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The collection of work presented in this thesidirected towards building an
understanding of the dynamics of nucleic acid mdieand their components using data
obtained from solid state and solution NMR experiteeThe focus of these studies is to develop
analytical and numerical methods of elucidatingioral trajectories of residues in example
molecules, by simulating the impact of specificicks of models on NMR observables.
Specifically, the target molecules studied wereuhieound HIV-1 TAR RNA, a 29 nucleotide
RNA segment, and the unbound dodecamer Hhal medhgferase-recognition DNA. The data
available for various residues in these systenisdiecsolid state line shapes, longitudinalAT

and quadrupolar ¢f) relaxation times, as well as solution longitudlifa) and rotating frame



(T1,) relaxation times and Nuclear Overhauser EffedSEs). The four projects discussed in
this thesis form a cohesive whole, with each sutiogemethod either building upon previous
work or adding a new means of analysis: firstlg)av exchange theory is presented where
discrete-jump motional models derived using saigdesNMR data can be tested against solution
relaxation times, by the inclusion of both overabllecular tumbling and exchange between
conformers occurring at a time scale much slowan the tumbling time scale. The time scale
separation allows for a particularly simple weightsaimmation over the spectral density
contributions from the various conformers. The selcproject, discussed subsequently, removes
this assumption of time scale separation, and allmwvany rate of exchange between
conformers. Both simulation protocols use the TARARMolecule as the test system. Parallel
work on the Hhal-recognition DNA builds a framewdok testing a discrete-jump trajectory
constructed using pre-existing rotamers of the mwéagainst solid state relaxation times. This
visualization of the dynamics of a residue is tbarried over to the solution domain, where the
properties of computationally energy-minimized stanes of TAR RNA are used to define a
solution trajectory. In this last case, data awd@ddor multiple sites on the molecule are used to

test the model for the trajectory, as well as tohke rates of motion.
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Chapter |

I ntroduction

The staggering diversity in the functioning of loigical molecules arises ultimately as a
consequence of their varied composition from sméllectional units, as well as their
interaction with their external environments. Piateoccur as combinations of amino acids of
varying length, while nucleic acids are built fr@onstituent nucleotide units, and they could
find themselves in solution, in a crystalline stateproximity of organic or inorganic surfaces, in
association with other biological molecules or xteenal fields, amongst a myriad of other
scenarios. Other biomolecules may exploit inteoastiwith any number of other molecules or
atoms to exhibit entirely idiosyncratic behavioliiis understandable, therefore, that, while
individual cases will obviously hold interest teearchers, there is also a push towards
developing a unified understanding of biologicall@eale function. To that effect, a vocabulary
has developed around structure identificatwhelices ang sheets in proteins, A-form, B-form
or Z-form helices in nucleic acids, single-stranttezps, and so on. However, biomolecules for
the most part do not occur as static, unchangistesys, but as dynamic respondents to a
potentially complicated energy landscape. A congptitscription therefore necessitates a
characterization of structure at any moment as agthe time-evolution of the structures, both
of which determine how the molecule will perform ftinction or, just as significantly, fail to
perform its function.

It is this relevance of dynamics to function theekciting to researchers seeking
solutions to medical problems at the molecularlld¥é is possible to identify the primary
motional modes and the associated degrees of fre#ukt are intrinsic to a biological system

(molecule plus a particular environment), then &e seek to enhance or inhibit the functionally



relevant changes in the conformation of the syst@mmsider riboswitches, for example, which
are non-coding messenger RNAs (mMRNASs) that regtiatexpressions of genes by the binding
of specific metabolites, occurring in prokaryotalls and to a lesser extent in eukaryotic cells.
The aptamer, or ligand-binding region, binds theainelite and this in turn drives changes in the
structure of the attached expression platform, twingpacts gene expression. It is the
mechanism of the folding and unfolding of the maledn response to the increase or decrease
of metabolites in the cellular environment thathisrefore of great importance in understanding
the regulation of puriné$, glycing’, S-adenosyl-methionine (SAM&nd other compounds.
Identifying the sites along the structure that@iearily responsible for changes in the
conformation can allow one control over the switchbehaviour of these molecules.

To further underscore the importance of determitiregdynamic characteristics of
molecules, let us consider the two biological systeised as test cases for the development of
the analytical methods in this manuscript: (1) #i¥-1 transactivation response (TAR) RNA
and (2) the Hhal DNA recognition sequence.

The HIV-1 TAR RNA is a 59-nucleotide segment thiaids the viral regulatory protein
Tat, which in turn acts to enhance transcriptimmghtion. This binding process is essential to
the explosive replication of HIV-1. The Tat-TAR cplex is formed in a region of the RNA in
proximity to the apical loop where the Tat bindsitg surrounds the single-stranded, tri-
nucleotide (UCU) bulg&’ A 29 nucleotide TAR segment that includes thevaaié helical
stems, connecting bulge and apical loop of the Rigdé& been used in NMR studies as a
representative of the binding-capable rediBhiereafter, the term TAR will refer to this reduced
29-nucleotide construct. The bulge region inteifigkthe two helical stems in TAR has been

shown to be the primary binding site for the Tattpin.”° The single stranded bulge exhibits



considerable flexibilit}?** and allows for the two helical regions to adoptide range of

relative orientation&?*The system is believed to undergo a process aoffécmational

capture” where the free TAR RNA exchanges betweeltipte conformers, one or more of

which is amenable to Tat bindingGiven the importance of the bulge region, thecea on

for Tat mimetics or other molecules that will shawigh affinity for TAR RNA and adversely
impact Tat-TAR complex formatiotf:}’ Using this as a paradigmatic example, the hopieais

an evaluation of the dynamic behaviour of residnessequence can inspire the development of
drugs with specific binding affinities.

The second example is that of the recognition DE&ugnce,
[d(G1A2T3A4GsCeG7CsToA10T11C12)]2, for the Hhal methyltransferase. The underliresidues
form the conserved recognition site for the metayisferase, with theg®eing methylated in
the process. In this system, the DNA sequence@stipn serves as the specific binding site of
the methyltransferase protein which catalyzesrdwester of a methyl group from S-adenosyl-L-
methionine (AdoMet) to the C5 atom of the targabsine on the sequence. This methylation
process is known to protect bacterial DNA from ehege by restriction endonucleases, and is
thought to play a role in eukaryotic transcriptidnchromosome inactivation, DNA rep#ir®
and potentially in cancerous céfisThis essential process in cells proceeds by mefthe
binding of the methyltransferase at the recognisive and the subsequent “base-flipping” of the
target cytosine into the active site of the pratéit is of interest to us to understand whether
this flipping process is active or passive, i.eetifer the cytosine is actively flipped out by the
protein, or whether the protein opportunisticabyptures a naturally dynamic residue, similar to

the TAR RNA conformational capture idea. This hasrbinvestigated extensivéhy?with



ultimate hope of being able to prevent hypo- ordrypethylation, if there is a proven medical
need to do so.

Among the methods developed for such detailed whten, nuclear magnetic resonance
(NMR) experiments have emerged at the forefrorteoiniques available for discerning the
structure and motion of molecules and their comptdExploiting the sensitivity of the spins
of individual nuclei to their local environment, NMexperiments are able to probe intra- and
inter-molecular interactions at the atomic levebtigh a variety of sample conditions (such as in
solution and in the solid state with varying degreéhydration) and a massive array of
radiofrequency pulse-based spin manipulation teghes (spectral line shape studies, relaxation
time analyses, nuclear Overhauser effect (NOE) areasents, among many more). Moreover,
depending upon the question under investigatiamsmple may be artificially modified by
replacing nuclei with magnetically sensitive (nen-zero spin) isotopes at particular sites in the
molecule or the sample may be studied by mearts obiural-abundance isotopes. Each such
experiment, with some combination of sample coadgj labeling and pulse technique, can
yield specific information about the system at haswth as the relative proximity of functional
groups, or the rates and amplitudes of motionssaction of the molecule. Indeed, different
methods can often complement each other if thegemsitive to different aspects of structure
and motion.

