 1.6(1.2) 40 (31)
DFT2 82.1 1.8 -83.9 3.6 1438 1.6(1.2) 41(32)
CC54)  SS 80.1 12 -78.9 -11.0 137.7 1.6(1.4) 43 (38)
DFT1 82.0 -11.0 -71.0 9.6 133.5 19(1.7) 55 (49)
DFT2 80.6 112 -69.4 -8.9 131.0 1.9(1.8) 56 (53)
RCSA  1074+214 -180+242 -89.4+75 382+133 172.6+212 0.6 14
Calc-4 +20.3 +19.0 +7.4 (-90 - 90) +17.7 - -
UC5(2) DFT1 80.3 7.6 72.7 10.7 133.0 1.7(1.6) 51 (48)
DFT2 76.5 7.0 -69.5 10.6 126.9 2.0(1.9) 63 (60)
CC6(2)  SS 98.4 9.1 -107.5 31.0 178.8 09(1.0) 19(22)
DFTI1 94.0 7.0 -87.0 19.8 157.1 14(0.9) 34(22)
DFT2 98.3 142 1125 26.9 183.9 14(1.4) 30 (30)
UC6((2) DFT1 102.7 -14.4 -88.3 19.3 166.8 06(02) 14 (5)
DFT2 105.4 1.8 -107.2 28.3 184.1 1.3(1.3) 30 (30)
AC8(1)  SS 783 16 -76.7 -27.0 134.3 05(02) 14 (6)
DFTI1 71.3 -13.6 -57.7 212 113.6 01(0.1) 3(3)
DFT2 72.5 35 -69.0 -29.4 122.8 01(02)  3(6)
GC8(5)  SS 76.0 3.0 -79.0 -28.0 134.3 1.7 (1.4) 48 (40)
DFT1 71.7 -15.4 -56.3 21.6 113.2 14(12) 49 (42)
DFT2 73.1 9.8 -63.3 -30.4 119.0 15(1.2) 49 (39)
RCSA 978+ 11.8 -37.1+122 -60.7+40 -1.8+69  1481+128 0.6 16
Calc-5 +16.9 +19.3 +6.9 (-90 — 90) +14.7 - -

Table 2.1. Analysis of nucleobase carbon CSAs using RCSAs measured in TAR4312. The number of RCSAs measured is shown in parenthesis next
to the residue/carbon type. CSA parameters are from solid state NMR (55)?, DFT calculations (DFT1, DFT2)%2, RCSA derived values (RCSA), and
the standard deviations obtained when using synthetic RCSAs (Calc). The root-mean-square-deviation (rmsd) and quality factor (Q)>% are
calculated between measured and back-calculated RCSAs RDC-validated domain structures. The best-fit results (rmsd and Q-factor) following
5%, £0.1, and ca. 6° variations in the order tensor GDO?, order tensor asymmetry n, and orientation of individual bases are shown in parenthesis.
For the single adenine C2 and C8 RCSA, only the difference between the measured and predicted values was used to compute rmsd and Q.



2.2 Results and Discussion

Our study was carried out on a uniformly C/®N labeled mutant of the
transactivation response element (TAR4312) RNA (Figure 2.1B) which was partially
aligned using a 5% (w/v) DHPC:DMPC (3:1) bicelle medium3? that forms an aligned
liquid crystalline phase at temperatures above 298 K. At or below room temperature the
bicelles form an isotropic phase, allowing the measurement of the isotropic chemical
shifts, their temperature dependences, and scalar couplings. One bond C-H splittings
and 13C chemical shifts were measured simultaneously from the difference and average
frequency respectively of the upfield and down field components of the {**C}-'H doublet
(Figure 2.1C). These components were measured in separate sub-spectra using 2D
1BC—H SsCT HSQC experiments®%®. The RDCs were computed from the difference in
C-H splittings measured in aligned (T = 310 K) and isotropic (T = 292 K) phases (Figure
2.1C). Due to the temperature dependence of isotropic chemical shifts (diso), the RCSAs

could not simply be computed from the difference in chemical shifts measured at 298 K

10K
and 310 K. Rather, the value of dio at 310 K (“isobicelle) was determined by linearly

extrapolating diso measured in the isotropic phase at 286 K, 292 K and 298 K to 310 K

(Figure 2.1C and Figure 2.2A). This approach was previously used to measure RCSAs in
SPI0K

the protein ubiquitin'®. The chemical shifts measured in the aligned phase (~obspbicelles =

S310K SPI0K .
iso,bicelle+ “ani ) were also corrected to account for changes in the lock frequency due to

quadrupolar 2H splittings (7.6 Hz). The RCSAs were then computed by subtracting

S30K SP10K
iso,bicelle from “obsbicelles, The RDCs and RCSAs measured in TAR4312 are listed in Table

2.2.
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Figure 2.2. Measurement of nucleobase RCSAs in TAR4312 weakly aligned in a bicelle medium.
(A) Measurement of RCSAs in bicelles using a linear extrapolation of the temperature
dependence of isotropic *C chemical shifts. Shown are two examples from domains I and 1L (B,
C) Lack of TAR4312 alignment in bicelles at <310 K. (B) Correlation plot between one bond C-H
splittings measured at 298 K in the presence and absence of bicelles. (C) Correlation plot between
measured RDCs (RDC = 310 — 298 K) and “would be RDCs” (RDC* = 298 K in bicelles — 298 K
without bicelles).

Besides assuming a linear temperature dependence for diso over 286-310 K, which
was observed for all carbons examined (e.g. Figure 2.2A), the latter approach for
measuring RCSAs assumes no TAR4312 alignment at T < 298 K. Any unaccounted for
residual TAR4312 alignment would lead to underestimation of the RCSAs and
ultimately their associated CSAs. Negligible TAR4312 alignment at < 298 K was
confirmed based on a number of observations. First, no quadrupolar 2H splittings were
observed at < 298 K. Second, the differences between C-H splittings measured in the
presence and absence of bicelles at 298 K (root-mean-square-deviation, rmsd = 0.8 Hz,
Figure 2.2B) are within the estimated measurement uncertainty (0.9 Hz, see legend of
Table 2.2). Finally, a poor correlation (R = 0.35) is observed between the measured RDCs
and “would be RDCs” at 298 K (Figure 2.2C).
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Figure 2.3. Residue specific bicelle-induced perturbations in isotropic *C chemical shifts in TAR4312. Shown are the differences between C2
(adenine), C5 (pyrimidine), C6 (pyrimidine) and C8 (purine) chemical shifts measured in the presence and absence of bicelles at T =292 K, 298 K,
and 310 K. (Inset) Corresponding slopes of the 1*C chemical shift versus temperature.



Residue  Atom/Vector RCSA (Hz) RDC (Hz)

G18 C8/C8-H8 4.1+0.8 -1.4+1.4
C19 C5/C5-H5 0.8+0.8 -9.2+14
A20 C2/C2-H2 -2.5+0.8 13.6+1.4
A20 C8/C8-H8 -3.6+0.8 13.5+1.4
G21 C8/C8-H8 -3.5+0.8 11.6+1.4
C22 C5/C5-H5 -4.9+0.8 12.7+1.4
Cc22 C6 / C6-Hob -5.1£0.8 2.3+1.4
G28 --/CI'-H1' - -14.9+1.4
G28 C8/C8-H8 -3.2+0.8 13.5+1.4
C29 C5/C5-H5 -6.4+0.8 12.8+1.4
C29 C6 / C6-Hob -7.4+0.8 11.7+1.4
U31 --/CI'-H1' - -0.2£1.4
U31 C5/C5-H5 -7.6+0.8 13.7+1.4
U31 C6 / C6-Ho6 -7.4+0.8 11.9+1.4
U32 --/C1-H1' -- 4.6+1.4
C33 -/ C1-H1' -- -0.4+1.4
G34 --/CI'-H1' - 7.5+1.4
G34 C8/C8-H8 -6.9+0.8 9.0+14
G36 C8/C8-H8 -5.5+0.8 13.2+1.4
C37 --/C1-H1' -- 3.2+14
G40 C8/C8-H8 -2.1£0.8 3.6x1.4
C41 C5/C5-H5 -5.9+0.8 7.5+14
U42 C5/C5-H5 -3.1+0.8 1.2+1.4
U42 C6 / C6-Hob -4.7+0.8 13.5+1.4
G43 C8/C8-H8 -5.6£0.8 16.7+1.4
C44 --/CI'-H1' - 14.5+1.4

Table 2.2. RDCs and RCSAs in TAR4312 measured at a 'H spectrometer frequency of 600 MHz.
The RDC measurement uncertainty was obtained by multiplying the observed rmsd between
splittings measured at 292 and 298 K (0.9 Hz) by 2'2. The RCSA measurement uncertainty was

10K 10K 10
obs, bicelle and iso,bicelle * The éfbs,

obtained by propagating the errors in uncertainty (0.3 Hz)

K
icelle

was obtained from the rms of residuals in the three point linear-fit of J, versus temperature

(Figure 2.2A). The @ii?bri(ce”e uncertainty was obtained using the following procedure. Perfect

synthetic data corresponding to J, at 286 K, 292 K, and 298 K was generated. Each data point
was then perturbed by an amount chosen randomly from a Gaussian distribution centered at

zero with the standard deviation set to the rms in the three-point residuals. Linear extrapolation

5310K

'so bicelle- L N€ €ITOT was

of the resulting data set to 310 K was then used to compute an error in

obtained from the standard deviation in é‘i?;(lfb}?ce"e following thousands of such runs (0.7 Hz).

As shown in Figure 2.3, we observed significant bicelle-induced perturbations in diso
(rmsd =8.4 /7.2 /5.5 Hz at 292, 298, 310 K) which precluded measurements of RCSAs as

the difference between chemical shifts observed in the presence and absence of bicelles.
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The latter approach was previously used to measure 3'P RCSAs in DNA" and 13C
RCSAs in RNA'™ but using the Pfl-phage4. The bicelle-induced perturbations in
TAR4312 are particularly pronounced for structurally unstable regions (Figure 2.1B,
circled residues) including the bulge (U23, C24, and U25) and two neighboring adenines
in domain II (A26 and A27) that, based on Jnn-COSY experiments,? are not involved in
A-U Watson-Crick hydrogen bonding (data not shown). Interestingly, these residues
also have carbon chemical shifts that have markedly different temperature dependencies
in the presence and absence of bicelles (Figure 2.3, inset). These perturbations likely arise
from changes in the structural dynamics of TAR4312 due to transient contacts with the
bicelles. Similar perturbations have been reported for fraying terminal residues in a
duplex RNA in Pfl-phage'. These results underscore the importance of accommodating
ordering media induced changes in diso when measuring RCSAs and suggest that the

bicelle medium can affect the conformational dynamics of flexible RNAs.

The RCSA (dani) measured for a carbon nucleus k depends on the magnitude and

orientation of the kth CSA tensor (6%) relative to the order tensor (Sj) governing

alignment:

) ) 2 ]
O ani () = (O g —6iso)=5ij {XZY Z}Sijbikj - [2.1]

To interpret RCSAs using Equation [2.1], we first used RDCs to validate domain
structures for TAR4312 and determine their order tensors. The domain structures
comprised idealized A-form helices and a previous X-ray structure®® of the
U31U32C33G34 tetraloop (Figure 2.1B). The local structure of these domains has
previously been validated using RDCs measured in free TAR* and for TAR bound to
three (in the case of domain I) and four (in the case of domain II) distinct ligands that

bind to the bulge and neighboring residues without affecting the remaining local helical

structure®#. The 108 RDCs belonging to TAR residues that coincide with those of
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TAR4312 fit (using SVD#) the above domain structures with an overall rmsd
(normalized to reflect the TAR4312 degree of order) of 1.5 Hz (Figure 2.4A). Values are
back-calculated using best-fit order tensors determined independently for each domain
using the assumed model domain structures and a modified version of
ORDERTEN_SVD#. Only RDCs belonging to TAR residues that coincide with those of
TAR4312 were included in the fit. As shown in Figure 2.4B, the agreement between the
RDCs measured in TAR4312 and these model structures is equally good with the overall
rmsd in the SVD fit*? (1.5 Hz) being approximately equal to the estimated RDC
measurement uncertainty (1.4 Hz, see legend of Table 2.2). A total 13/13 RDCs in
domains I/II with condition numbers of 3.7/2.6 were used in the latter SVD fit. The
idealized A-form helices were generated using Insight II (Molecular Simulations, Inc.)

with propeller twist angles set to -15°4,

Next, we examined the agreement between the measured RCSAs and values back-
calculated using Equation 1, the RDC-validated domain structures, RDC-derived
domain-specific order tensors and each of the DFT1, DFT2 and SS nucleobase carbon
CSAs. The analysis that follows assumed uniform CSAs from site to site and that
internal motions uniformly scale all of the measured RDCs (and derived order tensors)
and RCSAs by a similar amount. Furthermore, the bond lengths reported by Cornell et.
al.® (rcpase = 1.08 A and rexgivese) = 1.09 A) were assumed in the RDC-determination of
the order tensors. Any systematic under-/over-estimation of these bond lengths will lead
to under-/over-estimation of the degree of order and hence predicted RCSAs. It should
be noted at the outset that most of the DFT1, DFT2 and SS CSA tensor elements are in
very good agreement with one another especially the orientations (Table 2.1). In all
cases, the most shielded component (033) is oriented perfectly along the base normal and
the least shielded component (d11) close to coincident (® < 30°) with the corresponding
C-H bond (Table 2.1). However, for a subset of carbons, particularly pyrimidine C6 and
purine C8, large differences in the principal values are observed leading to differences in

CSAa as large as 27 ppm.
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Figure 2.4. Evaluating nucleobase CSA tensors using RCSAs. (A, B) RDC-based validation of
model structures for the two TAR4312 domains comprising idealized A-form helices for
hydrogen bonded Watson-Crick residues and an X-ray structure® for the UUCG tetraloop. (C)
Correlation plot between measured RCSAs and values back-calculated using the RDC-derived
order tensor, and SS (filled squares), DFT1 (filled triangles), and DFT2 (open triangles) CSAs. (D)
Same as in (B) for cytosine C5 (filled circles) and guanine C8 (filled diamonds) when using the
RCSA-fitted CSAs. The correlation of uridine C5 RCSAs when assuming the RCSA-derived
cytosine C5 CSA is shown with filled squares. Agreement with DFT1 is shown using open
symbols. (Inset) The angle (08) between the principal axis of the order tensor (Sz) and C-H RDC
vectors (in white) or ds3 CSA axis (in black) in TAR4312.

Shown in Figure 2.4C are correlation plots showing the RCSAs measured in
Watson-Crick base-pairs and values back-calculated using the mononucleotide CSAs.
Similar overall agreement is observed for the three CSA sets with the best agreement
observed for DFT1 and SS followed by DFT2. Similar agreement was observed when
combining the RDCs and RCSAs in the SVD fit (rmsdroc(Hz)/rmsdresa(Hz)= 1.5/1.3,
1.5/1.2, 1.4/1.4 for SS, DFT1 and DFT2, data not shown). Although the observed
agreement (rmsd = 1.3 — 1.4 Hz) is favorable considering that the differences between

measured and predicted RCSAs are almost an order of magnitude smaller than the
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predicted RCSA range (ca. -10 — 10 Hz), the differences remain higher than the estimated

RCSA measurement uncertainty (0.8 Hz, see legend of Table 2.2).

Shown in Table 2.1 is the rmsd and quality factor (Q)>* describing the level of
agreement between the measured and predicted RCSAs for individual carbon types. We
focus on cytosine C5 and guanine C8 for which more than two RCSA measurements
were available (Table 2.1). Poor agreement is observed for these carbons with all three
mononucleotide CSAs (Q > 40%). This is the case even after allowing the input order
tensor parameters to vary within their experimental uncertainty (5% and 0.1
variations in the generalized degree of order, GDO%, and asymmetry 1), respectively)
and allowing the orientation of individual nucleobases to vary randomly by ca. 6° (Table
2.1, shown in parentheses). The latter was used to account for structural noise and was
accomplished by applying random Euler rotations independently to each base. This
suggests that some of the scatter in Figure 2.4B is due to deviations from the assumed
mononucleotide guanine C8 and cytosine C5 CSAs. Indeed, better agreement is
observed when excluding the latter RCSAs from the fit of Figure 2.4C (rmsd (Hz)/R =
1.2/0.95; 1.1/ 0.88; and 1.2/0.96 for SS, DFT1, and DFT2, respectively).

To this end, we carried out an exhaustive three-parameter (011, o2 and @) grid
search to see if we could find CSA tensors that fit the cytosine C5 and guanine C8
RCSAs to within experimental uncertainty. In both cases, the s orientation (two
parameters) was assumed normal to the base plane. CSA tensors were accepted if they
reproduced (using Equation 1 and the RDC-derived order tensors) the measured RCSAs
to within a cut-off that includes the uncertainty in the measured RCSA (0.8 Hz) and
RDC-derived order tensor (+5% and +0.1 variations in GDO and n, respectively). These
calculations were repeated millions of times each time following application of ca. 6°
random Gaussian perturbations in the orientation of each base to account for structural
noise. The average and standard deviations in the CSA parameters over the accepted
solutions are listed in Table 2.1 (“RCSA”). For both cytosine C5 and guanine C8, CSA

parameters could be obtained that reproduce all measured RCSAs to within
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experimental precision (rmsd < 0.8 Hz, Q <20%, Figure 2.4C and Table 2.1). Differences
are however observed between the RCSA-derived principal values and @ angles and the
corresponding mononucleotide values (Table 2.1). We avoid interpreting the differences
in @ since simulations using synthetic C5 and C8 RCSAs show this angle to be
intrinsically difficult to define on the basis of the RCSAs measured in TAR4312 (Table
2.1, Calc-4 and Calc-5). This is in part due to placement of the du direction close to
within the axially symmetric Sxx — Syy plane of the order tensor. Nevertheless, we note
that the deviations in @ from the corresponding mononucleotide values are larger for

cytosine C5 (~50°) compared to guanine C8 (~24°).

In contrast to @, simulations employing synthetic data show that the cytosine C5
and guanine C8 CSA principal values can be defined to a useful level of precision (~+16
ppm) using the measured RCSAs (Table 2.1, Calc-4 and Calc-5, respectively). The mean
cytosine C5 CSA magnitude obtained using the RCSA grid search (CSAa = 173 + 21
ppm) is significantly higher than all of the values reported for mononucleotides (131 —
138 ppm). In contrast, the RCSA-derived CSAa value for guanine C8 (148 + 13 ppm) is
only slightly higher than the mononucleotide values and within experimental

uncertainty equal to that of SS (134 ppm).

A number of factors suggest that the observed differences between the
mononucleotide C5 CSAa values and that derived here using RCSAs reflect genuine
differences in C5 electron density in the mononucleotide and polynucleotide base. First,
we note that the RCSA-derived CSA parameters for cytosine C5 leads to a better fit
between the measured and back-calculated uridine C5 RCSAs (Figure 2.4C). The rmsd
decreases from 1.6 Hz to 0.6 Hz and the Q-factor from 48% to 14%. It is also noteworthy
that the larger RCSA-derived C5 CSAa value is comparable to that reported for
pyrimidine C6 by SS and DFT2 (179 — 184 ppm). Unlike C5, a good fit is observed
between the four measured C6 RCSAs and the SS and DFT2 CSAs (Table 2.1). Our
results therefore suggest that the pyrimidine C5 and C6 have similar CSAa values.

Second, it is noteworthy that previous DFT calculations have shown that the CSA
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principal values of cytosine C5 are particularly sensitive to intermolecular interactions .
Finally, the larger cytosine C5 CSAa value obtained here may explain some of the
anomalously high order parameters (S2 ~ 1) recently obtained for a number of C5 sites in
RNA Watson-Crick base pairs.! These large order parameters could have arisen from
use of what would have been an underestimated SS input CSAa value in analyzing the

C5 relaxation data.2!

Recently, two additional studies have sought to shed light on the nucleobase carbon
CSA tensors.*! Bax and coworkers followed a similar strategy to the one proposed and
measured RCSAs of the nucleobase carbons of an A-form RNA and a B-form DNA. In
addition to this, however, they measured cross-correlated relaxation rates between the
13C CSA and CH dipolar interactions, which is dependent on the angles between the
principle components of the two interactions. This effectively provides an additional
restraint on the angle ¢ within the base plane, which we were unable to refine. They
were able to obtain highly accurate values for all of the protonated base carbons and
arrived at CSAa values of 144 + 1 ppm and 133 + 1 ppm cytosine C5 and guanine CS,
respectively. In the other study, Brumovska et al.>! investigated the effect that the
glycosidic bond angle, x, has on the CSA tensors using DFT calculations and an Iglo II
basis set. In their work, they found similar CSAa values of 140.4 ppm and 127.7 ppm.
They note however, that their particular technique underestimates the magnitude by
about 4 ppm. While the values from these two studies are considerably lower than those
determined from TAR4312, both note the significant effect that the CH bond length has
on measured CSA tensors and would lead to an overestimation of about 7% when using
bond lengths of 1.08 and 1.09 A for nucleobase and ribose bonds, respectively.
Correcting for this, our values for cytidine and guanine become 161 + 20 and 138.5 + 12
ppm and are in very good agreement with both studies. Interestingly, Brumovska et al.
also note that the pyrimidine C6 and purine C8 nuclei are highly sensitive to rotations
about the glycosidic bond, whereas quaternary carbons C4 and C5 in purines are

generally insensitive and are potentially a better choice as a structural restraint.

78



In contrast to most spin relaxation measurements, which depend quadratically on
CSAa, RCSAs scale linearly with the CSA principal values. While this makes RCSA-
based definition of the CSA tensor more difficult, it also means that the structural
interpretation of RCSAs can tolerate a greater deal of CSA uncertainty. Indeed, SS, DFT1
and DFT2 CSAs all yield an overall RCSA fit to the TAR4312 structure (rmsd < 1.4 Hz,
Figure 2.4C) that is approximately an order of magnitude smaller than the predicted
RCSA range (-10 — 10 Hz). This suggests that all of the measured RCSAs, including
adenine C2 and C8, can be translated into useful “loose” structural constraints even after
accommodating some uncertainty in the CSAs. Such uncertainty would also take into
account potential site-specific variations in the CSA. What makes nucleobase RCSAs
particularly attractive structural parameters is that they provide constraints on the ds3
principal direction which is oriented normal to the base along a direction seldom
sampled directly by RDC interaction vectors, as shown in the inset of Figure 2.4C for

TAR4312.

To illustrate the utility of RCSAs as structural constraints, we examined the range of
cytosine and guanine base orientations that are allowed by RDC and RDC+RCSA
measurements. For each case, a domain-specific order tensor was derived using RDCs
excluding values belonging to the residue examined. Next, all allowed base orientations
were interrogated for their ability to back calculate RDCs or both RDC+RCSAs. Base
orientations were accepted if the differences between the measured and predicted RDCs
(or both RDCs and RCSAs) were smaller than a specified cut-off comprising errors in the
measurement (1.4 Hz and 0.8 Hz for RDCs and RCSAs, respectively), order tensor
(#5%and +0.1 variations in GDO and 1), respectively), and CSA tensor (+10%, +0.15, and
+20° variations in CSAa, 1, and @, respectively). The input CSA parameters were
centered around the RCSA-derived values (RCSA, Table 2.1) but their uncertainty leads
to CSAa values that span those of DFT1, DFT2, and SS. Similar results were also
obtained when centering the CSA parameters around the DFT1 or SS values (data not
shown). As shown in Figure 2.5A, a single C8-H8 RDC only partially restricts the

allowed orientations of the G36 nucleobase. This is because in addition to the taco-
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shaped continuous distribution of orientations®, rotations about the C8-H8 RDC bond
vector itself are allowed leading to poor definition of the orientation normal to the base
plane. Including an orthogonal constraint from a single C8 RCSA measurement greatly
helps reduce the allowed orientations even after allowing for the aforementioned CSA

uncertainty. As would be expected, the orientational solutions cluster closely around the

poles of the map and hence orientation of the base in the RDC-validated A-form
structure. For C22, the addition of a single C5 RCSA to two RDCs also substantially
restricts the allowed continuous orientational solutions (Figure 2.5B). Similar results
were obtained for all other C2, C5, C6 and C8 RCSAs when using any of the

mononucleotide CSAs and similar CSA uncertainty (data not shown).

Figure 2.5. Long-range constraints on the orientation of nucleobases from *C RCSAs. Sauson-
Flamsteed projection maps showing the RDC (in red) and RDC+RCSA (in blue) allowed base
orientations for (A) G36 (one RDC and one RCSA) and (B) C22 (two RDCs and one RCSA). The
base orientations are depicted relative to the order tensor PAS (Sx, Syy, Szz) derived for TAR4312
using RDCs (poles of map, depicted in green). Clustering of solutions around the poles of the
map implies agreement with the RDC validated A-form structures. The reduction in the spread
of RDC solutions (in red) upon inclusion of RCSAs (in blue) reflects how much better base
orientations can be defined by RCSAs even in the presence of ~10-20% CSA uncertainty (see main
text).
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2.3 Conclusion

The RCSAs measured in TAR4312 argue that the CSA magnitude (CSAa) of cytosine
C5 in A-form RNA under solution NMR conditions is larger than that previously
reported for mononucleotides. In contrast, the RCSAs largely support the validity of the
mononucleotide guanine C8 CSAa value reported by solid-state NMR. Even after
allowing for substantial uncertainty in the CSAs (ca. 10 — 20%), the RCSAs could be
translated into useful long-range base-centered orientational constraints. This is in part
because RCSAs provide constraints on directions orthogonal to the base plane that are
seldom sampled directly by RDC vectors. Such constraints can in principle be obtained
from additional measurements of other nucleobase one bond and two bond RDCs>-,
However, at the available magnetic field strengths, the field dependent RCSAs are
between 4 to 15 times larger in magnitude and can be measured using sensitive NMR
experiments that do not require resolution of small multiplet components. This will

prove to be an advantage when studying larger RNAs.
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Chapter 3. Dynamics of Large Elongated RNA by NMR Carbon Relaxation

3.1 Introduction

Many regulatory RNAs undergo large conformational transitions that are essential
for executing their functions.!* Step-wise changes in RNA conformation induced by
sequential protein recognition events allow complex ribonucleoproteins, such as the
ribosome and spliceosome, to assemble in a hierarchically ordered manner.*
Riboswitches control gene expression by undergoing large changes in secondary and
tertiary structure in response to recognition of metabolite molecules.>® The global
conformation of ribozymes change during their catalytic cycles in order to satisfy the
diverse structural requirements associated with substrate binding, catalysis, and product
release.”8 Although it is clear that many RNA structures must change in a specific
manner in order to carry out their functions, the mechanism by which these
conformational changes occur is not fully understood. Recent studies suggest that the
inherent dynamical properties of RNA structure play an important role in directing

these conformational transitions.®10

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for
characterizing the dynamical properties of biomolecules, uniquely providing site-
resolved dynamical information over a broad range (ps-s) of timescales.!®® The most
commonly used approach to obtaining dynamical information involves analyzing
transverse (R:) and longitudinal (R:i) relaxation rates together with heteronuclear
Overhausser enhancements (NOEs) using the model free formalism' to obtain
information regarding internal fluctuations occurring at sub-nanosecond timescales.
Though this approach is now widely used in NMR studies of protein dynamics using

backbone amide nitrogens as relaxation probes, a number of factors continue to
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complicate applications to nucleic acids. The scarcity of suitable imino nitrogen probes
has made it crucial to resort to other relaxation probes, including deuterium'> or more
commonly the protonated carbons.'3'¢22 However, carbon spins pose unique challenges
in both measurement and data interpretation due to presence of C-C interactions and
sizeable asymmetric chemical shift anisotropy (CSA) tensors. Perhaps an even greater
problem that has surfaced only more recently is that globally flexible RNAs can violate
the “decoupling approximation” which is invoked in the model free formalism which
assumes that internal and overall motions are not correlated to one another.!* This
violation occurs because helices can move collectively at timescales approaching that of
overall molecular tumbling (tm). These motions can also lead to substantial deformations
in the RNA and cause spatially coupled changes in overall reorientation.?*?® Such
motional couplings can add an intractable layer of complexity to the analysis of

relaxation data.

Recently, we reported a domain-elongation strategy for decoupling internal motions
in RNA from overall diffusion as a prerequisite for quantitatively interpreting relaxation
data.®® Here, a terminal RNA helix is elongated using a stretch of twenty-two NMR-
invisible Watson-Crick base-pairs in an otherwise uniformly *C/*®N labeled RNA. In
addition to decoupling collective movements of helices from overall reorientation,
elongation reduces the overall tumbling rate, thus broadening the timescale sensitivity
of the relaxation data. Measurement of imino nitrogen relaxation data in elongated
RNAs (E-RNA) has allowed resolution of collective helix motions in a variety of
structural contexts that otherwise evade detection in non-elongated RNA owing to
couplings with overall reorientation.?*?>% So far, the limited number of available imino
nitrogen probes have not allowed for a comprehensive site-specific characterization of
dynamics, particularly in the functionally important non-helical regions. Nevertheless,
qualitative analysis of resonance intensities suggests the presence of near tm local

motions that also evade detection in non-elongated RNAs. 220
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There have been significant advances in applying carbon relaxation in studies of
dynamics in relatively small nucleic acids that tumble nearly isotropically (Drato <
2.0).1319202729 The CSA tensors for the protonated carbons*3? have also recently been
determined in solution using residual CSA (RCSA) and spin relaxation measurements
thus resolving a great source of uncertainty in dynamical interpretation of the relaxation
data. However, the need to decouple internal from overall motions via domain-
elongation results in a significant increase in molecular weight and anisotropy of the
RNA which in turn introduces a number of new challenges. First, the increase in the
carbon transverse relaxation rates can make accurate measurement of relaxation data
difficult. Second, homonuclear carbon relaxation contributions increase
dramatically'®?2® and can no longer be ignored. Third, the significant increase in
structural anisotropy of E-RNA renders relaxation data strongly dependent on the
orientation of the non-collinear C-H, C-C and asymmetric CSA interactions relative to

the principal axis (Dzz) of overall rotational diffusion.

O

TAR U ¢

u L G
c—G
g - G6—¢
nU_ Gag A—U A—U
2> 36 u 5=

( c

u ]
AU AU
+ G—C G—C
u A—U A—U
c—G c—G
G—C é6—¢
2U G—¢C G—¢
1U—A+1 c—G
A----U A—U G—¢C
5 ©AT)  EE=¢
A U ,‘E uU—aA ﬁ C—G
=9 20°R 98=¢§
G—C < A—U Q¢
= uw U—A wCc—G
17G—Cuss A—U+10 G—C
Uu—Aa C—G
A—U G6—¢C
U—Aa C—G
2 " Argininamide GZH g:g
: S =
it e i A—U G—C
? A—0 =g

o 20A—U+20 —

@, G—C G—C
G—C G—C

Figure 3.1. Carbon relaxation probes and elongation of HIV-1 TAR. Shown are the base and
sugar carbon relaxation probes, secondary structure of non-elongated (NE-TAR) and elongated
(E-GC-TAR and E-AU-TAR) TAR and chemical structure of argininamide. Uniformly 3C/"N
labeled and unlabeled RNA residues are shown in color and grey, respectively.

Here, we describe application of carbon relaxation in characterizing the dynamics of
large, highly anisotropic, uniformly *C/"®N labeled RNA with specific application to
elongated HIV-1 TAR (E-TAR)3% both in free form and bound to argininamide, a ligand
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mimic of the TAR cognate protein target Tat (Figure 3.1). Our results provide
fundamental new insights into the internal motions in TAR and their role in adaptive
recognition as well as establish the ability to quantitatively study the dynamics of RNAs
significantly larger and more anisotropic than customarily studied by NMR carbon

relaxation.