The atomic-level resolution of these techniquediesghat the details of the types and
strengths of the interactions of these spins vhi#tirtenvironments need to be understood. The
interactions considered in NMR are all electromagrie nature, and can include dipolar spin-
spin (magnetic), quadrupolar electric field gragdlbased and indirect, electron polarization-

dependent contributions. Every choice of spin laoahes with its own characteristic interaction



set, with the relative contributions of each tyeenlg determined by the neighbouring
environment. Moreover, the specific tensorial natofran interaction Hamiltonian plays a vital
role, as it manifests itself in the unique orieiotatdependence of the electromagnetic field
experienced by the spin. Knowledge of these intemas and their tensor properties are essential
to the development of new methods and to evaluaiwdthe sensitivities of various techniques
to motional rates. This information is incorporaietb an understanding of the system that also
includes due consideration of the sample conditions

Solution NMR studies, which unsurprisingly referthe entire spectrum of studies on
molecules in solution, are widely used on acco@imast biological molecules being in solution
in vivo. Some examples of solution experiments are lodmitd and rotating frame relaxation
time measurements, NOE studies and residual dipolgrling (RDC) or residual chemical shift
anisotropy (RCSA) measurements. For dynamics stuthe motional rates accessible to these
methods vary both on the measured quantity anti@wohoice of label. For reference, the
following are the regimes of sensitivity for thepeximents that are most important for the work
to follow: longitudinal relaxation times are affedtmost by motions with characteristic time
scales in the nanosecond to picosecond rangegtidng frame relaxation time can help discern
motion from the picosecond scale down to the schdeverall diffusion (as explained below),
while the NOEs probe motions on the nanosecondctispcond scale. The important
consideration in such studies is that the moleantéergoes overall diffusive rotation that may or
may not be hindered by other molecules or surfab@s.rotation induces averaging over those
local tensorial interactions of atoms at a timdesdatermined by the hydrodynamic properties
of the molecule and the viscosity of the surrougdiquid. This means that for the case of

unhindered overall rotation (i.e. a uniform samglaof all orientations) any experiment with rate



sensitivity in a regime slower than the tumblinteraf the molecule will see an interaction
tensor pre-averaged to zero, resulting in no sigitak implies that there is a cutoff point in
sensitivity to the rates of motions in these experits depending on the system being
considered. One exception to this is the relaxatispersion experiment which depends on the
scalar chemical shift of the nuclei and is therefoot affected by isotropic rotation. This method
is sensitive to motions slower than the microsedand scale.

Solid state NMR experiments are intended to probkecaules that are prevented from
overall diffusive rotation by being in a no-solvemtlimited-solvent environment. This includes
samples with molecules arrayed in a periodic chys¢astate and those in an amorphous
“powder” state, as well as lyophilized (no solvesajmples and those with varying degrees of
solvent added. The change in sample conditions §alotion to solid state makes a significant
difference, as any tensorial interactions will retdeir orientation dependence. It is this absence
of the averaging effects of overall molecular tuimiplthat allows solid state NMR methods to
discern a range of motional rates inaccessibleltdien techniques. For instance, the crucial
nanosecond to microsecond time scale window, wimairgy conformational changes take place,
is visible to solid state deuterium NMR line shapeasurements (deuterium is the primary
choice of labels for most of the solid state expernts reported on in this manuscript) on
account of the retention of the anisotropy of iatéions. Thus, by arresting molecular tumbling,
we can hope to capture motions on a scale complamnyeio those in a solution setting. This is
the primary motivation of much of the work presehite this manuscript: we hope to build a
bridge between two well-studied, yet largely sefmdmmains of experimental investigation,
solid state NMR and solution NMR, by combining #realyses of the dynamics of biological

molecules into a single model-based framework theiowords, we hope to develop a model of



motion based on data from one set of sample camgditiand check that the model is consistent
with the data from the other set. This is the niagus of the work presented in Chapters Ill, IV
and VI.

A natural question that may be asked is: are thisomothemselves the same in the solid
state and in solution? There isa@riori reason to believe that the same natural modédeeof t
system occur when the sample is in a limited sdleemironment, given that solvent-solute
interactions play a very important role, especiaillyucleic acids. It is not possible to answer
this question for an arbitrary sample considerirgg the exact nature of aggregation in the solid
state is hard to discern for amorphous arrangemeuat®ne can look at the continuum from
solid state to solution and study the behaviowa sction of increasing solvent content. In
addition, the local motions of residues in the slmwhich are less impacted by intermolecular
interactions with relatively distant partners, ¢anthe most part be assumed to be the same in
both situations. This is an important question thatecessarily addressed with every new
system and will be explored in the manuscript.

More specifically, the work presented herein yiiimarily consider the solid state NMR
deuterium longitudinal and quadrupolar relaxatiomes—with time scale sensitivities in the
nanosecond range; the deuterium line shape, eesgéctra of the spins in the presence of the
magnetic field—whose sensitivity extends over tarasecond to millisecond range; the
solution NMR*®C longitudinal and rotating frame relaxation ratesvering the picosecond to
diffusion time scale; and the solution NOEs—sewsitd motions on the nanosecond to
picosecond time scale. These observables will berideed in greater detail in the next chapter.

Once this data is available in sufficient quantitgwever, what remains is the significant

challenge of relating the observables to the ugtegiphysical situation. One of the more



common techniques is to ascribe a fixed numberatfans to the residue in question, with some
physical motivation as to this choice. This cardbae in a semi-analytic, model-dependent way,
with a number of free parameters, and with the omotif the bond being confined either within a
continuous potential energy function of relevaniatde$??° or to a set of discrete orientations
with different relative probabilitie¥*>°In both these cases, the choice of model is oftade
based on physically reasonable expectations di¢haviour of the system under consideration.
For example, Meirovitch etZluse a restoring potential to describe the behavibthe peptide
vibrations around an equilibrium orientation, irdéagn to overall molecular rotation. Echodu et
al®® similarly consider the motions of the furanoseyiiim the recognition site cytosines of the
Hhal recognition DNA as being determined by a hanmpotential whose minimum is the C2'-
endo conformation. The two-site jump internal mosi@f the helical uridine base in TAR RNA
explored in Olsen et Hlare confined in a plane defined by the plane efihse, as the
proximities of adjacent base-pairs prevent anyiBggmt motion in a perpendicular direction.
Once this choice is made, the experimental ddtaby varying parameters such as the
curvature and barriers of the potential energy tionc or the rates and amplitudes of a jump
betwixt discrete sites. One of the limitations ofls a technique is that assumptions must be
made beforehand as to the degrees of freedom blesitathe system. As mentioned above these
assumptions can receive support from physical aegisror even previous experimental
observations, but by their nature do not allowtha unexpected. If the model is complicated by
the addition of further degrees of freedom and equently more free parameters, the
simulations runs the risk of being under-constraibg the data available. A so-called Model-
Free (MF) approacti*®was proposed whereby the motions of a samplelinisn were

assumed to consist of overall rotational diffusamd just one additional internal motion at a



faster rate, resulting in a significantly simpldianalysis. This attempted to address the concern
of an overload of parameters, and together witextended versidii found a place among the
most widely used of simulation techniques (see 8arkt &°, King et af'and Bardaro et &

for a randomly selected and miniscule fractionhaf &available examples). While the MF and
extended-MF approaches do allow a characterizaftitwo internal rates and average
orientations, they do not provide a picture ofdirections of motion, nor do they leave room for
a more complex model. Once again, the key is thestr balance between maintaining a level of
physical realism in the models and keeping the rermbfree parameters at a sufficiently low
number relative to the number of available datatsoiApropos the requirement of building
realistic models, molecular dynamics (MD) simula@nd de novo structure prediction
programs have made significant progress recentth Bivolve the establishment of accurate
potential energy functions for the molecule andtireents of the solvent, and seek to predict
molecular structure and dynamics armed with an istaeding of atomic-level interactions.
Some common MD software packages available incRMBER*?*° and CHARMM?®*” as well
as other programs, which have contributed sigmfigao simulations of proteins (see for
example, Lindorff-Larsen et%) and to interesting applications in nucleic ad¢fds instance,

the work of Horton et &f and Riccardi et &1). The work of Riccardi et #l deserves special
mention as some of the work presented in this naipidears similarities to the method used
by the authors of that paper. The authors utili\eAMBER all-atom force field to run a series
of trajectories for the 36-nucleotide SL1 segmdnheV¥ site of HIV-1, and then carry out a
dihedral angle-based principal component analy&A) on the resulting structures in order to
discern clusters. These clusters were interconddxte transition matrix to allow for a

calculation of the time evolution of the systemthe research considered in Chapter VI, a



similar PCA was attempted to discern patternssataf energy-minimized structures, but in the
end was determined to be unable to find significdudtering. Instead, other methods were used
to suggest a molecular trajectory, but the samiegbphy of seeking clusterings remained a
driving force. MD calculations involve solving tleguations of motion for all atoms, given a set
of initial conditions and a properly vetted forgeld. On the other hand, the field of de novo
structure prediction is mainly based on energy mination, where some means of iteratively
altering the conformation is used until the energgimum is found. The system does not evolve
according to a force-field equation as it doeshimdase of MD. The Rosetta suite of programs
has been developed by David Baker and colleagugethct the structure of proteins (for
example, Bradley and Bakéy, and more recently, nucleic acids as welf' using a variety of
fragment assembly and coordinate refinement teciesiq The software has also been expanded
to apply experimental chemical shift, RDC and NQ@#&straints for protein structure
determinatior?®> While the structure prediction methodology doesinieerently provide

dynamic information, the possibility of utilizingseries of energy-minimized conformations of
the same molecule as discrete sites in a diffuskelange process (similar to the transition
between clusters in Riccardi et%lis explored in Chapter VI. This analysis is basad

structures generated by the fragment assembly & ®ith full-atom refinement (FARFAR)
prograni* and attempts to use the assumption of ergodicitigé following manner: if a

molecule adopts a set of conformations dispersedigihout a chosen coordinate space, then a
time-average over a sufficiently long time can &gresented by an ensemble-average over the
conformation set. It is hoped that the variationh&f initiation conditions of the energy

minimization process can provide an ensemble theggresentative of the full dynamic range of
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the molecule. The particular method consideredhag@er VI combines the computational and
phenomenological modeling techniques in orderrnmufate solution relaxation times.

As a personal observation, one aspect of NMR sitimuls that makes them unique and
interesting (I dare say, fun even) is the fact thatspin systems under observation find
themselves in an environment determined simultasigdoy quantum mechanical interactions
and macroscopic, diffusive forces. In thermodynai®ims, the specific interactions of spins
with the reservoir, i.e. the specific means by whiee motion induced by solvent bombardment,
natural frequency responses of the molecule amdndlecular interactions translate into a
modulation of the orientation of the interactionger, are the essential determining factors of
how a given observable probes the system. Thussianylation necessitates at least a basic

understanding of both realms of influence.

Structure of thesis

The work presented herein largely consists ofraliination of analytic and numerical
methods designed to bridge multiple experimenttd dats, such as solid state relaxation times
and line shapes, and solid state-derived modelsalution relaxation times. This would allow
the knitting together of a complementary patchwafrkate and sample condition sensitivities to
provide a more definitive model-testing platfornmeTfinal goal is, naturally, to be able to build
a clearer picture of the dynamic behaviour of lyadal molecules at all time scales and in
multiple physical settings.

Chapter Il provides a basic NMR redux, includihg theoretical ingredients that go into
calculations of line shapes, relaxation times aBCR. This gives the necessary background to

understand the rate sensitivities of the diffeeqgerimental techniques as well as the quantum
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mechanical interactions that are of importanceafoertain choice of spin label. Chapters
through VI describe different methods developedstadying the dynamics of nucleic acids.
Chapter Ill elaborates on the so-called Slow Exgkeanodel, where motional models derived
from solid state NMR data are tested against soiutlaxation times by treating the discrete
sites in a jJump process as being rigid conformatibiat exchange infinitely slowly. If the
conformers transition amongst themselves at amatsh slower than the rate of diffusion of any
single conformer this method produces a reasoraggigieoximation to the actual physical
situation. Then, given an infinitely long exchamyecess, each state essentially behaves as if
independent of the others. The solution relaxatédes can be then described as the weighted
sum of contributions from independent populatiohsamformers, and each individual relaxation
rate contribution in turn is calculated using tbkiton to the rotational diffusion equation for
that conformer. Chapter IV removes this assumpticsiow exchange and incorporates the
possibility of exchange at any rate. This greatlyasmds the domain of applicability of the
method. Both these chapters provide simulationelaekation times for the U38 residue in the
upper helix of TAR RNA. Chapter V carries out a siation of the solid-state relaxation times
and some line shapes of three different sites aloagarget cytosine of the Hhal recognition
DNA, using previously published PDB structuresha# molecule at three different points along
a proposed flipping trajectory. In essence, tmsusation aims to check whether such a flipping
mechanism is a part of the natural dynamism ofhibkecule, or if it requires the companion
protein to cause the flip. Finally, Chapter VI camds aspects of the three previous chapters by
using PDB structures generated using the FARFARrpra* as sites along the motional
trajectory of TAR RNA. One of the main goals igpt@perly characterize the dynamic behaviour

of the under-constrained, single-stranded regidnissoRNA. The exchange process between
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these structures is simulated using the analyfiicadulae derived in Chapter IV, and the data is
fit using a Markov-chain Monte Carlo (MCMC) algdmih searching through rate space. The
simulated results include solution relaxation tirfre five different sites along the molecule,

aiming to provide a description of concerted mofienthe entire molecule.
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Chapter Il

Basic NMR Theoretical Background

Given the analytical nature of the work that isditow in later chapters, | would be
remiss if | did not provide a gentle introducti@nthe theoretical calculations underlying the
simulations of various observables. This impliegazing both an elementary picture of nuclear
magnetic resonance (NMR) and the basic quantum anézdl and thermodynamic background

to the various spin manipulations.

1. Basics of nuclear magnetic resonance

The essence of NMR lies in the Zeeman interadigtween a nuclear spin and an
external magnetic field. The Hamiltonian for suchireraction is given by
H 2™ = —p )b (B, = -l ,)B, = -l ,w 1)
Here, the uniform (over the scale of the samplégreal magnetic fiel&, = B,Zlies along the z-
axis and exerts a torque on the spin magnetic mgrgeantified by the product of the spin

angular momenturti (the magnitudé is the spin quantum number of the given nucleud)taa
gyromagnetic ratip of the spin in question. It is this interaction winicauses the establishment
of 21 +1 energy levels defined by the z-projections ofgpm angular momentum. The Larmor
precession of the spin around fidirection, which occurs when a magnetic momentasgal in
the presence of a magnetic field, occurs at anlanfrequency ofv =B, .