3.2 Materials and Methods

3.2.1 NMR spectroscopy

All NMR samples were prepared by in vitro transcription as described previously.?®
The NMR buffer consisted of 15 mM sodium phosphate, 0.1 mM EDTA, and 25 mM
NaCl at pH ~6.4. The argininamide bound TAR sample also contained ~8 mM
argininamide (Sigma-Aldrich). All NMR experiments were performed at 298 K, unless
specified otherwise, using an Avance Bruker 600 MHz spectrometer equipped with a
5mm triple-resonance cryogenic probe. NMR spectra were processed using nmrPipe®

and analyzed using NMRView.3

Longitudinal (Ri) and rotating-frame (Ri¢) relaxation rates were measured for
nucleobase carbons C2, C5, C6 and C8 (Figure 3.1) using a TROSY detected (TD)
experiment shown in Figure 3.3a.34! Narrow and wide rectangles indicate 90° and 180°
pulses, respectively. Selective pulses a and b are on resonance and c is off resonance. The
a pulse selectively inverts carbon magnetization of interest. The b (c) pulses selectively
refocus (invert) carbon magnetization to eliminate C-C scalar coupling evolution. T =
1/4)Jcn and v = T — %2 Ge. Pulse field gradients (PFG) are sine shaped with the following
amplitude (G/cm)/durations (ms): Go = -6.0/1.0, G1 = 0.5/0.25, G2 = 8.0/1.0, Gs(R1) = 3.3/1.0,
Gs(R1p) = 6.0/1.0, Gs+ = 5.0/0.15, Gs = 9.0/0.6, Ge¢ = 9.052/0.15. Phases are for Bruker
spectrometers. Unless noted otherwise, all pulses have an x phase. The phase cycle is ¢1
= 4(% ), G2=4 () 4 (), 43=2(¥, Y, Y, ), D =y, s =x, and Pa = (%, X, %, X, %, X, X,
-x). Axial peaks are shifted to the edge of the spectrum by incrementing ¢s and ¢s by
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E-AU-TAR and E-AU-TAR+ARG
On-Resonance

On-Resonance

Off-Resonance

Spin

. Inversion Refocusing Inversion Carrier SV\feep Lock Spin Lock
Spin Width power
Shape Pulse Shape Pulse Shape Pulse Offset (ppm) (ppm) Offset (Hz)
P€ " width (us) P€ Width (us) P€ Width (us)  (ppm) pp (Hz)
C2C6C8 ISNOB2 500 REBURP 1600 ISNOB2 450 94 136.5 22 +2750 3428;1 11 *
3484.1 +
c5 ISNOB2 500 REBURP 1000 IBURP2 750 152 98 14 -2000 271
2244.7 +
cr Q3 2000 RSNOB 1250 Q3 2000 73 91 20 +2000 18.5
E-GC-TAR, E-GC-TAR+ARG, and NE-TAR
C2C6C8 Q3 750 REBURP 1000 ISNOB2 500 99 142.5 27 +1700 34;;1 11 §
3484.1 +
c5 ISNOB2 450 REBURP 1000 IBURP2 750 152 99 20 -1750 271
) 2244.7 +
C1 Q3 2000 RSNOB 1250 Q3 2000 73 91 20 +2000 185
Table 3.1. Parameters for the R: and Rie experiments. A recycle delay of 1.5 sec was used for all experiments.
Delays (ms)
Ri C2, C6, and C8 C5 cr
TD E-TAR
25°C 20, 60 (x2), 100, 200, 400, 700 (x2), 1000 20, 760 (x4) na
7°C 20, 700 (x4) na na
non-selective 20, 60 (x2), 100, 200, 400, 700 (x2), 1000 na na
Argininamide 20, 860 (x4) 20, 760 (x4) na

bound




c6

Delays (ms)

Ri C2, C6, and C8 C5 Ccr
non-TD E-TAR
25°C 20, 60 (x2), 100, 200, 400, 700 (x2), 1000 na 20, 1000 (x4)
7°C 20 na na
Argininamide
bound na na 20, 1000 (x4)
non-TD NE-TAR
25°C 20, 580 (x4) 20, 660 (x4) 20, 640 (x4)
Rl@
TD E-TAR
25°C 4,8 (x2), 12, 24, 32, 48 (x2), 64 4,23 (x4) na
7°C 4,10 (x2), 18 (x2) na na
Argininamide
bound 4,15 (x2), 30 (x2) 4,23 (x4) na
non-TD E-TAR
25°C 4,8 (x2), 12,24, 32,48 (x2), 64 na 4,12 (x2), 32 (x2)
7°C 4 na na
Argininamide
4,12 (x2), 32 (x2
bound na na , 12 (x2), 32 (x2)
non-TD NE-TAR
25°C 4, 60 (x4) 4,70 (x4) 4,78 (x4)

Table 3.2. Relaxation delays used in the Ri and Ri, experiments. Duplicate and quadruplicate measurements used to estimate error are indicated

using “x2” and “x4”, respectively.



180° for each t1 increment. wc represents the carrier offset frequency. In the Ri1 element, A
is set to 10 ms and the carrier remains on resonance, while in the Ri, element the carrier
is shifted before and after the adiabatic passages. Detailed experimental parameters are
provided in Tables 3.1 and 3.2. A non-TROSY version of the pulse sequence was used to
measure relaxation data for C1’. Set-up and acquisition parameters are listed in Tables
3.1 and 3.2. High power off-resonance spin locks were used in the Ri, experiment to
minimize contributions from chemical exchange while suppressing Hartman-Hahn type
transfers to scalar coupled carbon spins (vide infra, Table 3.1). Accurate alignment of the
+C, magnetization to and from the effective field tilt angle O at the beginning and end of
the relaxation period was achieved using adiabatic half passages.** Spin lock powers
were carefully calibrated as previously described (Figure 3.2).43

a b

6.0 3.5

vy, =2244.7 185 Hz v, = 3484.1 4271 Hz

5.0+ 1 3.0
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Figure 3.2. Calibration of spin lock used in the Rio experiment for (a) C1” and (b) C2, C5, C6, and
C8 carbons.

The R, rates were corrected for off-resonance effects according to Rie = R1 cos?0 + Rz
sin?, in which O = arctan(vs./Q) is the effective tilt angle of the spinlock field, vs is the
spinlock field strength in Hz, and Q) is the resonance offset from the spinlock carrier
frequency in Hz. All relaxation series were recorded in an interleaved manner with
alternating short and long relaxation (T) delays (Table 3.2). Relaxation rates and errors
were determined by fitting intensities to a mono-exponential decay using Origin 7.0
(OriginLab Corporation) and in-house software. The *C-{'H} NOEs were measured for
C2 and C8 using conventional experiments from the intensity ratio with and without

proton saturation. NOEs were not measured for C1’, C5, and C6 because the effects of
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homonuclear C-C relaxation lead to significant errors in the measurements.* The

measured relaxation data is listed in Tables 3.3-3.5.

Residue  Carbon Ri (Hz) R2 (Hz)
G17 C8 1.929 +0.003 26.99 + 0.04
G18 Ccr 1.458 +0.017 26.58 + 0.04

C8 2.002 + 0.002 27.66 + 0.04
C19 C5 2.275+0.004 30.37 £ 0.03
C6 2.642 +0.002 33.55+0.03
A20 Ccr 1.531 +£0.011 21.97 +0.05
C2 2.140 + 0.006 30.30 + 0.03
C8 1.999 +0.003 27.58 + 0.04
G21 Ccr 1.563 £ 0.010 21.25+0.05
C8 1.936 + 0.005 28.73 +0.03
A22 Ccr 1.650 + 0.009 21.88 +0.05
C2 2.043 + 0.004 32.54 +0.03
C8 1.949 + 0.004 27.95 + 0.04
U23 Ccr 2.010 + 0.009 17.25+0.06
C5 2.349 + 0.004 23.94 +0.04
C6 2.735 + 0.004 28.96 + 0.03
C24 C5 2.541 + 0.004 20.03 + 0.05
Cé 2.821 +0.004 23.12 £0.04
U25 C5 2.407 +0.003 21.22 +0.05
C6 2.762 +0.003 25.89 +0.04
G26 C8 1.901 +0.002 29.07 +0.03
A27 cr 1.401 +£0.010 26.28 + 0.04
Cc2 2.005 + 0.006 32.85+0.03
C8 1.937 +0.003 29.18 +0.03
G28 Ccr 1.478 +0.009 24.07 +0.04
C8 1.977 + 0.004 28.15+0.04
C29 C5 2.280 + 0.008 29.51 +0.03
Cé 2.550 + 0.005 36.25+0.03
U31 Ccr 1.576 £ 0.010 21.52 +0.05
C5 2.273 + 0.004 28.63 + 0.03
Cé6 2.526 + 0.005 35.91 +0.03
U32 Ccr 1.600 £ 0.011 20.27 £ 0.05
C5 1.912 £ 0.005 21.34 +0.05
Cé6 2.137 £ 0.005 24.11+0.04
C33 Ccr 1.564 +0.014 22.91 +0.04
C5 2.164 + 0.007 28.92 + 0.03
Cé 2.326 +0.003 33.76 + 0.03
G34 Ccr 1.577 £0.010 20.95+0.05
C8 1.888 +0.003 25.25+0.04
G36 Cr 1.440 +£0.012 23.17 + 0.04
C8 1.972 +0.003 27.30 + 0.04
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C37

U38

C39

U40

C41

U42

G43

C44

C45

Cr
C5
Co
C5
Ce
C5
Ceé
Cr
C5
Ccr
C5
Ceé
Cr
C5
Ccr
C8
Cr
C5
Co
Ccr
C5
C6

1.537 +0.009
2.295 +0.004
2.542 +0.004
2.253 £ 0.007
2.546 + 0.004
2.308 = 0.006
2.477 +0.007
1.665 + 0.010
2.243 £ 0.006
1.534 +0.009
2.211 +0.009
2.428 +0.005
1.561 +0.011
2.168 £ 0.011
1.602 +0.014
1.978 £ 0.005
1.669 +0.012
2.275 £ 0.007
2.621 £ 0.005
1.807 £ 0.010
2.351+0.018
2.569 + 0.004

22.69 = 0.04
29.59 +0.03
36.27 +0.03
29.00 £ 0.03
36.74 £ 0.03
29.77 +0.03
36.86 = 0.03
20.81 +0.05
28.29 £ 0.04
23.08 = 0.04
28.98 +0.03
35.97 +0.03
24.89 + 0.04
29.89 £ 0.03
22.20+0.05
28.11+0.04
19.69 + 0.05
29.63 £0.03
34.14 £ 0.03
17.06 + 0.06
27.28 £0.04
32.70 +0.03

Table 3.3. R1 and R2 measured for NE-TAR using standard (non-TROSY) experiments.

Residue Carbon Ri2 (Hz) Rib (Hz) ocsce (Hz) Rz (Hz) NOE«
G17 C8 0.942 +0.019  0.909 +0.040 104.64 £2.28 1.257+0.128
G18 C8 0.980 +£0.016  0.972 £ 0.066 11290+2.38 1.218 £0.121
C19 Cbd 1.631 £ 0.045 110.00 £ 5.08

C6 1.600 £0.056 0.925+0.088 -0.675+0.104 130.58 + 8.69
A20 Ccr 0.814 +0.103 85.17 +15.10
2 1.086 + 0.024 123.82 £847 1.147 +0.146
C8 1.069 £ 0.027 99.31£6.24  1.252+0.154
G21 cr 0.975 +0.063 90.63 + 8.52
C8 1.027 £0.016  1.079 £ 0.033 10728 £2.15  1.188+0.118
A22 Ccr 1.192 £ 0.063 93.33+6.13
C2 1.143 +0.017 123.28+5.39 1.174+0.119
C8 1.190 £ 0.025 102.21+4.34 1.243+0.127
U23 cr 1.805 +0.027 5197 +1.14
Cbd 2.044 +0.028 87.49+1.71
C6 2.088 +0.038 107.63 £ 4.51
C24 C5d 2.315+0.017 55.52 +0.54
Cé6 2.310+0.016 2.057+0.037 -0.253+0.040  67.09 +0.53
U25 cr 1.756 £ 0.032 62.29 +1.70
Chd 2.210+0.023 70.12 +1.07
Cé6 2.366 +0.022 73.79 £1.28
G26 C8 1.341+0.013 1.270+0.035 8751+1.11  1.220+0.077
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A27 Ccr 1.208 + 0.078 80.74 £ 8.59
2 1.355 +0.020 101.98 £3.59  1.198 +0.097
C8 1.364 + 0.021 83.80 £ 2.67 1.214 + 0.085
G28 C8 1.470+£0.015 1.410+0.023 79.15 +0.99 1.210 £ 0.065
C29 C5d 2.102 £ 0.033 93.68 +2.03
Cé6 2.145+0.040 1.877+0.066 -0.268+0.078 103.47 £2.59
U31 C1 1.369 + 0.045 56.99 +2.52
C5d 2.153 £ 0.040 91.03 +£2.42
Cé6 2.143 £ 0.058 99.70 £ 6.06
U32 Ccr 1.411+0.021 54.16 +1.35
C5d 1.977 £ 0.025 67.58 £1.27
Cé6 2.100 = 0.026 61.91+1.39
C33 C1 1.505 + 0.024 56.74 +1.68
Cb5d 2.017 £ 0.043 91.29 +2.56
Cé6 2.014+0.032 1.538+0.040 -0.476+0.052  96.51 +2.38
G34 C1 1.435+0.019 58.12+1.24
C8 1.448 +0.009 1.381+0.021 67.53 £0.55 1.270 + 0.049
G36 Cr 1.366 = 0.026 62.00 +1.99
C8 1.456 £ 0.011 1.385+0.029 81.40 £ 0.83 1.259 £ 0.070
C37 C5d 2.098 +0.032 92.47 +2.01
U38 C1 1.424 + 0.043 62.94+£2.70
C5d 2.015 + 0.046 92.65 +2.95
Cé6 2.199 £ 0.064 97.67 £ 6.84
C39 Ccr 1.367 +0.025 65.61 £1.92
C5d 2.168 = 0.042 95.14 +2.50
U40 C1 1.478 + 0.053 67.47 £ 3.62
C5d 2.055 = 0.046 91.31 +£2.93
C41 C5d 1.711 £ 0.044 111.28 +4.51
Cé6 1.672+0.048 1.079+0.085 -0.593+0.097 140.71+6.47
U42 C1 1.084 + 0.096 73.88 £ 14.08
C5d 1.690 + 0.058 114.08 £ 6.32
G43 C8 0.994£0.020 1.002 £0.043 97.75+2.28 1.265 +0.140
C44 C5d 1.671 + 0.047 117.13 + 5.87

Table 3.4. Ri, Rz, ocscs and C-H NOE measured for E-TAR using the TROSY-detected (C2 C5 C6
C8) and non-TROSY detected (C1’) experiments. Shown are the Ri values measured *with and
bwithout selective inversion of the carbon of interest during the INEPT. <Non-TROSY detected
experiments were used to determine heteronuclear NOE values for C2 and C8 spins. To
minimize overlap with water signals, the F2 semi-TROSY peak (Qcs+mt Jen, Qus+mt Jen) was

detected.
Residue  Atom Ri (Hz) Rz (Hz) NOE =
G17 C8 0.827 £0.018 116.65 + 3.83 1.180 + 0.072
G18 C8 0.924 +0.017 117.18 + 3.59 1.187 £ 0.084
C19 C5b 1.713 £ 0.038 123.67 +4.22
Cé6 1.517 + 0.049 139.18 £8.13
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A20

G21

A22

U23

C24

U25

G26
A27

G28

C29

U31

U32

C33

G34
G36

C37
U38

C39

U40

C41

U42

G43

C2
C8
Ccr
C8
C2
C8
Ccr
C5b
Co
Cr
C5b
Ceé
Ccr
Cbhb
Co
C8
Ccr
c2
C8
C8
Chb
Co
Cr
Cbb
Co
Ccr
C5b
Co
Cr
C5b
Ceo
C8
Cr
C8
Chb
C5b
Co
Ccr
Chb
Cé
Cr
Cbhb
Co
C5b
Co
C5b
Co
C8

0.928 +0.021
0.914 £ 0.023
0.883 +0.060
0.925+0.019
1.058 = 0.021
1.012 + 0.029
1.356 + 0.083
1.736 + 0.067
1.651 £ 0.069
2.115 £ 0.003
2.323 £0.005
2.390 £ 0.006
1.935+0.012
2.176 +0.011
2.550 £0.013
1.021 + 0.016
0.815+0.103
0.999 +0.021
1.114 £ 0.028
1.026 + 0.018
1.833 +0.038
1.544 + 0.051
1.273 £ 0.097
1.894 + 0.063
1.775 + 0.052
1.182 +0.038
1.698 + 0.029
1.701 £ 0.025
1.285 +0.030
1.691 + 0.048
1.695 + 0.040
1.079 £ 0.011
1.163 £ 0.055
1.094 + 0.014
1.823 + 0.040
1.770 + 0.074
1.732 £ 0.069
1.052 + 0.060
1.751 +0.043
1.527 +0.041
0.871 £ 0.087
1.671 £ 0.072
1.588 + 0.065
1.708 + 0.042
1.662 + 0.058
1.535 + 0.071
1.615 £ 0.072
0.898 £ 0.020
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138.04 £7.92
118.05£5.13
85.29 £5.96
111.01 £ 3.57
12211 +6.15
116.41 £ 5.36
50.85 +5.82
115.49 +5.95
101.21 +10.78
21.72 £0.27
30.85 +0.32
35.63 +0.39
36.16 +0.73
40.70 £ 0.65
38.92 +0.48
111.24 £2.99
46.37 +14.74
123.48 +7.75
111.44 +4.88
107.98 + 3.27
120.11 £ 3.85
132.28 £7.93
55.45 + 8.89
118.69 + 5.34
117.27 +7.76
59.25+3.24
80.03 £1.99
77.42 +2.04
7547 £2.20
96.24 +3.50
110.53 £ 4.86
88.36 £ 1.59
81.59 + 4.28
109.05 £2.52
125.73 £4.12
127.35 £ 8.30
154.79 + 14.16
95.03 +5.45
132.95 + 4.82
137.62 £7.18
67.43 £15.27
124.20 +7.68
119.24 +12.29
112.74 + 3.95
144.12 +10.41
128.99 £ 8.35
189.94 + 24.59
112.66 +3.71

1.342 +0.213
1.238 +0.184

1.195 £ 0.082

1.146 + 0.200
1.093 +0.185

1.224 + 0.075
1.163 £ 0.182

1.112 £0.176
1.213 + 0.083

1.256 + 0.042

1.301 + 0.070

1.187 £ 0.094



C44 C5b 1.600 + 0.037 118.65 + 3.99
C45 Cr 1.282 +0.034 68.09 £2.26
C5b 1.886 + 0.054 114.97 +4.56

Table 3.5. R1, Rz, and C-H NOE measured for E-TAR+ARG using the TROSY-detected (C2 C5 C6
C8) and non-TROSY detected (C1") experiments. 2®Non-TROSY detected experiments were used.
"Due to proximity to water, the F2 semi-TROSY peak (Qcs+mt Jen, Qns+t Jen) was detected.