For reference, the gyromagnetic ratios of somensomNMR-relevant nuclei are: proton
(*H): 2.675x18rad §' T*; deuteronqH): 4.11x10 rad §' T*; carbon-13'¢C): 6.73x10rad &'

T and nitrogen-15'tN): -2.71x10 rad §' T*. NMR magnetic field strengths are usually
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defined in terms of the Larmor frequency of a pnatothat field. Therefore, a "500" magnet
refers to a field that results in a Larmor frequeat500 MHz for'H. This corresponds to a field
strength of 11.74 T. Other examples of commonlylds#d strengths are 14.1 T (in a 600 MHz
magnet), 17.6 T (in a 750MHz magnet) and 18.8 a(r800 MHz magnet).

It is worth noting that the term “nuclear spin’used to refer to the total angular
momentum of the nucleus, with both spin and orlgitedtributions, not just the quantum
mechanical spin angular momentum. This dependem¢leeoorbital angular momentum is
essential to understanding the quantification efalectric quadrupolar interaction, as will be
seen later.

The spin is almost always not isolated. It usufatigs itself in a thermal bath or reservoir
at a fixed temperature T. In this circumstance pbyulation of spins in each of the energy
levels is proportional to the Boltzmann factor loé state:

Probability(l, = m) O expg- amay/k,T) )

This equilibrium distribution of spin populatiodsfines the baseline condition of the
sample, with various experimental techniques pleigrthe spins away from equilibrium.
Before proceeding on to a description of thesertegles, however, it is necessary to describe
the different forms of coupling of the spin to thermal reservoir. These couplings involve
some form of electromagnetic interaction of thenspith its surroundings, with the strength of
the interaction being modulated by the orientatiad, in the case of a non-uniform magnetic
field, the translation of the molecule or its comepnots.

The key step to quantifying these couplings ipdse the full interaction Hamiltonian

(leaving out the Zeeman term for now) into its wag multipole moments:

H 'nteraction — 4 EM (o)+ H EP (1)+ H MP (2)+ H EQ(2)+ H Me (3)+ (3)
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In Equation 3, EM stands for the electric monop&le,and MD for the electric and magnetic
dipoles, respectively, and EQ and MQ for the eleend magnetic quadrupole moments,
respectively, and so on. Also shown in parenthasgsto each term is the tensorial order of the
interaction, where “0” represents a scalar intéoact'l” a vector interaction and “2” a second-
rank tensor interaction. The tensorial nature ofhégraction Hamiltonian relates to how the term

transforms under a coordinate transformation. Tausnsor of rank, with spherical tensor

componentﬁfq(')(s), transforms in the following manner under a cooate frame rotation:

Tq(')(S) (I)( Ss)ra) ()

q :—I
In this equation, the terrii$’(S) represent th@l +1componentdq = -1, +1...,+l) of the

rankl tensor in the coordinate frame S, which are givelingar combinations of the same tensor

elements expressed in terms of coordinate fram&Hg .coefficients of this linear transformation

are the matrix elements of the Wigner matrix ofemrdD(')( <), which are functions of the

Euler transformatiorQ . :{a,,B, y} between the frames S and S’ (using the conventabns
Roseé® and Tinkharm):

DY (Qgs)=e™7d D (B)e™ (5a)

For definitions oﬁé‘.é (,B)elements please for a gendrablue, please check the above references.

For convenience, the expressions for the frequantbpountered = 2 case are as follows:
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2

d;?zz(e):(““’sﬁj ,

2
d@,(6)= -1 ging.

d2(6) = \/g sin’ &,

d@(6)=-1* Czose (2cos0 T 1), (5b)
d2 ()= —\E sin@coss:;

agy(e)= 2202,

di,(6)=(-1)""d(6)=d"_.(6)

Mathematically, these coefficients are the meanaltich the orientation dependence of an
interaction is introduced into the calculation. See how, consider the following. Firstly, the
Hamiltonian of tensor rarks expressed as a sum over products of spin-depepdds and

spatial-coordinate dependent parts:

HO = i(‘l)q AO(TJro(r) (6)

q=-1
Secondly, the Hamiltonian is expressed in a la@ahé associated with a given bond and
interaction where the interaction matrix is diagptitee so-called principal axis coordinate

system (PAS) of the interaction. Thirdly, a tramsfation from the PAS frame to the laboratory
frame defined by the uniform magnetic field is @adrout, through any number of intermediate
coordinate frames. The reason for this is thasfiie operators are easily diagonalized in a frame
with the magnetic field in a fixed, known directiorhus, the spatial dependent parts of the
Hamiltonian must be transformed into the exterahlffame, resulting in sensitivity to the
(potentially time-dependent) relative orientaticiviieen the associated atomic bonds and the lab

frame.
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The advantage of using a multipole expansion tegetith knowledge of the tensor

nature of the various interactions can be seerohgidering matrix elements of the spin
operators of a given rank using a basis of thegaudpin z-eigenstatfs M |(3§"| 1',M ,> . The

Wigner-Eckart theorem puts limitations on the valo# andqfor which the matrix element is

non-zero. The theorem states that

(AT M, BY]AN M) :</\, |E@ A ryc ()

lg,1 "M,

whereClg“VAI',M“ is the Clebsch-Gordan coefficient for summing thgudar momentbandl 'and

their projectiongjandM ., anc</\, I ”65""/\', I > is known as the reduced matrix element, which

guantifies the contribution to the matrix elemeoni additional degrees of freedom labeled by

Aand A\'. The Clebsch-Gordan coefficient is non-zero oty M,. =M,
andl D{]I = =1 +1. 0+ I'}. This restriction puts limitations on the typeimteractions that

can be experienced by a given spin. For exampleedam ¢H) is a spin-1 nucleus and so for
all matrix elements involving eigenstates of thatdeon alone, the only interactions that produce
non-zero elements are those for whiel2l = 2. This precludes all electric interactions beyond
the quadrupolar term. Similarly, carbon-1%3) is a spin-1/2 nucleus and so the only tensor
interactions that can influence the nucleus arsevaithl <1, resulting in**C being unaffected
by electric terms higher than the dipolar one. fifagnetic dipolar interaction has an influence
in both cases, as can be seen by the fact thatahmeltonian can be expanded in terms of spin
operators of rank-1.

This naturally leads us to the question of whitleriactions are relevant for the spin

labels of interest. In general, the electric moremeoment (the magnetic monopole still eludes
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the question of its existence) does not produceri@mtation dependent interaction as it is a
scalar. Thus, it is relegated to the backgrourallifollowing considerations. The nuclear

electric dipole moment has been shown to be 0 baisadl experimental evidence to date and if
parity conservation holds, all odd-rank electriemaction tensors are forced to 0 as well. The
relative importance of the remaining interactioepehds on the specific nucleus in question.
The two primary nuclei used in the work presenteckim are the ones mentioned above:
deuterium H) labels in solid state samples and carbon*i3)(in solution. The deuteron is
influenced by both the electric quadrupolar and metig dipolar interaction$ut the electric
guadrupole moment dominates substantially and nadstilations ignore the contribution of the
magnetic dipole interaction (the discussion hedgies as well). The carbon-13 nucleus is
influenced by the magnetic dipole moment interactjdoth heteronuclear and homonuclear, as
well as chemical shift anisotropies (anisotropfeef of nearby electron currents induced by the
external magnetic field), J-couplings with otherb@as (spin-spin interactions mediated by
electrons in chemical bonds), and scalar couplivigs adjacent®C nuclei (isotropic J-

couplings). Furthermore, analysis of relaxationesnior'C is further complicated by multiple
dipolar interactions with neighbourifdC and™N nuclei. However, by means of various
experimental techniques and other considerafidti® only interactions of relevance for this
work are the dipolar couplings 51C with bonded protons as well as the chemical shift
anisotropy. In the following, the exact forms oé$le Hamiltonians are presented (for a very nice

exposition see Dug.
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a. The electric quadrupolar interaction
This energy contribution arises as a consequentteedhteraction of the quadrupolar
moment of the nucleus with the electric field gesnds created in the vicinity by electrons and

other charges.