In typical spin relaxation studies, a single decay will be measured using ~10 decay
times, some of which are repeated to assess error in the measurement. Under reasonable
conditions (~1 mM ®C/"N labeled RNA, 16 transients, 128 complex points, and recover
delay of 1.5 sec), each 2D decay point can be measured in ~2-3 hours, resulting in a day
of acquisition time per experiment (Ri1 and Ri,). When sample conditions are not optimal
and/or experiments need to be repeated under a variety of conditions/spin
systems/spinlock field strengths, this can result in a prohibitively long amount of time.
In situations where the relaxation decay is known to be mono-exponential, an optimized
sampling strategy can be used, acquiring between two and five decay points, to

dramatically reduce the experimental time.*>4¢

When relaxation times are very similar among all spin systems (Tmax < ~3 Tmin), only
two decay points are necessary at T=0 and T= ~1.2 (Tmax'Tmin)?, the latter of which can be
repeated several times. When times are not very similar (Tmax > ~3 Tmin), as can occur for
R2 measurements in highly anisotropic RNAs, more complicated schemes can be used
which use either three or four decay points.” Obviously, an estimate for Tmax and Tmin is
necessary to choose appropriate decay points and can be obtained from literature values
of similar sized RNAs or from simulation. Alternatively, one can choose decay points
experimentally by recording quick 1D traces of the relaxation experiment. A decay time
of T= ~1.2 (TmaxTmin)"> can be estimated as the decay time which results in a signal
reduction of about 1/3 and the longest time point, if necessary, should be chosen such
that the signal remains 3-5 times the signal/noise ratio. Optimized sampling times in

this study are presented in Table 3.2.
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3.2.2 Model free analysis

The carbon relaxation data was combined and analyzed with the nitrogen data
reported by Zhang et al.”® using an extended model free approach'#*” implemented with
in-house software that incorporates spectral density functions* (Equations 3.4-3.5) that
can account for asymmetric CSAs under axially symmetric overall diffusion and
includes contributions from all, non-collinear C-C and C-H dipolar interactions. In these
calculations, it was assumed that the principal axes of all interaction tensors (i.e. CSA, C-
H and C-C Dipole) experience identical isotropic internal motions. All relaxation data
were calculated using Equations 3.1-3.5 and analyzed separately for E-GC-TAR and E-
AU-TAR.

Motionally averaged bond lengths of 1.104 A,%2 1.041 A, and 1.115 A%# were used
for the nucleobase C-H, imino N-H, and sugar C1’-H1’, respectively. The solution NMR
derived CSAs were used for C2, C5, C6, and C8% and C1’.3° The static DFT computed
imino nitrogen CSAs® were used after uniform scaling by a factor of 0.913% to account
for the similar motional averaging of the CSA and N-H dipolar interaction.’® The
orientation of D.. with respect to helices I and II was assumed to be equal to the
orientation of the principal direction of alignment (S:) in Pfl phage®*> determined by
order tensor analysis®* of RDCs measured in E-TAR.> Several studies have shown that
in the absence of electrostatic attraction, the orientation of the alignment tensor frame is
similar to that of the diffusion tensor.”%° Virtually identical D and Sz orientations
(deviations ~3°) are also predicted for E-TAR based on its structure using HydroNMR®!
and PALES,? respectively. The experimentally derived S.. orientation deviates from
perfect coincidence with the elongated helix axis by ~6°. The hydrodynamically
predicted Drato value of 4.7 was assumed? noting that +10% variations had a negligible
impact on the analysis (data not shown). For globally rigid E-TAR+ARG, the
hydrodynamically predicted Draio (4.7) and Dz orientation obtained for the RDC-derived
NE-TAR+ARG inter-helical conformation® was assumed as previously described.”> The

local structure of the bulge was modeled into the RDC derived inter-helical
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conformation using previous NOE structures of TAR (1ANR for free TAR® and both

1AR]J* and 1AJU® for ARG-bound TAR).

The global correlation time, tm, was initially determined through a x?> minimization
of the elongated helix C2, C8, and N1/3 relaxation data (for which NOE data was also
available) while also allowing a single internal correlation time (te) and order parameter
(5?) to vary. The latter was crucial for determining a global correlation time that agrees
with all carbon and nitrogen relaxation data. Analysis of the carbon data while
excluding nitrogen data resulted in nearly identical motional parameters (S* rmsd <
0.02). The ™ values obtained for free (16.8-18.1 + 0.8 ns) and ARG-bound TAR (17.6-18.6
+ 1.4 ns) were in good agreement with values reported previously by N relaxation
(18.9-19.0 + 0.9 ns and 18.4-18.6 + 0.6 ns, respectively).? Following determination of the
global correlation time, internal motional parameters were selected from five possible
single field models (see §3.3.5).% Only models 1-3 were tested for the C1’, C5, and C6
data since NOEs could not be measured reliably. The internal motional parameters, S
and t., were minimized using a simplex algorithm® following a grid search with initial
step sizes set sufficiently small to avoid trapping the simplex algorithm into false
minima. For models including internal correlation times, the results were inspected for
model elimination before being subjected to model selection.®® The best internal motional

parameters were selected using the Akaike’s Information Criteria (AIC).®

The error in the internal motional parameters due to uncertainty in experimental
measurements was obtained by performing Monte Carlo simulations of each Ri, Rz, and
NOE set while leaving the global diffusion parameters fixed. In each simulation the
relaxation data was perturbed randomly based on measurement error and minimized
assuming the same error as the original data set. Motional parameter uncertainties were
then determined from the trimmed mean of the distribution of 1000 model free
parameters, including removal of simulations falling under model elimination criteria.*
To estimate the uncertainty in motional parameters arising from potential errors in the

assumed CSAs, the model free analysis was repeated using the solid-state NMR CSAs
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for all spins” and the errors were generously estimated as the difference between the
two sets of computed motional parameters. Likewise, conservative errors due to
potential variations in the D orientation were estimated by repeating the model free
analysis assuming D is perfectly coincident with the elongated helix axis and taking the
difference between the two sets of motional parameters. For bulge residues, the standard
deviation of the parameters determined using all input conformations was computed.
The final error in the derived motional parameters was calculated as the root sum square
of the individual error contributions. All motional parameters and uncertainties are

listed in Tables 3.6-3.7.

Residue S 5% (normalized) Teff (PS) Model
A20 CI” 0.857+0.098 0.857 +0.098 1
G21 Cl” 0.958+0.055 0.958 + 0.055 1
A22 CI” 0.925+0.053 0.925 + 0.053 918.48 + 387.48 2
U23 ClI” 0.619+0.102 0.619 +0.102 280.74 + 152.52 2
U25 ClI' 0.622+0.133 0.622 +0.133 549.65 + 430.86 2
A27 Cl” 0.626+0.072 0.626 + 0.072 124.81 + 33.38 2
U3l Cl” 0.746+0.102 0.746 + 0.102 151.44 +49.83 2
U32 ClI” 0.741+0.106 0.741 +£0.106 226.49 + 86.46 2
C33 C1” 0.703+0.022 0.703 +0.022 131.06 + 26.38 2
G34 Cl' 0.735+0.05 0.735 = 0.050 201.52 +45.86 2
G36 Cl' 0.752+0.063 0.752 +0.063 142.61 + 30.39 2
U38 ClI' 0.872+0.103 0.872 +0.103 181.50 + 153.89 2
C39 C1” 0.852+0.028 0.852 +0.028 152.40 + 58.68 2
U40 C1” 0.823+0.093 0.823 +0.093 318.30 +195.53 2
U42 CI” 1.000+0.083 1.000 £ 0.083 1
A20 C2 0.933+0.025 1.000 + 0.025 780.12 + 480.27 2
A22  C2 0917+0.017 0.984 +0.017 584.80 + 499.65 2
A27 C2 0.778+0.077 0.834 +0.077 797.09 + 1233.38 5
Cl9 C5 0.849+0.026 0.927 +0.026 1
U23 G5  0.699+0.080 0.763 + 0.080 97.43 £43.70 2
C24 C5 0405+0.052 0.442 + 0.052 125.42 +10.37 2
U25 C5 0.535+0.123 0.584 +£0.123 110.57 £ 30.97 2
C29 C5 0.701+0.036 0.766 + 0.036 126.49 £ 11.76 2
U3l C5 0.728 +0.064 0.796 + 0.064 151.03 + 32.79 2
U322 C5 0.642+0.023 0.701 +0.023 73.02 + 6.53 2
C33 C5 0.669+0.037 0.730 £ 0.037 104.45 +8.92 2
C37 C5 0.684+0.036 0.747 +0.036 125.96 £ 10.67 2
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U38
C39
U40
C41
U42
C44
C19
U23
C24
U25
C29
U31
U32
C33
U38
C41
G17
G18
A20
G21
A22
G26
A27
G28
G34
G36
G43
G17
G18
G21
G28
G34
G36
U38
U42

C5
C5
C5
C5
C5
c5
C6
Cé6
Cé6
Co
Co
Co
Cé6
Cé6
Co
Cé
C8
C8
C8
C8
C8
C8
C8
C8
C8
C8
C8
N1
N1
N1
N1
N1
N1
N3
N3

0.767 £ 0.060
0.764 + 0.036
0.740 £ 0.062
0.876 + 0.024
0.916 + 0.030
0.884 +0.031
0.824 £ 0.109
0.733 £ 0.097
0.434 +0.071
0.485 +0.081
0.632 £ 0.089
0.652 £ 0.108
0.503 £ 0.054
0.585 + 0.071
0.657 £ 0.107
0.875+0.109
0.859 + 0.020
0.930 + 0.008
0.845 + 0.057
0.895 £ 0.027
0.889 £ 0.016
0.741 £ 0.037
0.753 +0.037
0.663 £0.017
0.524 + 0.007
0.655 £ 0.012
0.814 £ 0.026
0.974 + 0.005
0.965 £ 0.017
0.965 £ 0.010
0.742 £ 0.016
0.682 +0.010
0.705 +0.018
0.718 £ 0.051
0.967 +0.023

0.837 £ 0.060
0.834 +0.036
0.808 + 0.062
0.957 + 0.024
1.000 = 0.030
0.966 + 0.031
0.942 +0.109
0.837 £ 0.097
0.497 +0.071
0.555 £ 0.081
0.723 £ 0.089
0.745 £ 0.108
0.575 £ 0.054
0.668 + 0.071
0.751 £ 0.107
1.000 + 0.109
0.924 £ 0.020
1.000 = 0.008
0.909 + 0.057
0.962 +0.027
0.956 £ 0.016
0.797 £ 0.037
0.809 +0.037
0.713£0.017
0.564 + 0.007
0.704 £ 0.012
0.875 £ 0.026
1.000 = 0.005
0.990 £ 0.017
0.991 £ 0.010
0.762 £ 0.016
0.700 £ 0.010
0.724 + 0.018
0.737 £0.051
0.992 +0.023

128.16 +29.20
147.30 £ 25.23
130.57 £23.25

70.49 + 38.41
171.73 + 58.81
137.46 +22.57
155.99 + 21.58
127.36 + 43.63
129.72 + 56.95
94.27 £19.72
105.63 + 26.15
137.78 £ 71.62
81.85 £ 80.48
510.47 + 346.37
706.59 + 288.52
553.32 £754.30
801.56 + 925.83
489.49 +194.86
853.07 £ 351.77
802.00 £ 1277.16
914.91 +495.18
724.30 £ 165.37
745.62 + 309.06
534.61 +322.41
297.03 £ 78.05
192.49 +171.81
724.56 + 301.81
1443.93 £ 76.36
1379.83 £ 47.23
1407.83 £ 62.56
1490.69 + 159.89
152.11 + 487.64

N O1 G1 O G NN DN U101 OOl G N TGO N GNDNDNMNDNMNMNMNDNMNDNMNNMNDMNDRR~RR~R,DNDNDDN

Table 3.6. Motional parameters for free E-TAR. et is Tt for models 1-4 and s for model 5.

Residue S2 S2% (normalized) Teff (PS) Model
G21 Cl” 0.821+0.044 0.824 £ 0.044 1
U23 CI" 0.685+0.130 0.688 +0.130 130.48 + 30.44 2
C24 Cl” 0.232+0.015 0.233 +0.015 162.40 +3.44 2
U25 ClI'” 0433+0.071 0.434 +0.071 197.97 + 36.26 2
U3l CI'” 0486+0.141 0.488 +0.141 70.16 +13.32 2
U322 ClI'” 0.712+0.117 0.714 £0.117 97.82 £25.37 2
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C33
G36
C39
A20
A22
A27
C19
U23
C24
U25
C29
U31
U32
C33
C37
U38
C39
U40
C41
U42
C44
C45
C19
U23
C24
U25
C29
U3s1
U32
C33
C39
U40
C41
G17
G18
A20
G21
A22
G26
A27
G28
G34
G36
G43
G17
G18
G21
G26

Ccr
Ccr
C1r
c2
c2
C2
c5
c5
c5
C5
C5
C5
c5
c5
c5
c5
C5
C5
c5
c5
c5
C5
Cé
Co
Co
Cé
Co
Cé
Co
Cé
Co
Co
Co
C8
C8
C8
C8
C8
C8
C8
C8
C8
C8
C8
N1
N1
N1
N1

0.791 £ 0.021
0.917 = 0.061
0.996 £ 0.026
0.937 £ 0.028
0.816 + 0.055
0.930 £ 0.042
0.893 +£0.021
0.703 £0.040
0.219+0.021
0.305 £ 0.025
0.865 = 0.049
0.895 £ 0.054
0.648 £0.015
0.663 + 0.039
0.923 £ 0.023
0.940 = 0.037
0.901 £ 0.022
0.892 + 0.031
0.795 £ 0.046
0.807 £ 0.039
0.835 +0.021
0.837 £ 0.050
0.812 £ 0.104
0.715 = 0.054
0.197 £ 0.027
0.277 £0.021
0.762 £ 0.098
0.766 + 0.056
0.527 £0.015
0.622 = 0.077
0.808 £ 0.106
0.741 £0.077
0.809 £ 0.112
0.885 £ 0.028
0.889 £ 0.026
0.947 £ 0.024
0.831 £0.024
0.918 £0.017
0.855 +0.021
0.903 £0.015
0.816 £0.023
0.666 + 0.011
0.814 £0.016
0.847 +£0.024
0.942 + 0.009
0.936 £ 0.010
0.912 + 0.008
0.898 = 0.009

0.793 £0.021
0.920 = 0.061
1.000 + 0.026
1.000 £ 0.028
0.871 £ 0.055
0.993 £ 0.042
0.950 = 0.021
0.748 £ 0.040
0.233 +0.021
0.325 £0.025
0.921 £ 0.049
0.953 £ 0.054
0.690 £ 0.015
0.706 £ 0.039
0.983 £ 0.023
1.000 + 0.037
0.959 £ 0.022
0.949 + 0.031
0.846 + 0.046
0.859 £ 0.039
0.889 = 0.021
0.891 £ 0.050
1.000 = 0.104
0.880 = 0.054
0.243 +£0.027
0.342 +£0.021
0.939 +0.098
0.943 + 0.056
0.649 £ 0.015
0.767 £ 0.077
0.996 £ 0.106
0.913 £0.077
0.997 £0.112
0.934 £ 0.028
0.938 £ 0.026
1.000 + 0.024
0.878 £0.024
0.969 = 0.017
0.903 = 0.021
0.953 £0.015
0.861 £ 0.023
0.703 £ 0.011
0.859 £ 0.016
0.894 = 0.024
0.960 = 0.009
0.954 £ 0.010
0.930 + 0.008
0.916 = 0.009
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175.98 +29.67
80.39 £ 190.59

268.69 = 272.14
1054.84 + 441.58
402.04 + 384.14

82.52 +15.81
117.94 + 3.39
107.59 £ 6.16
56.86 = 20.06
104.78 + 53.30
49.93 +4.83
49.82 +7.67

0.000 + 28.96

33.89 £17.05

74.13£19.16
70.73 +20.62
85.73 £9.57
123.29 £ 11.59
138.89 +10.52
71.71 £16.75
122.68 +27.89
85.80 + 6.40
86.86 + 14.39
1023.75 + 353.53
74.83+15.14
80.78 +19.13
692.04 + 459.42
750.05 £ 1510.35
455.94 + 240.44
740.51 £ 399.20
2583.36 +390.14
676.10 = 833.48
1545.91 + 317.94
708.66 + 323.91
638.99 + 147.75
515.68 +153.56
706.74 + 338.63
1800.37 +241.13
1321.05 + 194.59
1393.71 £ 106.75
1485.80 + 108.16

N NN NN O OO GRN GPN OOODN G UUaRNNRNNDNDNDNNMBNNDNNMNNOMNOMDNMNDNNMNNRPRERNDNERERPRPDNNDNPRPRNDNNMDNNDNDNNDNDNRNODNDNRPRPDNDOOGOND=RL,NDDN



G28 N1 0.908+0.011 0.926 +0.011 1002.50 + 132.57
G36 N1 0.888 +0.010 0.906 = 0.010 1413.39 + 106.36
U38 N3 0.934+0.063 0.952 £ 0.063 1130.31 £ 176.55
U42 N3 0.981 +0.036 1.000 £ 0.036 59.84 + 35.13

G43 N1  0.964 +0.006 0.983 + 0.006 988.40 + 1035.14

NN DNDDNDN

Table 3.7. Motional parameters for E-TAR+ARG.

3.3 Results and Discussion

3.3.1 Contributions to carbon relaxation

It is instructive to consider the various relaxation contributions to our targeted
carbons. The longitudinal and transverse carbon relaxation rates, taking into account all
homo- and heteronuclear interactions, can be best understood through examination of

their time dependancies:84

% = _[QC,CSA +2.0cH, +2 QO(:Cj + %Qlcck ](ACZ (t)-Xocn, (AH , (1) o)
i j i )
- z O_OCC]- (AC],Z (t))_ % OJCCk (ACk,z (t))
j
w = _[RZ,CSA + Ry cn, +XR) e, + %Ré,cck j(ACJr(t))JF Rex (3.2)
i j

in which the various auto- (0) and cross- (o) relaxation longitudinal rates and R

transverse relaxation rates are given by:

1
0cx =Ry ex :EDéX {682DD((UC +wx)+85° (we —wx)+382DD(wc)}

Ocx ZEDéx {6g12)D(wc +wyx)-87" (e —wx)}
1
Ry ex :%D%x{@%zDD(wc +wy )+ 687" (wx)+85° (wc —wx)+382DD(wc)+4gzDD(0)}

1
0csa =Ry csa = EC% {38§SA (wc )}

1

L 2 g5 oc)+ 465 0) 63

Ry csa =
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Dcx and CC are the familiar dipolar coupling (pohycyx/ 8m%r2y ) and CSA (wc 0z2)

constants, Rex is the chemical exchange contribution to transverse relaxation, and g2 is
the half-sided Fourier transform of the autocorrelation function describing the time

dependence of the CSA (gg%) or dipolar ( gZDD) interactions due to internal motions.*

In the absence of asymmetric relaxation mechanisms, gz is equal to the common spectral
density function, J(w). Rz, o, and o subscripts indicate the type of relaxation mechanism
(e.g. C-C dipolar, C-H dipolar, or CSA) while superscripts of homonuclear carbon
dipolar interactions indicate the number of protons bound to the neighboring carbon
(e.g. ocscs = pcc?). The carbon-carbon cross-relaxation in Equation 3.1 is separated into
two terms because the magnetization state of neighboring carbons after the INEPT, and
thus the contribution to the initial decay rate from cross-relaxation, will vary depending

on whether the carbon is attached to a proton or not.

For an RNA with t™ > 15 ns, the dipolar contribution to R: from neighboring
nitrogens, protons (>2 A), and carbons (>1.3 A) are negligible (< 2%), and can be safely
ignored. Both the Ri and Rz for purine C2 and C8 and the R: for C5 and C6 are
dominated by C-H dipolar and carbon CSA relaxation. The CSA contribution to R
ranges between 25-45% at 600 MHz, but can be as large as 35-65% at 900 MHz. For R,
the corresponding CSA contribution at 600/900 MHz is 15-30%/24-33% for C2 and C8
and 5-30%/10-40% for C5 and C6. The CSA contribution to Ri and Rz for C1’ is negligible
(<4% even at 900 MHz) and R is dominated by C-H dipolar relaxation. In contrast, the
C-C dipolar contribution from nearby carbons to Ri for C5 (40-80%), C6 (20-70%), and
Cl” (15-60%) is significant. As shown in Equation 3.3, of the three mechanisms in
question, only CC dipolar contains a g2(0) term arising from gz(wx-wy) difference term.
This term increases linearly as a function of correlation time, whereas all other spectral
density terms decrease dramatically. The C-C auto- and cross-relaxation will therefore
require careful consideration for the latter carbons. Longitudinal and transverse
CSAc/DDcc, DDcc/DDcc, DDcc/DDch, and DDcsus/DDcsis or DDcsts/DDcshs — cross-

correlated relaxation can be safely ignored as they are typically two to three orders of
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magnitude smaller than the auto relaxation rates. The CSAc/DDcu cross-correlated
relaxation and C-H cross-relaxation contributions to R1 and CSAc/DDcH cross-correlated
relaxation contribution to Rz, which can be on the order of the relaxation measurement
itself, must be suppressed using an appropriate proton decoupling scheme during the
relaxation period.”>”2 For the Rio scheme of Figure 3.3a we use a decoupling scheme of
Massi et al”’”2 which uses a pair of 180 pulses at T/4 and 3T/4 and performs well over a

wide range of spin lock field strengths.

3.3.2 TROSY-detected pulse sequences

We implemented pulse sequences (Figure 3.3a) for measuring carbon relaxation that
address two problems encountered in applications to large RNAs. The greater
transverse relaxation rate for carbon spins (3-6 times greater than for nitrogen) leads to
unfavorable loss in sensitivity that can make accurate measurement of relaxation data
difficult. We used TROSY” detection (TD) to improve sensitivity and resolution in the Ri
and Ri, experiment for the nucleobase carbons C2, C5, C6, and C8, all of which have
sizeable CSAs that give rise to favorable TROSY effects.®*”* Following the normal
relaxation period of longitudinal or in-phase *C magnetization, TROSY coherence
selection in both *C and 'H dimensions is used for detection of the slowly relaxing
component resulting from destructive interference between CSA and dipole-dipole (DD)
interactions. In addition, selective carbon pulses are used throughout to eliminate signal
losses to neighboring scalar coupled carbons (Jescs ~67 Hz, Jercr ~ 40 Hz) during the
INEPT transfers and indirect detection period. The TD experiments yielded sensitivity
improvements on the order of 50%, 65%, and 40% for C2, C6 and C8, respectively
(Figure 3.3b, inset) for E-TAR at 600 MHz with tm = 18 ns, in agreement with theoretical
predictions.”* The TD experiments allowed us to reliably measure relaxation data for E-
TAR at 280 K with tm ~ 35 ns corresponding to a ~150 nt RNA at 298 K, that could not
otherwise be measured using conventional sequences due to overlap and/or poor signal-

to-noise.
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Figure 3.3. TROSY-detected (TD) experiments for the measurement of nucleobase carbon R: and
Rie in uniformly BC/®N labeled RNA. (a) TD pulse sequence. (b) Representative Ri and Rie
decays for residues in the elongated helix I (triangles), helix II (circles), and the bulge (squares).
The inset depicts representative slices along the indirect carbon dimension comparing the TROSY
(solid line) and non-TROSY (dotted line) detected experiments. Intensities are normalized
relative to the TROSY G18 peak at each temperature.

The second problem encountered is that C-C dipolar interactions increase
dramatically with molecular weight and large cross-relaxation rates can lead to multi-
exponential behavior when measuring Ri: for C5, C6, and C1".# Although the C-C cross-
relaxation rate is approximately equal and opposite in magnitude to C-C auto-relaxation
(Equations 3.1 and 3.3), their mutual cancellation'®* only occurs if the equilibrium
magnetization of the neighboring carbons is identical to that of the carbon of interest
and the relaxation time delays do not significantly exceed 1/Ri. In our Ri experiment,

cross-relaxation to neighboring carbons is suppressed as originally described by Kay
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and co-workers by gradient dephasing carbon magnetization at the beginning of the
pulse sequence followed by selective excitation of the carbon nucleus of interest using a
selective inversion *C 180° pulse during the first INEPT period.* This is particularly
important for C5, C6, and C1” in which neighboring carbons can contribute significantly
to Ri (Equation 3.1). The remaining C-C dipolar auto-relaxation contribution is then
explicitly taken into account in the model free analysis of the relaxation data. Other
features implemented in the pulse sequences include use of selective off-resonance spin
locks in the Ri, experiment that minimize Hartman-Hahn transfers to scalar coupled
carbon spins, such as between C5-C6, C1’-C2’, and C4/6-C8 to <0.1% maximum transfer
efficiency. This was accomplished by ensuring that the difference in the effective field
strengths experienced by two coupled carbon spins (Cx and Cy) is much greater than "Jxy
(Table 3.1).194475 The effects of CSAc/DDcu cross-correlated relaxation and C-H cross-

relaxation are also suppressed by proton decoupling during the relaxation period.”%”2

Figure 3.3b shows representative Ri and Ru fits obtained using the TD experiment.
Mono-exponential behavior was observed in all cases, indicating the absence of any
detectable C-C cross-relaxation and Hartman-Hahn transfer. Excellent agreement was
also observed between the Ri and Ri, rates measured using the TD and conventional
experiment though the latter had ~24% and 82% greater fitting errors for Ri and Ru,,
respectively (data not shown). Having confirmed the mono-exponential behavior of the
TD relaxation experiments for all spins in E-TAR, an optimized sampling strategy*>4

was adopted for the remaining experiments (see §3.2.1).
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Figure 3.4. The carbon Ro/R:1 values for (a) free non-elongated TAR (NE-TAR), (b) free elongated
TAR (E-TAR), and (c) elongated TAR in complex with ARG (E-TAR + ARG). Values for C1’, C2,
C5, C6, and C8 values are indicated in black, brown, blue, green, and red, respectively.
Horizontal lines in blue, green, and red indicate the average Re/R1 value in a given helix for C5,
C6, and C8, respectively.

3.3.3 Analysis of Rz/R1 values

In Figure 3.4, we compare the carbon R:/R1 values measured in non-elongated TAR
(NE-TAR) (Figure 3.4a), E-TAR (Figure 3.4b), and E-TAR bound to ARG (Figure 3.4c).
Different R:/R: values are observed for the various carbon types reflecting their
inherently different relaxation mechanisms, and in particular, differences in R1 due to
differing numbers of C-C interactions. In NE-TAR, similar Ro/Ri values were observed
for the two helical domains. Normally, this would be interpreted as evidence that the
RNA reorients as a rigid unit and that the two helices are therefore held rigid relative to
one another. However, given the similar size of the two helices, one cannot rule out that
they may reorient semi-independently of one another. These motions could go
undetected, either because they cause similar reductions in the Rz/R: values observed in
both helices, or because they occur at timescales slower than overall tumbling.
Fortunately, domain-elongation resolves this ambiguity. Unlike NE-TAR, the Ro/R:
values measured in the short helix of E-TAR are attenuated relative to counterparts
measured in the elongated helix (Figure 3.4b). This uniform attenuation is observed
across a variety of carbons, which have C-H, C-C, and CSA interaction tensors spanning
diverse orientations in different residues. This suggests that the short helix moves

collectively and semi-independently relative to the elongated helix at timescales faster

109



than the overall tumbling of E-TAR. This underscores that collective helix motions can
easily go undetected in small non-elongated RNA such as NE-TAR. The addition of
ARG to E-TAR leads to an increase in virtually all of the short helix R:/R: values,
including residues at the apical loop that are remote from the bulge ARG binding site,
such that they are now far more similar to values measured in the elongated helix. This
is exactly as would be expected if ARG were to arrest the collective helix motions in

agreement with previous RDC studies.>0

For both free NE-TAR and E-TAR, significantly attenuated Ro/Ri values were
observed for bulge residues, particularly the “spacer” residues C24 and U25, indicating
that the inter-helix linker is highly flexible. However, the relative degree of attenuation
is much greater for E-TAR, likely reflecting greater sensitivity to internal motions owing
to its much slower overall molecular tumbling rate. An extreme example is that the E-
TAR R2/Ri1 values appear to expose local mobility at the helix I A22-U40 base-pair that is
not observed in NE-TAR. The addition of ARG does not significantly affect bulge
residue U23, leads to apparent stabilization of the A22-U40 base-pair, and causes a
dramatic reduction in Rz/Ri and therefore an apparent increase in the local mobility of
bulge residues C24 and U25, some of which have R:/Ri values approaching those
observed in NE-TAR.

3.3.4 Orientational dependence of carbon relaxation data

Unlike the nearly isotropically tumbling NE-TAR (Draio ~ 2.0), spin relaxation in E-
TAR (Dratio ~ 4.7) strongly depends on the orientation of the principal axis (Dz) of the
axially symmetric rotational diffusion tensor relative to the relevant dipolar and CSA
interaction tensors. Since the relative orientation of the C-H, C-C, and carbon CSA
tensors can be assumed to be known, this orientational dependence can be specified
based on the angles a4 and B4 that orient Dz relative to the principal axis system
(PAS) of the CSA tensor (Figure 3.5). This orientational dependence, together with the

non-collinearity of C-C, C-H, and CSA interactions, makes the nucleobase carbon R2/Ri a
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complex function of average orientation and internal and global motional parameters
which cannot be interpreted as easily as R2/Ri values obtained for the case of an axially
symmetric CSA that is co-linear with a single dominant dipolar interaction, as is

normally assumed for amide and imino nitrogens.”

137
-180-120-60 0 60 120180 -1B0-120-60 0 60 120 180

%0
12060 0 80 120 180 D—tan-lzam 0 80 120 180
@~ (degrees) "5 (degrees) «“** (degrees) o (degrees) o= (degrees) = (degrees)

Figure 3.5. Orientational dependence of relaxation data in elongated RNA. Shown are the
computed Ri, Rz, and Rz/Ri1 values for imino nitrogen (N3) and carbons (C2 C5 C6 C8 C1’) as a
function of the orientation of the principal axis of diffusion (Dz) relative to the principal axis
system of the CSA tensor for each spin as defined by the polar angles a4 and B4, The span of
values is depicted to the right of each graph and range from the minimum (blue) to maximum
(red) value attainable under the simulation conditions. The expected orientations for spins in the
elongated RNA helix assuming D:: is perfectly along the elongated helix axis are highlighted.
Calculations assumed tm = 18.5 ns, Dratio = 4.7, St2= 0.9, and et = 100 ps.

It has generally been assumed that the imino nitrogen CSAs are axially symmetric
with principal direction (d11) oriented along the N-H dipolar vector. In this case,
relaxation only depends on the angle between the N-H bond and D... However, both
solid-state NMR” and DFT studies” suggest that, like nucleobase carbons, the imino
nitrogen CSAs, especially those in hydrogen bonded Watson-Crick base-pairs, are
asymmetric and deviate from coincidence with the N-H dipolar vector (~20-30°). This
modifies the orientational dependence of nitrogen relaxation by only a modest amount
given that the CSA contribution remains small at 600 MHz. Nevertheless, this leads to

observation of minimum and maximum R: and Ri: values, respectively, for orientations
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in which Dz is not only perpendicular to the N-H bond vector, but also to both the du1
and ds3 principal axes of the CSA tensor (B ~90° and a ~90°) (Figure 3.5). The CSA
orientational contributions are more pronounced for the nucleobase carbons due to their
larger CSAs and, in the cases of C1’, C5, and C6, the orientational dependence of Riis
further modified by dependence on the orientation of C-C bonds (Figure 3.5). For C1’,
the orientational dependence is principally governed by the orientation of the C-H bond
relative to Dz, which is also non-coincident with the principal axes of the CSA tensor

(Figure 3.5).

For imino nitrogens, the Rz/R1 values measured in the elongated helix in which Dz
is assumed to be perfectly along the long axis of the E-RNA represent approximate
lower bound values expected for a globally rigid structure. Only marginally smaller
R2/Ri1 values (<10% of the range of Rz2/R1) can be observed for orientations that maintain
the N-H dipolar vector and both d11 and ds3 perpendicular to D-.. Thus, the observation
of R2/Ri values that are substantially lower than those measured in the elongated helix
can to a good approximation be interpreted as evidence for internal motions. The more
complicated orientational dependence of the carbon Rz and Rz/R1 is such that the values
observed in the elongated helices do not correspond to perfect minima. Hence, the
observation of attenuated Rz and R»/Ri in regions outside the elongated helices cannot as
easily be interpreted as evidence for internal motions since a similar degree of
attenuation can arise from unique static orientations. This underscores the importance of
taking into account the orientational dependence of various relaxation contributions in

the dynamical interpretation of the relaxation data.