G EQ = eQ \/6

2
= 8
41 (21 - 1)n +£(I_)2+V_2 (") (8)

(The Hamiltonian is expressed in the computatignallevant units of rad’s with an additional
factor of 7 required to convert to Sl units.)
The expression for the Hamiltonian involves compds@®f a second-rank tensor in the spin

operators. Th¥,’s are spherical components of tHE ank electric field gradient (EFG) tensor.

As mentioned above, it is the spatial dependendleesie components that results in an
orientation dependence of the interaction Hami#ianiThe convention used here is a
combination of the ones used by Slictifeand Vold and Vold*

An interesting point associated with Expression the fact that an electric interaction
term has been represented in terms of the spiratgrer This brings us back to the definition of
the “nuclear spin” which was described as beingesgntative of the total nuclear angular
momentum. While the electric quadrupole momenefinéd as a™ rank distribution of the
nuclear charge, the matrix elements of these dphsimibutions are proportional to spin
operators of the same rank and tensor componenighrthe Wigner-Eckart theorem (Equation

I1.7). The constant of proportionality is definenltteeQ/[l (2I —1)], whereQis the quadrupole

moment of the nucleus anés the charge of a proton. The quadrupole momemuslly found
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experimentally for different nuclei. This transfesm spatial to spin operators allows the
Hamiltonian to be written as in Equation 8, angassible only because the “spin” eigenstates in
the matrix elements of interest are dependent esplatial distribution of the charge of the
nucleus.

Returning to the EFG tensor, the common practit¢e fsd the coordinate frame in
which the EFG tensor, written in terms of the Csigte coordinates, is diagonal. Thus, in this

principal axis system (PAS) the only non-zero eletsef the 2 rank EFG tensor axg, ,

VvV, anav,,. The spherical tensor components in general aendyy

Vo =6V, V., = -2V, iV, JV,, = (v, -V, )£ 2V, (9a)
and when specialized to the principal axis franey thecome

Vo "o = V6 6V, = \/EquJjAS =0V,;° = (V . _VyT/AS) =1V, =11eq (9b)

XX
PAS PAS
6/XX Vyy )

PAS
7z

The parametergand; = are defined as thieeld gradientandquadrupolar

asymmetry parameterespectively. The PAS frame is always definechghaty/*° is the

largest component of the EFG tensor, and thhas a magnitude < 1. In many cases, to a good

approximation the EFG tensor is sufficiently cléséeing axially symmetric, i.¥,;*° =V "

that the asymmetry can be ignored.

Interaction strengths are usually quantified ghadrupolar coupling constaffQCC)

Iy 2
=X ¢ qQ(in units of Hz). The QCC value for deuterium isially around 170 kHz, the

fo=
® 2nm h

value varying based on the electronic environmiéott.the case of base carbons in RNA bonded

to deuterium, the asymmetry is assumed to be nblglig
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These orientation dependent terms can then beedoitato a new coordinate system using

the tensor transformation rule,

Ve (S) DY ( - )\/ @ (10)

q =—|

b. The magnetic dipolar interaction
This energy contribution arises due to the intéoacdf the nuclear spin magnetic moment with

the magnetic field created by a neighbouring spin.

_2\EY210( 1S, —%(l S+ s)j ¥
o = _&Vl_ysh(g, 20, (i0s,+5°1,)-v,(1°s, + 571, )+ (11)

3

(The Hamiltonian is expressed in the computatignallevant units of rad’s with an additional

factor of 2 required to convert to Sl units.)

Here,y, andygare the gyromagnetic ratios of the species | aresfectively, withg being the
distance between the two spins. The magnetic pduilitgaf free spacey, , is 47x107 N.A™.
They,,’s are the ¥ order spherical harmonics, and the operdtgardS, are the spin operators

for species | and S respectively.

In a similar fashion as the QCC, tiipolar coupling constantDCC) is defined as

f, = 620'3 210 yiysh (in units of Hz). Considering the instance of abnaatic**C bonded to a
mo4mord
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'H, a case frequently encountered in the work pttesemerein, the DCC is 22.7 kHz when the

distance,,, is takento be 1.1 A.

Thel ™ order spherical harmonics are tensors of rank Isanlansform in the now-

familiar manner

Y2 (s)= le Dy (f2 ss )Yq('z) (s) (12)

q'=-

c. Chemical shift interaction

This energy contribution arises due to the intéoacdf the nuclear spin with the magnetic field
generated by electron currents, which have bearceaiby the external magnetic field.

HOS =) T (B, (13a)
(The Hamiltonian is expressed in the computatigrallevant units of rad’s with an additional

factor of # required to convert to Sl units.)

Here, d represents thehemical shift tensan Cartesian coordinates. It quantifies the paoddigt
anisotropic (and therefore, orientation dependemppct that the induced electron currents have
on the nuclear spin. The induced field is giverﬁlﬁﬁo. In the most general frame, this tensor

will have nine independent components. Howevem #ise previous two cases, the tensor will

be locally expressed in the PAS frame where itag@hal. The three independent components in

this frame are usually expressed as combinatiotiseo€artesian compone{ﬁAS,JyF’yAs,JPAs}

zz

as follows:
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3. =%(5;AS +5;,AS +JZPZAS)
A = 5szAS ~ 00 (14)
J)S(AS _gPAs
Nes = XYW
Acs

J,, Is the isotropic chemical shifi_is the chemical shift anisotropy (CSA) apd is the

chemical shift asymmetry.
The chemical shift interaction in Equation 13a barrecast in terms of spherical components as
well. The first step is to notice that since thmteraction includes an explicit dependence on the

external magnetic field, we can describe the dimaadf the magnetic field in the PAS frame by

spherical coordinatdé, ¢):

4 oo [ a2 ) o

The transformation properties of the individuahtsrcan be inferred from Equation 13b.
For reference, the values of the elements of leenccal shift tensor in the PAS frame for
some base carbons in RNA and DNA are given in inal® In the present manuscript, the

base carbon C6 for uridine residues is taken te lavaxially symmetric tensfgr. = 0) and

the anisotropy is taken to be 212 ppm.

2. Experimental observables

In this section, | will cover the theory behinethasic NMR observables relevant to the
discussions in the following chapters. These inelsdlid state and solution relaxation times and

the solid state line shape.
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a. Relaxation times

The general principle is to find an expressiontf@r decay rate (the inverse of the relaxation
time) of the expectation value of a particular filme of the spin operators. Since we have a
system that evolves under the influence of stoah&mices, the natural framework for describing

the time evolution of the spin is in terms of tlensgity matrixo and the Liouville operator

formalism:

90— [0 ot0) s

(As mentioned when describing the Hamiltonians,uthiés ofH in Equation 15 are rad'g

The expectation value of a function of the spinraps is given by

(A[") =TrloA} (16)
Thus, we utilize Equation 15 in solving the timelkenion equation of the expectation value of
the function in Equation 16.