3.3.5 Model free analysis

The carbon and nitrogen relaxation data was analyzed using a model-free analysis
that takes into account non-collinearity of relevant spin interactions and their distinct
orientational dependencies. In principle, separate motional parameters need to be

specified for each CSA, C-H, and C-C relaxation mechanism, as the interaction tensors
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are all non-coincident to one another. As a first approximation, we assume that the
interaction tensors experience identical isotropic internal motions. A recent molecular
dynamics simulation of TAR revealed similar motional amplitudes for the nucleobase C-
H and N-H bonds in a given residue.”® With this assumption, a single set of motional
parameters is needed to describe the internal motional amplitudes (S) and correlation
times (t). The spectral density function g2(w) by Spiess* can be used to take into account
the asymmetry of the CSA under highly anisotropic diffusion. By expanding the
function according to the extended model free formalism,* and including contributions
from C-C and C-H dipolar interactions, one can interpret the relaxation data in terms of

up to two distinct internal motional modes:324578

s252t,  (1-SP)mi¢  (SP—SFS)Ty
) + o+ 3.4
82( )= Z (1+ 21 2 1+w2fci2,f 1+co2 2 G4

where S* and S% are order parameters describing the amplitudes of the fast and slow
internal motions and tr and ts describe their internal correlation times, respectively.
Tih =T;' +75 (i=0,1,2and n=fors), in which t!=6 Ds— 2 D, = 6 Ds — Da and 12

= 6 Ds + 2 Da with Da = Dz — % (Dxx + Dyy), Ds = 1/3 (Dxx + Dyy + D2z), and tm = (6 Ds)™. For

axially symmetric overall diffusion, the coefficients ci* are given by:
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(3.5)

in which n? is the asymmetry of the interaction (A = CSA or DD) with 1csa = (0xx — Oyy)/0z
<1, and npp = 0. The angles o and B" are the polar angles defining the orientation of the
principal axis of diffusion (D) relative to the axially symmetric dipolar (aPP =0 and (3°P)

and asymmetric CSA (a4 and B54)) interaction frame. Note that DD includes both C-H
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and C-C vectors, each of which have unique orientations relative to Dz.. Equation 3.4 has
four unknown local parameters (S% S%, T, Ts) whereas only 2 (3) measurements have
been made for C1’, C5, and C6 (**N, C2 and C8) nuclei. For this reason, the five standard
single field models have been used in this study® and selected using Akaike’s

Information Criteria (AIC, see §3.2.2 ).68
Model1 > S%=1,5%=5%, ti=1:=0, Rex=0
Model 2 > S%=1, S*=5% 1s=0, Rex=0
Model 3 2> S%=1,5%=5% tr=1s=0
Model 4 > S%=1,S%=5% 1:=0
Model 5 2 =0, Rex=0

Deriving dynamical parameters from the relaxation data using Equations 3.1-3.5 is
greatly facilitated by having a priori knowledge regarding the average orientation of
spin interaction tensors (o and p") relative to D.. Though elongation is expected to
align Dz nearly perfectly along the elongated helix axis, deciphering the orientation of
Dz relative to other fragments such as helix II can be challenging, particularly for the
globally flexible free E-TAR. In our study, we used the average orientation of the two
helices as obtained from an order tensor analysis of RDCs recently measured in E-TAR%
using Pfl phage®> as an ordering medium. The orientation of D.. was assumed to be
either equal to the RDC-derived principal orientation of alignment (S:z) or perfectly
along the elongated helix axis (similar results were obtained in the two cases). For the
globally rigid and more well-defined TAR+ARG complex, the previous RDC-derived
inter-helical orientation was assumed along with a hydrodynamically predicted D
orientation, as previously described.”> The local structure of the bulge was modeled
using previous NOE structures of TAR (1ANR for free TAR* and both 1ARJ* and
1AJUS® for ARG-bound TAR). In all cases, the overall diffusion tensor was assumed to be

axially symmetric with a hydrodynamically computed Dratio value of 4.7+10%.
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The inherently large uncertainty for the C1’, C5, and C6 NOEs due to C-C
interactions* made it impossible to assess the validity of model 5 during the model
selection for those spins. However, model 5 was selected consistently for the more
isolated C2 and C8 carbons in helix II, for which more reliable NOE measurements were
available, supporting the existence of at least two motional modes in helix II. Some
carbons in helix I also resulted in selection of model 5. However, the total amplitude of
motions (S* x S%) for these carbons remained comparable in magnitude to the
corresponding S%* value obtained for carbons in helix I with models 1-3. For simplicity,
we chose to report the total order parameter S* = S% (models 1-4) or S* x S% (model 5)
which, unlike the internal correlation time, is primarily dependent on g2(0) terms which
can be accurately defined by the R2 and Ri rates. The much greater uncertainty in the
internal correlation times (Tables 3.6-3.7) precluded their quantitative interpretation.
However, any observable collective motions must occur at rates faster than overall

diffusion.

The impact of using solution versus solid state CSAs™ was also explored. For the
majority of carbons (C1’, C5, and CB8), this had a small impact on the derived motional
parameters (rmsd between two S* sets < 0.037), which is on the order of the variations
expected due to measurement uncertainty (on average < 0.039). Larger differences were
observed for C6 (rmsd ~ 0.074), for which the largest difference exists between the
solution and solid state CSAs. The C6 S* values obtained using the solution NMR CSAs
were systematically smaller than all other carbons, including C5 on the same nucleobase
in both free and ARG-bound TAR. Assuming that C5 and C6 in a given base should
have similar motional parameters, the best agreement is observed when using the
solution CSAs for C5% and solid state CSAs for C6.7 It is noteworthy that the C6 CSAs
were also the least reliably determined in the RCSA solution NMR study.> The main
results shown in Figure 3.6 are therefore based on solution NMR CSAs for C1’, C2, C5,
and C8 and the solid state NMR CSA for cytosine C6, which is assumed to be the same
for uridine and cytosine. Finally, we note that small differences in the absolute

magnitude of S were observed for various carbon types (Table 3.6-3.7). While this could
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reflect real differences in the dynamics experienced by different carbons, for example
due to anisotropic motions, it may also be the result of small discrepancies in calibrating
the motionally averaged bond lengths and CSAs from carbon to carbon. In order to
make comparisons between spin types, the S% values have been normalized such that

the highest value (lowest amplitude) for each nucleus is equal to 1.0.
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Figure 3.6. Amplitude of internal motions in free and ARG-bound TAR. The total spin relaxation
order parameter S% = S% x S% is shown for (a) free E-TAR and (b) E-TAR + ARG. The S* values are
normalized for a given carbon type (C1” C2 C5 C6 C8) and for nitrogen (N1 & N3) to have the
maximum allowed value of 1. Conservative error bars account for uncertainty in the
measurement, CSA, and Dz orientation (see §3.2.2).

The normalized carbon S* values in free and ARG-bound TAR are shown in Figure
3.6. Conservative error bars are shown to account for uncertainty in the measurement,
D orientation (~6°), and CSAs (see §3.2.2). The motional parameters obtained for the
imino nitrogen relaxation data when conducting the analysis assuming asymmetric
CSAs that are non-collinear with the N-H dipolar vector are in excellent agreement with
those reported previously when assuming axially symmetric CSAs that are collinear

with the N-H dipolar vector.”» This is not surprising given that CSA contribution to
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nitrogen relaxation is relatively small at 600 MHz (15%). In addition, the nitrogen
motional parameters changed very little when analyzed with or without carbon
relaxation data in free and ARG-bound E-TAR (§* rmsd < 0.02), indicating that the two
sets of data are mutually consistent with one another. Despite the large C6 uncertainty,
similar S* values are observed for C5 and C6 in a given nucleobase. Likewise, similar S
values are observed for carbon and nitrogen spins on the same uridine or guanine
nucleobase. This lends support to our assumption that the different interaction tensors

experience similar internal motions.

3.3.6 Internal motions in free and ARG-bound E-TAR

With the exception of U40 at the junction of the two helices, limited local mobility is
observed in the elongated helix (S ~0.9 — 1.0) in both free (Figure 3.6a) and ARG-bound
(Figure 3.6b) E-TAR. The high local mobility observed for both the base (C5) and sugar
(C1") in U40 helps explain why its imino proton is exchange broadened out of detection
and why it does not form the predicted Watson-Crick hydrogen bond alignment with
A22.% In contrast, the greater rigidity observed for the nucleobase of A22 is in agreement
with the NMR structure of free TAR which shows A22 stacking between U23 and G21.%
Importantly, the mobility at U40 is arrested upon ARG binding which is consistent with
formation of the A22-U40 Watson-Crick hydrogen bond alignment upon ARG

recognition.®

In free E-TAR, the S values observed for the shorter helix II are consistently smaller
than counterparts in the elongated helix (Figure 3.6a). Similar levels of attenuation
(~0.75-0.85 %) are observed for the various carbon and nitrogen spins in the locally
stable Watson-Crick base-pairs, consistent with a single collective dynamical process
that reorients helix II relative to helix I. Although less reliably determined by the
relaxation data, the time constant for the slow collective process as obtained by C8 for
which NOEs were available (0.8 + 0.6 ns) is in reasonable agreement with those obtained

by nitrogen relaxation (1.4 + 0.1 ns) and support that the collective motions are diffusion
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limited fluctuations that occur at timescales approaching the predicted overall
correlation time for the short helix I1.2> Even smaller S* values are observed for the apical
loop residues U32 and C33, which have been shown previously by carbon and
deuterium?® relaxation to be the most locally flexible residues in the UUCG loop. These
residues likely experience a combination of collective and local motions. ARG binding
leads to the arrest of collective helix motions, as indicated by an increase in the S* value
of virtually every residue in the short helix, including residues at the tip of the helix in
the apical loop which show no chemical shift perturbations upon ARG binding. The
ARG induced arrest of collective motions, which has previously also been
independently reported by RDCs,% exposes local mobility at residues U32 and C33 in

the apical loop as a persistent attenuation in S.

The carbon relaxation data allowed us to quantitatively characterize internal
motions in bulge residues for which no suitable imino nitrogen probes are available. For
free E-TAR, restricted mobility was observed for the nucleobase of the highly conserved
U23 residues, which is critical for Tat recognition, and is in good agreement with NMR
structures of free TAR which show that U23 stacks on A22 (Figure 3.6a).** In contrast,
very high mobility (5% ~0.4-0.6) was observed for the sugar backbone of U23 C1’, which
likely facilitates collective motions between the two helices, as well as the nucleobases of
C24 and U25, which are only involved in partial stacking interactions (Figure 3.6a).
The limited mobility at U23 is not greatly affected by ARG binding (Figure 3.6b),
consistent with the replacement of stacking interactions with a U23-A27-U38 base-triple
alignment in the ARG-bound state.?* In contrast, a dramatic increase in the local mobility
of residues C24 and U25 is observed, indicating that they essentially undergo spatially
unrestricted motions in the ARG-bound state (S* ~0.2, Figure 3.6b). To the best of our
knowledge, the S* values observed for these residues are the smallest reported to date in
nucleic acids. The large motional amplitudes observed at C24 and U25 is consistent with
their looped out geometry in the TAR+ARG complex in which they are not involved in
any interactions.?*® These results show that complex formation need not solely be

accompanied by conformational stabilization. Rather, mobility in the form of collective
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helix motions is conserved as local motions in the linker while the inter-helix orientation

is stabilized in the E-TAR+ARG complex.

Two factors can complicate interpretation of relaxation data in the bulge. First, the
carbon CSAs may significantly deviate from values in A-form helices. It is well known
that changes in the chemical environment and hydrogen bonding can lead to changes in
all five elements of the CSA tensor.>*7% However, virtually identical S* values were
obtained when using the mononucleotide CSAs obtained by solid-state NMR,” even for
C6 for which the CSAs are quite different. Second, an average conformation can be
difficult to define for these highly flexible residues. However, repeating the analysis
using different input bulge conformations from as many as 40 NMR models (see §3.2.2)
also had a negligible impact on the derived S* values. Thus, the high degree of internal
mobility at these sites renders analysis of relaxation data far less sensitive to the details
of the CSA and average structure. This suggests that carbon relaxation will provide
insights into the dynamics of extremely flexible regions in RNA with high tolerance to

potential deviations in the CSAs or lack of knowledge regarding average conformation.

3.3.7 Role of internal motions in TAR adaptation

We previously provided evidence based on qualitative analysis of resonance
intensities in E-TAR that the extent of internal motions at various sites in TAR correlates
with the degree to which a given site changes conformation in response to recognition of
seven distinct small molecule and ligand targets.> Specifically, we observed a
correlation (R = 0.8) between the normalized intensity observed for a given C-H site in
2D HSQC spectra of E-TAR and the mean angular deviation of the C-H bond (A6)
obtained following superposition of the reference helix I. The latter provides a
qualitative measure of the conformational freedom available to a given bond when
adapting conformation to bind different targets. With the determination of quantitative
order parameters for various sites, we were able to re-visit this correlation devoid of the

complications that enter analysis of resonance intensities in terms of dynamics,
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including chemical exchange and the strong orientational dependence of relaxation. As
shown in Figure 3.7, a plot of A8 versus the 1-S* reveals a correlation with a similar R
factor of 0.80. Thus, sites that undergo the largest changes in conformation upon ligand
recognition also undergo the largest amplitude internal motions in the free state at rates
faster than overall diffusion. This provides supporting evidence that intrinsic internal
dynamics in TAR play a role in how its conformation adapts upon binding to distinct

molecular targets.
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Figure 3.7. Role of internal motions in TAR adaptation. Shown is a correlated plot between 1- S*
and the mean angular difference (AO) in the orientation of individual sugar (red) and nucleobase
(blue) C-H bonds in seven distinct ligand bound structures of TAR obtained following
superposition of helix I as described previously.?

3.4 Conclusions

By decoupling internal motions from overall reorientation, domain-elongation
provides the basis for quantitatively characterizing picosecond-nanosecond internal
motions in RNA by NMR relaxation methods. Elongation does however accentuate
potentially unfavorable effects in carbon relaxation studies that grow with molecular
weight and structural anisotropy, including the magnitude of C-C relaxation
contributions, orientational dependence of relaxation data due to multiple dipolar
interactions and highly asymmetric CSAs. Our study suggests that the latter problems

can be overcome by combined use of appropriate pulse sequences, analytical methods
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and by taking advantage of structural and diffusion tensor orientation information from

the measurement of RDCs.

Of particular importance in studies of E-RNA is to have accurate information
regarding the asymmetric nucleobase carbon CSAs, including their orientation, which
can normally be ignored in isotropically tumbling systems. In this regard, our study
benefited tremendously from recent advances in using RCSAs to measure CSAs under
solution conditions®*-*2 which when combined with previously reported solid-state NMR
values,” provide a basis for exploring the potential error arising from CSA uncertainty.
Our results suggest that, with the exception of C6, the errors in motional amplitudes for
our targeted carbons due to potential variations in CSA are only slightly higher than the
error contribution from typical measurement uncertainty. This error contribution
becomes smaller with increasing mobility, making analysis of relaxation data highly

tolerant to potentially large CSA variations in flexible non-helical regions.

A potentially much larger source of uncertainty in the analysis of the carbon
relaxation data is the orientation of the D relative to the RNA structure. Relative to the
ideal nitrogen spins, the determination of the overall diffusion tensor parameters by the
carbon relaxation data is made more difficult by the more complex dependence of Rz/Ri
on orientational and motional parameters. Clearly, the measurement of additional
relaxation data, including at different magnetic fields, can help define the complex
model free parameter space. In our study, we took advantage of RDCs both in defining
an average RNA conformation over sub-millisecond timescales and in defining the
average orientation of D relative to helices I and II.> In the latter, we assumed that the
principal axis of alignment (Sz) in phage ordering media is identical to D., which seems
to be a reasonable assumption given that both properties are primarily governed by the
overall molecular shape of the elongated RNA. For highly flexible regions such as bulge
residues C24 and U25, the model free analysis is considerably less sensitive to the

orientation of Dz..

121



Our study of TAR confirmed the presence of complex heterogeneous dynamics
consisting of local and collective motions that were previously inferred based on a
smaller number of imino nitrogen relaxation data and qualitative analysis of motional
narrowing of resonances. It also revealed that the internal motions can undergo
complex reorganization upon ligand recognition involving a combination of
stabilization and, surprisingly, dramatic increases in local mobility. Both the local and
collective motions in TAR occur at rates that approach or are slower than the overall
molecular tumbling of non-elongated RNAs, and suggest a spectrum of local and
collective motions exist at nanosecond to microsecond timescales. By expanding the
types of relaxation data that is measured, it may be possible to define the timescale and

anisotropy of motions as well as long-range aspects of RNA structure.
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Chapter 4. Characterizing ps-ms Exchange in Labeled and Unlabeled Nucleic
Acids by Carbon Rie NMR

4.1 Introduction

Internal motions occurring at micro-to-millisecond timescales play essential roles in
the functions of nucleic acids.'? Relaxation dispersion Nuclear Magnetic Resonance
(NMR) spectroscopy is one of the few techniques that can be used to site-specifically
quantify these motions.>* This involves monitoring the transverse relaxation rate (Rz) of
signals from nuclei that exchange between chemically distinct states via so-called Ri, or
Carr-Purcell-Meiboom-Gill (CPMG) experiments as a function of various controllable
experimental parameters. Ri, carbon relaxation dispersion has provided unique insights
into such site-specific processes in nucleic acids,>¢ although studies so far have
employed effective radiofrequency fields in the range of 1-6 kHz thus limiting sensitivity
to exchange processes occurring at ~25 to 160 microsecond timescales. Slower
millisecond motions can in principle be accessed by CPMG relaxation dispersion
experiments, but extensive C-C scalar coupling networks in base and sugar moieties of
nucleic acids can severely complicate these experiments.” The multi-dimensional
relaxation dispersion experiments also remain prohibitively time-consuming for
carrying out measurements at natural abundance. This has made it difficult to
characterize a large class of functional dynamics occurring at chemically modified sites

that are difficult to enrich isotopically.

Here, we present a carbon Ric NMR experiment (Figure 4.1) that extends accessible
timescales to ~10 ms and that can be applied to both uniformly labeled and unlabeled
nucleic acid samples. Sensitivity to slower motions can be achieved through the

appropriate use of 'H decoupling and magnetization aligning schemes that permit use of
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significantly weaker RF fields (25-1000 Hz) as described by Palmer® and Kay® for amide
5N in proteins. We have adapted the scheme introduced by Kay et al. for measuring
nitrogen off-resonance Ri, in proteins in designing the pulse sequence shown in Figure
4.1 which is optimized to measure off-resonance Ri, for protonated carbons in uniformly

labeled and unlabelled nucleic acids.

4.2 Methods

4.2.1 Sample Preparation and Assignment

The uniformly BC/®N labeled A-site rRNA sample was prepared by in vitro
transcription using synthetic double stranded DNA templates containing a T7 promoter
and the A-site rRNA sequence of interest (Integrated DNA Technologies, Inc.), T7 RNA
polymerase (Takara Mirus Bio, Inc.), and C/®N labeled nucleotide triphosphates
(Cambridege Isotiopes, Inc.). The RNA was purified by 20% (w/v) denaturing
polyacrylamide gel electrophoresis containing 8M urea and 1x TBE followed by
electroelution in 20 mM Tris pH 8 buffer and ethanol precipitation. The RNA pellet was
dissolved and exchanged into NMR buffer (15 mM sodium phosphate, 0.1 mM EDTA,
and 25 mM NaCl at pH ~6.4) using a Centricon Ultracel YM-3 concentrator (Millipore
Corp.). The final NMR sample had an RNA concentration of ~ImM NMR buffer and
10% D20. The A-site rRNA NMR spectra were assigned using conventional NMR
methods such as 3D exchangeable '"H->N NOESY-HSQC, 3D non-exchangeable 'H-3C
NOESY-HSQC, 2D HCN¥, HCCH-COSY (correlates H2/H8 resonances)'12, 2D IP-COSY
(correlated H5/H6 resonances).’>'* The assignments were further verified with previous

assignments.!®

Unmodified DNA oligonucleotides were purchased from IDT, Inc. (Coralville, IA)
and purified by standard desalting. The gel filtration grade 1,N6-ethenoadenine
modified oligonucleotide (5 GATCCTeACCTTCG 3’) was purchased from Midland
Certified Reagent Company, Inc. (Midland, TX). The sequences for the control (A-DNA)
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and damaged (eA-DNA) duplex were identical (5 CGAAGGTAGGATC[G]/
[CIGATCCTXCCTTCG 3’) except for the damaged residue (X = eA or A) and a terminal
base pair substitution (in brackets) introduced in A-DNA to prevent spectral overlap of
the target adenine. The DNA oligos were resuspended in 10mM Na-MES (pH 6.1), 100
mM NaCl, 0.1 mM DTT, 0.1 mM EDTA buffer at ~200 uM concentrations. Duplexes
were annealed by mixing an equal molar ratio of the complementary DNA strands,
heating for 2 min at 95°C and gradual cooling (~30 min) at room temperature. DNA
preparations were further washed 3X in resuspension buffer by micro-centrifugation
using an Amicon Ultra-4 centrifugal filter (3 kDa cutoff), concentrated to ~ 250 pl (~5
mM) for NMR studies and supplied with 10% D20. Exchangeable and non-exchangeable
protons of the unlabeled DNA duplexes were assigned using conventional NMR
methods (*H,'H-NOESY) at 25°C in 10% D:0.1* The assignments for the adenine adduct
were consistent with previous assignments.”” All 2D BC-'H HSQC spectra of aromatic

and sugar resonances were acquired at natural abundance.

4.2.2 Selective 1C Ri, Pulse Sequence

The selective Rio pulse sequence is shown in Figure 4.1. Solid, narrow bars represent
hard 90° pulses, while the open, narrow BC pulses apply a tip angle 0 =
arccot(|Q1/wsc), where Q) is the ®C resonance offset from the spinlock and wisc is the
spinlock field strength. Open rectangles represent periods of continuous-wave
irradiation for water presaturation (ca. 10 Hz), cross polarization (wce, ca. 100 Hz),
decoupling CH DD/CSA cross-correlated relaxation and 'Jeu evolution (wis, ca. 8-10
kHz), and the Ri, spinlock (wisc, 100 — 3500 Hz). Spinlock powers were calibrated as
described previously.’#'? Additional purge elements at the end of the win spinlock are
included to aid water suppression. Decoupling during acquisition is accomplished with
a 3.5 kHz GARP sequence. For uniformly *C/®N samples 2.4 kHz and 1.0 kHz GARP
decoupling is used on *C and N channels, respectively. A heat compensation element

is applied following acquisition for a time Tmax - T, where Tmax is the maximum
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Figure 4.1. Selective 3C Rie pulse sequence for quantifying pus-ms exchange in uniformly labeled
and unlabeled nucleic acids. Briefly, proton magnetization is selectively transferred to the carbon

spin using weak continuous-wave irradiation (wcr) where it is then allowed to relax under a
variable offset and power spin lock. The magnetization is returned to the proton via another
selective cross-polarization for detection and signal intensities are monitored as a function of spin
lock time, T, to determine Ric at a given offset and power.

value of T used in the relaxation series. The nearly constant rf irradiation of the proton
channel affords excellent water suppression even for ribose and C5 resonances near the
water signal. Between points a and d, the 'H carrier is placed on-resonance with the
signal of interest while between b and ¢, the carbon spinlock is placed at a desired offset
Q) from the C frequency of the resonance of interest. The optional C delay (dotted line)
can be used to suppress °C signals with similar 'H frequencies, where C = 7/(20) and
0/(2m) is the carbon offset (in Hz) of the undesirable signal. Proton decoupling is
maintained during the C and teq delays to prevent 'Jcu coupling evolution which would
lead to anti-phase signals in the 1D spectrum. Delay teq allows equilibration of the
exchanging spins, optimally ~3/kex, and is set to 5 ms. The maximum length of high
power proton spinlock (Tmax + C + 2Teq + purge pulses) is determined by the particular
spectrometer hardware. A typical Bruker 600 MHz spectrometer with a cryogenic probe
can maintain a 10 kHz spinlock on the proton channel for 200 ms, with 1 second
interscan delays. For a Tmax of 50 ms, this means the C delay can be applied up to 140 ms
or d/2mt of ~2 Hz without damaging the spectrometer, disregarding of course the
presence of additional potentially high power spinlocks and decoupling on the carbon
channel. However, the carbon magnetization is decaying quickly in the transverse plane

during this time, especially if chemical exchange is present, and the sensitivity will be
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significantly diminished. Use of C delays up to ~10 ms, or d/27t of >25 Hz, will likely be
tolerable, both to the experiments sensitivity and the spectrometer. The efficacy of the
delay can be monitored by replacing the relaxation delay with indirect detection of the
carbon spin, as illustrated by Ferrage et al.?’ Gradients 1, 2, and 3 are applied for 1 ms
with SMSQ1.100 profiles and amplitudes of 4, 9, and 7.5 G/cm, respectively. The phase
cycle is d1={8(y) 8(-y)}, P2 ={-x x}, Ps5 = {4(x) 4(-X)}, D6 = {2(X) 2(-X)}, Prec = {X -X -X X -X X X -
X -X X X -X X -X -x x}. For 2> 0 (resonance downfield of spinlock), ¢s = -y, (s =y. For Q <
0, 3=y, s =-y. Data for eA20 C5 and C2 were acquired using 1536 and 2048 transients,
respectively, by setting the selective heteronuclear Hartman-Hahn transfers on-

resonance with the desired peak yielding signal:noise ratios > 40:1 at T =0.
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Figure 4.2. Examples of mono-exponential decays for the C2 of A08 at a various offsets and
powers, indicated in the frames along with the maximum Anana value using Equation 4.1.

4.2.3 Calculating Hartman-Hahn contributions to relaxation

Heteronuclear cross polarization can be achieved with high efficiency as long as

wcr/(2m) is larger than |Jenl V3/4. For nucleic acids, a value for wce/(27) of ~70-100 Hz
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can therefore be used to minimize transfers to nearby carbon resonances (within about
1.5 x wcr).?2 When using uniformly labeled samples, care must be taken to avoid
Hartman-Hahn matching conditions owing to sizable scalar couplings (8-12 Hz) to
remote carbons in the aromatic bases and large one-bond homonuclear couplings in
both sugar and bases. The maximum efficiency of Hartman-Hahn transfer between spins
I and S is given by?

-1

2
A pPp—
A — 1+ eff,I eff,S 41

HATA (]IS (1 +cos(0; - 65)) 1]

where weitx = (w12 + x?)'2 is the effective spinlock strength at spin X, Jis is the scalar
coupling constant, and Ox = atan(w1/Qx) is the tip angle of the magnetization of spin X
with respect to the static magnetic field. In the present study, the chemical shifts of
quaternary carbons in purine bases were determined using a TROSY relayed HCCH-
COSY experiment.!! Data with computed Anana >1% for the C2-C4 or C2-C6 couplings
(using a Jec of -1 Hz) and >0.1% for C2-C5 couplings (Jcc = 11 Hz) were removed from
the analysis (Table 4.1)*'¢. Mono-exponential decays were observed for all offset/power
combinations for the C2 spins of A08, A10, A92, and A93 and C1’ of A93 in the bacterial

ribosomal A-site. Example decays are shown in Figure 4.2.

Anana

Offset  Power 1o 4 A0S-C5 A0S-C6 AI0-C4 A10-C5  A10-Cé

(Hz) (Hz)
0 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 274.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 366.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 457.91 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 549.26 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 640.89 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 732.45 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
0 823.72 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
0 915.76 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
0 1373.35 0.0000 0.0000 0.0002 0.0001 0.0000 0.0000
0 1831.39 0.0000 0.0000 0.0003 0.0001 0.0000 0.0001
0 2289.71 0.0001 0.0000 0.0005 0.0002 0.0000 0.0001
0 2746.50 0.0001 0.0000 0.0008 0.0003 0.0000 0.0001
0 3204.65 0.0001 0.0000 0.0011 0.0004 0.0000 0.0002
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-175 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-100 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-50 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-25 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
25 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
50 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
100 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
175 91.58 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-350 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-225 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-100 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-50 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
50 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
100 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
225 183.14 0.0000 0.0000 0.0078 0.0000 0.0000 0.0000
350 183.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002
-850 45791 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-625 457.91 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-475 457.91 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-325 45791 0.0001 0.0000 0.0000 0.0002 0.0000 0.0000
325 45791 0.0000 0.0000 0.0001 0.0000 0.0000 0.0002
475 45791 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
625 457.91 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
850 45791 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-1700  915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-1100  915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-650 915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-450 915.76 0.0003 0.0000 0.0000 0.0001 0.0000 0.0000
450 915.76 0.0000 0.0000 0.0001 0.0000 0.0000 0.0002
650 915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1100 915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1700 915.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-2500 2289.71 0.0000 0.0280 0.0000 0.0000 0.0030 0.0000
2500  2289.71 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-1800  2746.50 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000
1800  2746.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-2000  3204.65 0.0000 0.0001 0.0000 0.0000 0.0002 0.0000
2000  3204.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2800  3204.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
3500  3204.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4800  3204.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
6000  3204.65 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 4.1. Hartman-Hahn efficiencies calculated for the C2 spins in A08 and A10 using Equation
4.1. Bold data were excluded from analysis. Spinlock offsets of (Qcr + Qc2)/2 £ w1 (Qcr = 87.8
ppm, Qcz = 74.1 ppm) were avoided to prevent Hartman-Hahn matching during the experiments
on C1” of A93.
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4.2.4 Analyzing chemical exchange data

Chemical exchange in the ribosomal A-site was determined to be near intermediate
exchange (kex = |Awl) on the NMR timescale. Under these conditions, the simple
expression for fast chemical exchange, Rie = R1c0s20 + R20 sin?0 + sin?0 @ex Kex/(wet? + kex?),
where ®ex = paprAw? is used as a single fitting parameter and west = (w13c? + W?)'2, is not
adequate to accurately determine chemical exchange parameters.® Here, chemical
exchange parameters were determined using the expression for asymmetric two-site
chemical exchange,

papbszkex [42]
(Q+Aw)? +w? +k2,

Ry =Ry cos? +Ry sin®0+sin? 0

where Q) = Qa is the resonance offset from the spinlock carrier, tan(0)=w1/Qavg, Aw = Qb —
Qa, Qavg = paLd o + ppQs. The analysis was implemented using Origin v7.0383 (OriginLab
Corporation). The best fit parameters, as determined from F-statistics at the 99%
confidence level (Table 4.2), yield Rz of 33.71 + 0.11 and 22.68 + 0.42 Hz, Aw of -0.96 + 0.02
and -4.33 + 0.11 ppm for A08 and A93, respectively, and shared p» of 4.60 + 0.12 %, and
kex of 3133 + 77 s°1. The best fit R for A10 is 34.70 + 0.07 Hz.

Chemical exchange in the unlabeled damaged DNA was determined to be fast (kex
>> |Awl) on the NMR timescale. Under these conditions, the chemical shift difference
between the exchanging states becomes inseparable from the populations and therefore
the simple expression for fast exchange was used. The best fit parameters for the C2
resonance of the damaged base are kex=3.9 £ 1.2 x 10 sec”!, R1 =2.87 £ 0.93 Hz, R20=53 +

32 Hz, and ®@ex=3.11 +2.16 x 10° sec2.
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Residue N F-statistic p-value Rz (Hz) Aw/27 (Hz) po (%) Kex (s7)
Individual
AQ08 C2 56 1092.79 0 37.85+0.06 -- - -
33.87+0.12 199.7 +15.9 2.28+0.34 2830.9 + 106.0
Al10C2 56 0.83039 0.483333 34.70 £ 0.07 - - -
34.64 +0.08 111.4 £259.8 0.79 +165.3 48.4 +10269.5
A93 CTI’ 64 2078.012 0 56.34 + 0.22 -- - -
2229 +0.46 641.1+16.7 4.63+0.13 3339.7 +110.5
Shared pb,Kex
A08 C2 33.71+0.11 144.3+£2.8
AO3 CT’ 120 3.8989 2.30714Eg-2 268 + 0.42 653.9 +16.1 4.60 +0.12 3133.3 +76.7

Table 4.2. Chemical exchange parameters and statistical analysis of A-site rRNA. In bold are the final parameter choices.



4.3 Results and Discussion

The experiment uses selective Hartmann-Hahn polarization transfers? to excite
specific spins of interest and collect data in a 1D manner.’ This scheme is particularly
well suited for nucleic acids where chemical exchange is very often limited to a small
number of residues in non-canonical regions making it unnecessary to record full
multidimensional experiments. The resultant ~100 fold time-saving makes it possible to
comprehensively map out the carbon Ri, dependence on spin-lock amplitude (w1) and
offset (QQ) and thus thoroughly characterize the exchange process. It can also obviate the
need for isotopic enrichment when working with concentrated nucleic acid samples (>2
mM). One bond C-H scalar coupling (*Jcn) evolution and cross correlated relaxation
between C-C dipole-dipole and carbon CSA during the relaxation period are efficiently
suppressed by a strong 'H continuous wave (CW) field applied on the resonance of
interest. By focusing on a single carbon resonance at a time, it becomes trivial to apply
appropriately calibrated flip-angle pulses that align magnetization along the effective
magnetic field. These features make it possible to employ effective spin lock fields as
low as ca. 100 Hz. However, Hartman-Hahn matching conditions must be avoided for
the targeted carbons in uniformly labeled samples by choosing appropriate
experimental parameters (w1, Q) and/or explicitly computing transfer efficiencies (see

§4.2.3).1925

The A-site is a classic example of an RNA that uses conformational dynamics to
carry out its function (insets in Figure 4.3). The A-site decodes the mRNA message by
dynamically flipping out two internal loop adenines (A92 and A93, insets in Figure 4.3)
once a proper codon/anti-codon mini helix is formed between the amino-acyl tRNA and
mRNA.'52 The A-site is also the target for many antibiotics which bind the internal loop

and stabilize a flipped out A92 and A93 conformation.