Before proceeding to specific forms of the functi@m Equation 16 and their respective
relaxation rates (or times), let us first consither solution to Equation 15. In any relaxation time
analysis, the Hamiltonian consists of the Zeem#araction and a much smaller lattice-coupling
interaction, such as the electric quadrupolar dogpdr the magnetic dipolar interaction. It is
assumed that the relaxation of the spin systemrs@ter the perturbing pulse is turned off.
Under these circumstances, it is easier to findreupbative solution to the density matrix
equation after the density matrix and Hamiltoniemtaansformed to a frame where the Zeeman
interaction vanishes. This is essentially the notaframe where the frequency of rotation is

matched to the Larmor precession frequency. Itbeashown that an equation analogous to
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Equation 15 holds for the rotated frame (starretthéequation below) density matrix and the

rotated frame Hamiltonian (which now includes othig interaction part):

20 -l 0.6/ 0) @

dt

t
The solution to this equation8(t) = p° (O)—i”ﬁ ()2 (t')]dt', which can be expanded out to
0

2" order in the interaction Hamiltonian as

2" order
s

5l = 50)-if[n )5 Oke-| [[A 0 )5 O ae)

The equation is turned back into a differentialatipn, to yield the % order density matrix
evolution equation

dﬁ* t .5 A% : o ~ ~

0= i, 0.5 0] I 0.5, 0.2 O (19

0

This equation is used in conjunction with Equatl@nto yield expression for the relaxation
times. When the nested commutator on the RHS o&timu 19 is expanded out, terms
containing products of the rotating frame inter@etHamiltonian are obtained. Further, all
Hamiltonian terms are ensemble-averaged over tdohastic degrees of freedom, with the
constraints that the ensemble average of the Hamralt is 0. Thus, the only remaining terms of

importance are the averages over the two-Hamiltopiraducts, which are of the form

((alHm R () ) (20)

ensemble
At this stage, the rotated frame Hamiltonian isvated back to the lab frame (the
original transformation was done for the sake qfipg perturbation theory), and the so-called
secular approximatiots applied. This approximation only accounts fansitions between
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eigenstates of the Zeeman Hamiltonian that areregkactly degenerate or nearly so. This is
usually enforced because the interaction Hamiltorgsalmost always of a substantially smaller
amplitude than the Zeeman splittings and cannaecaignificant transitions between widely
separated levels.

If we consider the situation where the stochasticlulation of the interaction
Hamiltonian in time arises from the diffusive matiof the molecule or one of its parts, we see
that the time dependence of the interaction Hamidio is contained in the orientation dependent
spherical tensor elements discussed previouslys&tensor elements, in turn, are first described
in their respective PAS frames and then rotatealtim lab frame using the Wigner rotation
matrix elements. Therefore, in the end, the infdremeabout molecular motion is contained in

two-time correlation functions over Wigner rotatioratrix elements:

c) = (D% (@, @& (@0 ) (21)

motion

The problem of describing the motion of a speafistem as a function of either a continuous
potential or a discrete-site jump process is foatad in terms of finding an expression for the
correlation function in Equation 21. Finding an eegsion for this correlation function for the
motion of a molecule that is both tumbling in aotispic solution and exchanging between
multiple conformations will be the focus of Chastdt and IV.

Returning to the expression for the relaxatioesatve see that during the course of re-
transforming back to the lab frame, the factorgdize+ acting on the spin eigenstates will end
up producing frequency exponentials of the fefifl, where the.’s are frequencies
characteristic to the particular spin functiaﬁ(E) and interaction Hamiltonians. The effect of

these exponentials when integrated over time ppdaduce Fourier cosine transforms of the
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correlation functions, the so-callsgectral density functionsampled at the characteristic

frequencies:
(@)= Reﬁ O(t)e”“} - Tet)coda) 22)

To proceed further we need to describe specifit gmctions. We will consider only the

four relaxation times used in this analysis.

i. Solid state deuterium T,z

This relaxation time quantifies the decay of thpestation value of the longitudinal (z) s;ﬁ'gl

d(iz) _ (z-T2) 2

dt T,

Experimentally, this time is measured by invertihg Boltzmann-distributed populations and

measuring the rate of re-establishment of equilibriThe expression for the relaxation time is:

% = g(ehﬂj [3(cw, ) + 43 (2, )] (24)

wherew, is the deuterium Larmor frequency.

ii. Solid-state deuterium T

This relaxation time quantifies the decay of thpextation value of the quadrupolar

order3i - [ 2:
~ ~ 2 ~, 2N\
alaiz-1?) <3I§—|2—(3|§—|2j >
== (25)
dt To
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Experimentally, this is measured by inverting oadf-bf the line shape and measuring the rate
of decay of the intensity difference between theited and non-inverted horns of the line

shape. The expression for the relaxation time is:

(elQ]z[J (0 )] (26)

iii. Solution carbon-13 T;;
This represents the same physical quantity asaiice state Tz, but the expression differs on

account of the interaction Hamiltonians being dfe:

-R =8 a@, ) +33(@) +6 3w, + )]+ € @)

wherew,. is the carbon-13 Larmor frequency ands the chemical shift anisotropy (CSA). This

1
T 27)

form holds for the case that only one proton iaclteéd to the carbon atom.

iv. Solution carbon-13 T, (equivalent to Ty, under certain conditions)

This relaxation time quantifies the decay of thpextation value of the transverse

A A

spinl, =1, +il,:

@ﬂa{lﬁ}—@?

(28)
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Experimentally, this is measured by measuring ey rate of the spin echo intensity, using a
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequefit&In practice for the carbons considered
in this analysis, however, the rotating frame zxation time T, was measured inste&t"®

Under the application of a weak spin-lock field ahd assumption of Lorentzian spectral
densities, T, has been shown to have the same spectral demitynation as 7% The
expression for 7is:

1 d2{4J(O)+J(cq4 +a )+ 3)(w.)
T, 8

=R = +§ +
“R=3g +6J () +6J (w, + ) } 6[3‘](%) 43(0)]

(29)

_| KV Ve | @
d= 0''7H/C c= A
| o={ %o
wherew,. is the carbon-13 Larmor frequency ands the chemical shift anisotropy (CSA). This

form holds for the case that only one proton iachtéd to the carbon atom.

V. Nuclear Overhauser Effect (NOE)
This is a form of relaxation experiment conducteder a certain constraint: the relaxation of
one spin | coupled with another spin S through iipooupling is studied, while the S spin is
continuallysaturated i.e. while the populations of the z-projectiorishee S spin are equalized
through the application of an rf pulse. The newildziium value of the | spin magnetization is
different in general to the value that would beaoted if the S spin were not irradiated. The term

NOE is used to refer to ratio:

<Ifss> 1405 Vs (30)
<|§> R.le Vi
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where< fZSS> is the new steady state magnetization value iptesence of the saturating pulse,

<f§> is the steady state value in the absence of spdsags " is the rate of cross-relaxation

between the two spins in the presence of the paleiR), is the “self-relaxation” rate (i.e. the
coefficient of the | magnetization at time t in tiv@e-evolution equation for spin | itself) of spin
l.

Experimentally, the NOE is measured by recording $pectra, one with saturation of the
partner spin and one without, and then taking #tie between the intensities.

The expression for this effect in terms of spedeisities is:

NOE:1+%[’;—ZJ[ & (o +ap)-J -, )| T,

el

(31)

b. Solid state quadrupolar coupling line shape

The solid state line shape is the combined spectitnarmor frequencies across all
orientations of the bond in question. In a solatestsample, the molecules may be oriented in a
limited number of crystallite directions, or theyaynbe randomly oriented. The transition
frequencies in going from =0 ~ M =1(+)andM =-1 -~ M =0(-) observed for a given
sample depend on the distribution of orientatiointhe PAS frame of the EFG tensor relative to

the lab frame, and are given by drder perturbation theory:

W, =t % esz P,(code. ) (32)
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wherew, is the deuterium Larmor frequenclyrepresents the jump-site label for a particular

bond orientation and, is the angle between the z-axis of the PAS fraR)ea(id the z-axis of
the lab frame (L).