We used our experiment to probe intrinsic dynamics in the A-site RNA internal
loop which may be important for decoding and adaptive recognition. In this unbound

form, A92 and A93 adopt a looped in conformation with A93 forming a non-canonical
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Figure 4.3. Characterizing decoding motions in the ribosomal A-site. The bacterial ribosomal A-
site construct is shown in the insets of the right panels. (a-c) Relaxation dispersion profiles for (a)
C2in A08 (b), C1” in A93 (c), C2 in A10. Shown in left panel is offset and power dependence of Rz
at spinlock powers of ~100 (in red), ~200 (in green), ~500 (in blue), and ~1000 Hz (in black).
Shown in right panel is the corresponding on-resonance power dependence of R2. Dashed lines
represent the approximate limit of Ri, dispersion experiments measured using conventional 2D
relaxation experiments. Solid lines represent the best fit solution to two-site asymmetric chemical
exchange.

hydrogen bond with A08.* Mono-exponential Ri, decays were observed for carbon spin
lock fields ranging between 90-3200 Hz (Figure 4.2). The strong offset and spinlock
power dependence observed for the C2 R: of residue A08 (Figure 4.3a) and C1” R: of
residue A93 (Figure 4.3b) demonstrates existence of exchange at the internal loop.
Importantly, this process would be difficult if not impossible to characterize by

conventional methods since the observed exchange is already nearly completely
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suppressed at ~1000 Hz spin lock fields (Figure 4.3a-b, right panels). In contrast to the
internal loop, we did not observe any evidence for exchange at A10 in the canonical

helix (Figure 4.3c).

Data from loop residues A08 and A93 could be fit simultaneously to a single
exchange process with time constant of 319 + 8 us and a low populated (4.6 + 0.1%)
“invisible” state. The measured time constant is short compared to decoding (~10 ms)
and could reflect internal fluctuations that disrupt the A08-A93 base-pair and thus
enhance the looping out of A93. The new experiment also allowed us to thoroughly map
the offset dependence of R2for C2 in A08 and C1” in A93 and thus deduce the sign of the
chemical shift difference (QQ = -Aw, see §4.2.4). This is not feasible using either on-
resonance Rio or CPMG experiments at multiple static magnetic fields as noted by

Palmer and co-workers.?

The dramatic time-saving and sensitivity boost afforded by the new experiment
makes possible the quantitative characterization of chemical exchange in unlabeled
samples. This is particularly important for nucleic acids containing chemical
modifications which cannot be easily isotopically enriched. This includes a wide-range
of DNA lesions in which motions are believed to play an important role in the
recognition by repair enzymes.? To this end, we used our experiment to probe exchange
dynamics in a DNA duplex containing a 1,N6-ethenoadenine (eA) lesion (Figure 4.4a).
This allowed us for the first time to use relaxation dispersion to quantify dynamic

exchange at a damaged DNA site.

The well-resolved C2H2 and C5H5 resonances in eA (Figure 4.4b) provided ideal
probes for measuring exchange at the damaged site. Anomalously weak intensities
indicative of chemical exchange were observed for the eA20 resonances. A small albeit
significant offset and power-dependence for R: was observed for C2 in eA20 (Figure
4.4c), which was measured in a constant-time manner to further reduce experiment time
and because Hartman-Hahn transfers are not a concern in unlabeled samples. In

contrast, the power-dependence for R: measured in an identical sample lacking the
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damaged base was negligible (Figure 4.4c, open symbols). Despite the relatively large
intrinsic Rz, which can be attributed to elevated viscosity due to high DNA concentration
(~5 mM), and the very fast timescale of the exchange, the time constant for the eA20
exchange process could be reliably determined to be 26 + 8 ps. This faster process may

reflect transient destacking of eA20 that may help present the damaged base to repair

enzymes.
134
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Figure 4.4. Quantifying chemical exchange in an unlabeled 1,N6-ethenoadenine damaged 26mer
DNA. (a) DNA sequence and chemical structure of the 1,N6-ethenoadenine base. (b) 2D 'H-13C
correlation spectrum of the DNA sample at 144 T and 25°C with 1D overlays to illustrate
sensitivity and selectivity of the pulse sequence in Figure 1. (c) The effective-field dependence of
R2t+Rex.. A sequence where eA20 is replaced with an adenine was used as a control (open symbols,
C8 spin of A20).

4.4 Conclusion

In conclusion, we have presented an NMR experiment for quantifying exchange
dynamics over a broad range of timescales in both labeled and unlabeled nucleic acid
samples. While the applications presented here are found to be in intermediate-fast
exchange, the ability to use very weak spinlock fields with this experiment affords the
opportunity to reveal millisecond timescale motions in nucleic acids. This significantly
expands the potential for site-specifically characterizing biologically important motions
in a range of nucleic acid systems that have so far proven difficult to quantify reliably by

conventional methods.
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Chapter 5. Conclusion

The study of nucleic acids by NMR has come a long way since the initial studies of
polydisperse RNAs and DNAs. While always in the shadow of achievements made in
protein studies, many obstacles have been overcome and the field continues to push to
ever larger systems and more complex problems. However, there are a number of
significant challenges still to overcome. As discussed in chapters 1 and 3, the numerous
carbon-carbon interactions complicate almost every quantitative study of dynamics in
nucleic acids. Developments in specific isotope labeling of large proteins have been
instrumental in being able to study complexes of up to 1 MDa in size.! Likely, similar
efforts will be beneficial for the study of large nucleic acids as well. With an increase in
size, it also can become difficult to accurately measure scalar and dipolar couplings as
cross-correlated relaxation begins to devastate the anti-TROSY component of the
splittings, whereas the measurement of the TROSY component alone may be necessary
to obtain pseudo-CSA restraints.? However, it is a valid assessment that still not enough
is known about how the nucleobase CSAs vary in different structural environments.
Brumovska et al. showed using DFT calculations how something simple, like the
glycosidic bond angle, may have a profound impact on the pyrimidine C6 and purine
C8 CSA tensors® while Czernek has demonstrated significant effects that hydrogen
bonding has on the proton and nitrogen CSAs.*> It will be important in the future to

characterize and validate these differences experimentally.

5.1 Investigating Excited States of Nucleic Acids

RNA achieves much of its functional diversity and complexity by undergoing

dramatic conformational rearrangements in response to a variety of cellular signals.® For
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example, riboswitches, cis-acting gene control elements found in the 5 UTR of many
mRNAs, regulate gene expression in response to changes in a particular physiological
parameter. Purine-sensing riboswitches accomplish this by forming a transcription
(anti)terminator helix at a downstream decision-making expression platform when the
physiological concentration of the specific purine under control reaches a predefined
threshold.” Recently these RNAs have attracted interest as potential antibacterial targets,
given their abundance in bacteria and their ability to bind small molecules. The guanine-
sensing riboswitch (G-switch) in particular is found in many bacterial species, including
the pathogen associated with anthrax, and is thought to exist as several slowly (30-60 s™)
interconverting conformers in the absence of guanine.® Understanding these dynamics
will likely be crucial in developing successful new antibiotics. The techniques developed

in this thesis are an important step towards these goals.

Traditionally, deciphering the function of such a system has relied on the
production of stable “snapshots”, often derived from X-ray crystallography or solution
NMR spectroscopy. Unfortunately, due in part to the limitations of current biophysical
techniques, this disregards higher energy “excited” state conformations which are at
least equally biologically relevant. In the past year, novel solution NMR relaxation
dispersion techniques have been developed, making it possible to investigate the
structure of low-populated excited states in proteins with lifetimes on the millisecond
timescale.” Much of the success of these new experiments depends on the ability to
prepare isotopically labeled samples with isolated NMR probes. This prevents
unfavorable interference between pairs of probes that would otherwise make data
analysis intractable. Similar specific isotope! and segmental labeling strategies!' are
already being developed for the study of large RNAs. This involves studying bacterial
metabolic pathways to find and exploit an appropriate system that can produce ideal
isotope labeling patterns for nucleic acids.’%2'3 An exciting future project would
therefore be to investigate the underlying structure and dynamics of the ~70 nucleotide
(nt) G-switch aptamer domain to provide a molecular understanding of how

riboswitches sense and convey cellular signals.
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The first step in any biomolecular study by NMR is the chemical shift assignment of
the spectra. An effective approach to overcome the inherent spectral congestion of large
nucleic acids will be to use and develop isotopic and segmental labeling strategies
mentioned above.1*111416 Following the method proposed by Tzakos et al.,'! the G-switch
could be prepared by labeling the first ~40 nts with *C and the last ~30 nts with N, and
vice versa, thereby reducing the spectral complexity to that of more conventionally sized
RNAs. Various other labeling strategies and the development of ever more efficient
experimental techniques can be pursued to maximize spectral sensitivity and resolution.
Following successful resonance assignments, the fundamental dynamics of the system
and changes upon drug binding can be investigated. While the techniques developed in
this thesis will provide an excellent point of reference to begin these studies, specific
isotope labeling strategies that can eliminate homonuclear interactions would be
invaluable for recording accurate spin relaxation studies. Utilizing these techniques, new
RNA-specific NMR experiments based on those for studying excited states in proteins
can be developed.”'” An initial investigation of the ps-ns motions using the experiments
developed in Chapter 3 will help identify potential regions of interest. The extracted
NMR parameters (ie. chemical shifts, bond vector orientations, and exchange rates)
would potentially allow the calculation of structures of the invisible excited states of the
G-switch as well as the kinetics and thermodynamics of the interconversion between the
states. Finally, these experiments can be repeated in the presence of guanine analogs,
such as 7-deazaguanine (since guanine is highly insoluble), to investigate the change in
dynamics upon ligand binding providing important details about the signaling event.
This information will provide key insight into how this molecule functions and allow us

to generate an energy landscape describing the process.

5.2 Sequence dependence of nucleic acid CSA tensors using SS-NMR

There are two obstacles to overcome when measuring CSAs in polynucleotides via

SS NMR (i) overlap in chemical shift powder patterns and (ii) extraction of orientational
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information since suitably large single crystals of oligonucleotides are difficult to obtain.
These issues, however, can be addressed with recent advances in solid state NMR
methodology. Using techniques such as five m replicated magic angle turning
(FIREMAT)?® or stroboscopic phase encoding in the evolution dimension (SPEED) under
magic angle spinning (MAS)," one can separate the isotropic and anisotropic chemical
shift into two dimensions, encoding the anisotropic interaction to their separate isotropic
shifts, thereby eliminating the majority of the spectral overlap of the powder patterns.
Analysis of the powder patterns provides highly accurate information about the
magnitude of the chemical shift, but unfortunately lacks the ability to define the
principle value orientations with respect to the molecular frame. However, if a given
carbon nucleus neighbors a N nucleus, as is the case for all but the pyrimidine C5
carbon in the nucleobases, the orientation of the ®C-“N dipolar interaction can be
determined in the chemical shift principle axis frame, successfully reviving CSA
orientational information of the rigid, aromatic nucleobases.?’?! Moreover, once we
obtain the CSA magnitudes from solid state NMR, it will be more feasible to refine the
CSA orientations on the basis of our measured RCSAs. A number of small RNA and
DNA helices with a single uniformly labeled residue can be designed to investigate any
number of structural configurations. An exciting alternative to this would avert the need
for singly labeling the RNA or DNA. Wylie et al.2 proposed an elegant 2-dimensional
technique whereby slow-spinning ®N-3CO correlation spectra were recorded using
SPECIFIC? cross polarization on a *C/"*N enriched protein where only carbonyl carbons
are labeled. Sidebands of the entire 2D spectrum are recorded in a single experiment, the
intensities of which can be analyzed to obtain site-specific principle values of both the
BCO and ®N CSA tensors. This technique is directly applicable for the specific-isotope
labeled purines of RNAs,' although other isotope labeling strategies could be pursued
as discussed in §5.1. Either of these studies would prove to be crucial in understanding

the, as of yet, unknown trends related to CSA variations in nucleic acids.

149



5.3 References

1.

10.

11.

12.

Sprangers, R. & Kay, L.E. Quantitative dynamics and binding studies of the 205
proteasome by NMR. Nature 445, 618-622 (2007).

Grishaev, A., Ying, ].F. & Bax, A. Pseudo-CSA restraints for NMR refinement of
nucleic acid structure. Journal Of The American Chemical Society 128, 10010-10011
(2006).

Brumovska, E. et al. Effect of local sugar and base geometry on C-13 and N-15
magnetic shielding anisotropy in DNA nucleosides. Journal Of Biomolecular Nmr 42,
209-223 (2008).

Czernek, J. An ab initio study of hydrogen bonding effects on the N-15 and H-1
chemical shielding tensors in the Watson-Crick base pairs. Journal Of Physical
Chemistry A 105, 1357-1365 (2001).

Czernek, J., Fiala, R. & Sklenar, V. Hydrogen bonding effects on the N-15 and H-1
shielding tensors in nucleic acid base pairs. Journal Of Magnetic Resonance 145, 142-
146 (2000).

Al-Hashimi, H.M. & Walter, N.G. RNA dynamics: it is about time. Current Opinion
In Structural Biology 18, 321-329 (2008).

Kim, J.N. & Breaker, R.R. Purine sensing by riboswitches. Biology Of The Cell 100, 1-
11 (2008).

Gilbert, S.D., Stoddard, C.D., Wise, S.J. & Batey, R.T. Thermodynamic and kinetic
characterization of ligand binding to the purine riboswitch aptamer domain. Journal
Of Molecular Biology 359, 754-768 (2006).

Vallurupalli, P., Hansen, D.F. & Kay, L.E. Probing structure in invisible protein
states with anisotropic NMR chemical shifts. Journal Of The American Chemical Society
130, 2734-+ (2008).

Schultheisz, H.L., Szymczyna, B.R., Scott, L.G. & Williamson, J.R. Pathway
engineered enzymatic de novo purine nucleotide synthesis. Acs Chemical Biology 3,
499-511 (2008).

Tzakos, A.G., Easton, L.E. & Lukavsky, P.J. Complementary segmental labeling of
large RN As: Economic preparation and simplified NMR spectra for measurement of
more RDCs. Journal Of The American Chemical Society 128, 13344-13345 (2006).

Johnson, J.E., Julien, K.R. & Hoogstraten, C.G. Alternate-site isotopic labeling of

ribonucleotides for NMR studies of ribose conformational dynamics in RNA. Journal
Of Biomolecular Nmr 35, 261-274 (2006).

150



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hoogstraten, C.G. & Johnson, J.E. Metabolic labeling: Taking advantage of bacterial
pathways to prepare spectroscopically useful isotope patterns in proteins and
nucleic acids. Concepts In Magnetic Resonance Part A 32A, 34-55 (2008).

Dayie, K.T. Key labeling technologies to tackle sizeable problems in RNA structural
biology. International Journal Of Molecular Sciences 9, 1214-1240 (2008).

Kishore, A.I, Mayer, M.R. & Prestegard, ].H. Partial C-13 isotopic enrichment of
nucleoside monophosphates: useful reporters for NMR structural studies. Nucleic
Acids Research 33(2005).

Nelissen, F.H.T. et al. Multiple segmental and selective isotope labeling of large
RNA for NMR structural studies. Nucleic Acids Research 36(2008).

Hansen, D.F., Vallurupalli, P., Lundstrom, P., Neudecker, P. & Kay, L.E. Probing
chemical shifts of invisible states of proteins with relaxation dispersion NMR
spectroscopy: How well can we do? Journal Of The American Chemical Society 130,
2667-2675 (2008).

Alderman, D.W., McGeorge, G., Hu, J.Z., Pugmire, R.]. & Grant, D.M. A sensitive,
high resolution magic angle turning experiment for measuring chemical shift tensor
principal values. Molecular Physics 95, 1113-1126 (1998).

Strohmeier, M. & Grant, D.M. A new sensitive isotropic-anisotropic separation
experiment - SPEED MAS. Journal Of Magnetic Resonance 168, 296-306 (2004).

Strohmeier, M., Alderman, D.W. & Grant, D.M. Obtaining molecular and structural
information from C-13-N-14 systems with C-13 FIREMAT experiments. Journal Of
Magnetic Resonance 155, 263-277 (2002).

Strohmeier, M. & Grant, D.M. Experimental and theoretical investigation of the C-13
and N-15 chemical shift tensors in melanostatin-exploring the chemical shift tensor
as a structural probe. Journal Of The American Chemical Society 126, 966-977 (2004).

Wylie, B.J. et al. Chemical-shift anisotropy measurements of amide and carbonyl
resonances in a microcrystalline protein with slow magic-angle spinning NMR
spectroscopy. Journal Of The American Chemical Society 129, 5318-+ (2007).

Baldus, M., Petkova, A.T., Herzfeld, ]. & Griffin, R.G. Cross polarization in the tilted
frame: assignment and spectral simplification in heteronuclear spin systems.
Molecular Physics 95, 1197-1207 (1998).

151



	Thesis Front - Revised.pdf
	Thesis Chap 1 - Revised.pdf
	Thesis Chap 2 - Revised.pdf
	Thesis Chap 3 - Revised.pdf
	Thesis Chap 4 - Revised.pdf
	Thesis Chap 5 - Revised.pdf