The time evolution equation under consideratiarafgingle spin in the sample is that for
the transverse magnetization (Equation 28), butsforplicity we will ignore the effects of
relaxation in the analysis that follows. This isesasonable approximation as the typical Larmor
frequencies are on the time scale of nanosecordke the deuterium Ascale is on the order of
milliseconds. It is possible to include the reléotatterm in a more complete analysis, and in fact
partially relaxed line shapes are studied, but sacldiscussion would distract from the
presentation of the core ideas behind motional fadidm of the line shape. The relevant

equation of motion for the entire sample is therfo

aM., () _ o+ R, (1) (33)

In Equation 33M, is the vector whose components are the magnetizatib each sité&;is the

diagonal matrix with the orientation dependent fiemigies as its elements d&i the jump
matrix that arises due to motional exchange betweeious orientations of a single atomic
bond. This jump matrix intermixes the magnetizagiaat each site, and carries information
regarding the particular motional model for theteys

In some cases it is possible to ignore slower metend apply the simplest theory of line
shape modulation by a single internal motion; hasvein the interest of generality, we present
here a theory for two uncoupled motions. A simpéfion to the case of a single-axis motion
would require only that the number of intermedianes between the PAS and lab frames be

reduced by one, and is not explicitly considereethe
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To describe line shape modulation by two uncouphetions, four frames are required.
The?H solid-state line shape is dominated by the imtésa of the nuclear quadrupole moment
with external electric field gradients (EFGs). TE&G tensor is approximated to have a
negligible aymmetry for hydrogens bonded to allbocars. The principal axis system (PAS) is
defined so that the z axis is parallel to the Cdddaxis. Internal motions, which modulate the
relative orientation of the PAS and the L (lab)nig are mathematically described using an
additional frame of reference for each motion. Tibet intermediate frame which is fixed to the
molecular framework will be designated C. The aaéon of the C frame depends upon the
nature of the motion. Similarly, the second motidetermines the orientation of second

intermediate frame (M) relative to the C fram@&he geometric progression is
PASOf® _CcOfm MO - L.

Internal molecular motions modulate the Euler amgl® .. = (pc,Boc: Vo)

andQ,, = (' »Bew » Vec ), Which quantify the mutual orientation of the PA&d C frame and
C and M frames, respectively. As a result of titerimal motion, these solid angles become time

dependent, €.9Qq.(t)=(apc(t), Boc(t) Voc(t)). In a polycrystalline state, the line shape is

averaged over all orientations of the sample; tthessolid angleQ,,, = (0, HML,¢ML) that relates
the M and L frames is distributed randomly. (Oniotangles are necessary due to the axial
symmetry of the lab frame, and the definitionsamts of Euler angles and spherical coordinate
angles are equivalent for the case of only two remo angles.) With these conventions, the
static °H line shape intensity is a function of the frequemo and the intervals between
quadrupolar echo pulses (period between the two 90° pulses) andperiod between the'?

90° pulse and the signal acquisition) according to:

33



1 2 w )
| (w! T11rz) = y _[d¢MLjdHML SmHMLI (w’ Tl’TZ’gML'¢ML) (34)
0 0

where the orientation-dependent line shape is thei€r transform of the projected time domain

response (scalar projectionl‘at(t)as seen below in Equation 36):
I(a), rl,rz,szL): Ref m{t)e“dt (35)

where above right hand side summation is obtair@d the expression for m(t):
m(t) = 1.e"%e" M, (0) (36)
For a discrete-jump motion between C-D bond origoma, the vectoki, (0) has as its

components the initial magnetizations at each ike matrix operatoA=i&+R (A" is the
complex conjugate) is the time-evolution operatofEiquation 33. The frequencies defined in
Equation 32 are expanded as functions of {He@&ler Wigner rotation matrices for the case of

the three coordinate frame transformations in géiom the PAS to lab frame given earlier:

w. =+ 359 3 ool 2 (o og (o) @7
a,b=-2

The quadrupolar coupling constant QCE&y@/h varies only slightly among aliphatic deuterons

(~170 kHz) and aromatic deuterons (~180 kHz). Time{dependent magnetization in Equation

36 can be calculated by expandfgndA’ in terms of their eigenvalues and eigenvectors (see
for example, Meints et ).
Having set up the theoretical background for NMRestsables, we now move on to the

original research that forms the crux of this manips.
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Chapter Ill
A Soow Exchange Model of Non-rigid Rotational Motion in RNA for combined
Solid-state and Solution NMR studies

Abstract

Functional RNA molecules are conformationally dymarand sample a multitude of
dynamic modes over a wide range of frequenciess,Tawcomprehensive description of RNA
dynamics requires the inclusion of a broad rangaations across multiple dynamic rates which
must be derived from multiple spectroscopies. Hezalescribe a slow conformational exchange
theoretical approach to combining the descriptiblocal motions in RNA that occur in the ns-
us window and are detected by solid-state NMR with-rigid rotational motion of the HIV-1
TAR RNA in solution as observed by solution NMR.igltheoretical model unifies the
experimental results generated by solution andistite NMR and provides a comprehensive
view of the dynamics of HIV-1 TAR RNA, a well-knowparadigm of an RNA where function
requires extensive conformational rearrangementiss methodology provides a quantitative
atomic level view of the amplitudes and rates & lixcal and collective displacements of the
TAR RNA molecule, and provides directly motionargaeters for the conformational capture

hypothesis of this classical RNA-ligand interaction

1. Introduction

The transactivation response element (TAR) RNA friibi human immunodeficiency
virus type-1 (HIV-1) isrequired for HIV replication making it an importasirug target, but it is

also an ideal example of the way in which strudtflexibility facilitates the interaction of RNA
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with ligands®”° Binding of HIV-1 Tat protein to TAR RNA requires large conformation
change of the RNA and a significant decrease irfacorational disorder in both RNA and the
polypeptide®”®72 The structural properties of these conformatiostdtes are partly
known®®73"yet, despite some recent progrésSthe exact atomic level displacements leading
to these changes and many aspects of the changgsamics that accompany them remain to
be studied.

The local dynamics of TAR RNA have been analyzeddiytion NMR relaxation
methods and analyzed extensively, using for thet pes the Model-Free approximatioh®® '
More recently, heterogeneities’#C/*H line widths and relaxation rates in and aroure th
bulged loop of TAR and the measurement of residymdlar couplings (RDCs) have provided
strong evidence for the existence of collectiveions at ngis rates of the distal helices about a
dynamic hinge associated with the bulged loop oRTA"* A meso-scale view of TAR
functional dynamics derived from these studies sagthat TAR samples a manifold of
structures that includes those observed when TARusId to various ligands, implying that
TAR RNA is recognized through the opportunistictca@ of pre-existing and possibly rare
conformations (conformational capture). Howeveril&wRDCs can report on the amplitudes of
motion occurring at any rate fast enough to preayethe*C-*H dipolar coupling constant (<
ms), they do not provide any direct informationrates. Therefore, the time scale of these
internal motions could only be broadly and indilgatferred by a process of elimination when
faster (sub-ns) and slower (ms) motions are notmiesi*>'*°Solution NMR relaxation
methods can probe ms and ns-ps motions, but caimectly detect motions within the ns
time frame. In contrastH solid-state NMR (ssNMR) line shape and relaxasibries provide

direct information on motions occurring at thiseraBy combining solution and solid-state NMR
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studies, it should become possible to study theptete range of motions experienced by this
paradigmatic RNA. However, this requires the depelent of theoretical methods to merge the
results provided by the two techniques into a commterpretative model. Here we achieve this
goal by first extracting detailed information otamal motions from the solid-state data, and
then by incorporating these motions into a modelwarall tumbling obtained from
hydrodynamic considerations.

Local motions alter the global structure of RI€A, so that it is necessary to consider
how the concerted motions of helical domains oglsimucleotides modulate the macroscopic
rotational diffusion of the RNA in solution and thimpact NMR relaxation rates.. However, the
correct treatment of non-rigid tumbling of RNA psseserious challenge because: 1) the
correlation times of their motion may approach thosthe overall tumbling?**and 2) these
motions may deform the tumbling molecule and affeschydrodynamicé’ To solve the
problem of motional coupling, several creative agphes have been taken, among them mode
coupling analyses and domain elongatiot:"®In this paper we consider the situation,
motivated by ssSNMR model8where the rate of hydrodynamically-significant dommotions
is substantially slower than the tumbling corr@attime. Thisslow-exchangérmalism
considers weighted populations of conformers withteary diffusion tensors, each of which
contributes independently to the relaxation rafester local motions that are reasonably
assumed to have little effect on the tumbling ratesintegrated into the separate conformer
populations.

Using this slow-exchange model, we study dynanti¢$-a8, a helical base site in HIV-1
TAR RNA at which the assumption of motional decaugls valid (Figure 1). Rates and

amplitude of motions of the upper helix were ob¢dinisingH ssSNMR applied to a TAR
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sample where uridine-5%4, was incorporated at U38/°While comparisons to solution data
in this manuscript are limited to solution relawattimes for the U383C6 site, the method is
applicable to any site and residue.

We focus this manuscript on the concerted dynaofitise TAR RNA construct shown
in Figure 1A. In section 2 we introduce a slow extuye theory of concerted dynamics. In
section 3A, constraints on the internal motion AR RNA obtained from solid-state NMR are
explicitly stated and subsequently incorporated the slow exchange correlation functions. A
brief summary is also provided in section 3B of tirethod for calculating rotational diffusion
tensors as implemented by HYDRONMR. In sectiorhd,theory of slow conformational
exchange of section 2 is used to simulate thelaftine and transverse relaxation rates fbica
spin in the upper helix of TAR. In section 5, tradidity of the assumptions made in constructing
a slow conformational exchange correlation funcfmmT AR RNA rotational diffusion is

discussed.
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Figure 111.1. A) Sequence and secondary structure of the HNAR RNA construct used in this study,
which includes a stable tetraloop for conveniemséeiad of the native TAR loop. The U38 residue cihi
was deuterium labeled at the H5 and H6 sites flill-state NMR and which is the subject of the prése
theoretical study, is highlighted in red. B) Lowesergy free TAR structure 1ANR. Hydrogen atoms
have been removed from the figure for clarity. Pnimcipal Axis System of the rotational diffusion
tensor (PASd) is superimposed upon the molecule.

2. Theory

a. NMR Relaxation in the Presence of Slow Conformatiod&xchange

Structural changes that alter significantly thepghaf the TAR RNA molecule can
perturb the global rotational motions of TAR inwmbn. Here we consider the problem of how
slow conformational exchange perturbs the overalkecular tumbling motion and thus affects

the relaxation of nuclear spins in the TAR RNA.
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In deriving the model, we assume the existenceRINA molecule of several types of
motion occurring at different time scales. Thesz#ude: 1) localized motions of individual
structural units (nucleotide bases, furanose ramgssmall segments of the phosphodiester
backbone); 2) long range conformational changesluivg helical domains, the bulged loop,
etc.; and 3) overall rotational motions of the TRRIA molecule in solution. Prior studies of
DNA oligonucleotides indicate that localized mosasf small structural units in nucleic acids
occur on the ns-ps timescale and are independevenéll rotational motion%:*°which for a
small RNA like TAR occurs on a time scale of 5-H0 Im the theory that follows we therefore
assume the localized base librations have no edfeciverall molecular rotational diffusion.
However, larger conformational rearrangements ssdfe reorientation of the helical domains
of TAR will change the molecular shape, thereby ulatihg the molecular rotational diffusion
tensor? Zhang and Al-Hashimi have similarly considereel thodulation of the magnetic
susceptibility tensors due to domain motfon.

The general problem of the coupling of molecularfoomational changes to overall
molecular tumbling has been treated recently irctihreext of the model-free analysis by Wong
et al® for changes in the dimensions of idealized mokecsihapes including the radii of spheres
and the aspect ratio of cylinders. As in the thexdrWong et al®* we simplify the problem by
treating the conformational motions in RNA as exg®between discrete structural forms, and
we then solve the molecular diffusion problem ia gnesence of exchange between discrete
conformers with distinct diffusion tensors.

Below we present the standard theory of correldtimctions for single conformer

diffusion (Equations 1 — 6), the diffusion equatfon multiple conformers (Equation 7), as well

as our own contribution in the form of the slow leasge formalism (Equations 8 and 9).
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The free-diffusion equation can be written in tewhshe diffusion tensor elements and

the angular momentum operat8ts:

%p(ﬁ,t)z—.il;Dij L, P(f),t)_ (1)
i,j=1

In equation 1,I:i is the angular momentum operator about‘ﬂm)ds,Dij is the ij component of
the rotational diffusion tensor, arﬁ(ﬁ,t) is the probability that the molecular axis systeith

have rotated through an Euler angle vectoRoét a time t relative to its initial orientation tine
laboratory frame at time t = 0. Following Fafahe right hand side (RHS) of equation 1 can be

expanded in the principal axis frame of the diffusiensor (PASd) as follows:

EEN A 2 ~ ~ A
_ZgDij L, :D+L2+(DZ—D+)L§+D‘(L§—L§) )

i,j=1

+ Dy) , and , Dy and O are the eigenvalues of the diffusion tensor. is th

X

whereD* = %(D
formalism, the problem is thus reduced to finding e€igenvalues and eigenfunctions of the
operator shown on the RHS of Equation 2. Howeﬂ/zedoes not commute with the RHS

operator, and a complete set of eigenfunctionsatdms found for this operator as long asD

Dy. It is nonetheless possible to find eigenfunctiohthe RHS operator in equation 2 for the

first few eigenvalues ofi2 in an iterative manner. Utilizing the orthogonalitf the first few
resulting eigenfunctions, and the fact that thearearientation of the C-H bond can be
expressed as an expansion in these eigenfunctiaangpossible to calculate exactly two-time
correlation functions of the C-H bond orientatioektive to the laboratory frame, which has the

form:
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ST 2 -t
C(t)=(R(A.HO)) =22 ae™. 3)
=1
In equation 3,I32(x) is the second order Legendre polynomidk) is the C-H bond orientation
at time t,A(0)is the C-H bond orientation at t=0, and the amgéti a (AO ,BO) are functions of

the C-H bond orientation vector in the PASd fradesignatedA® = (A, A, A) and
B®= (B, B, B)), where the superscript 0 indicates that the vemientation is referenced to the

PASd frame. In the absence of internal motiéh= B°. Equation 3 is equivalent to equation

6.29 in Favr8® and equation 35 in WoesrférThe five amplitudes are defined as:
_3 A = A ca .. 3
a = Z(F +G)’a2_ 3AzAsBzBs7 az= 3A 3AlBaB1 a4_3A 10‘23182 a5‘Z( F- (3

(4)

whereE = ZAZB|2 _%’ Gzi D+ z D;{AZB|2+ A]_23<2+ A(ZBjZ} , and

i) 2
A= (Df+ DX+DZ?Dp,DD.DD l)%. The correlation times are functions of the
diffusion tensor eigenvalues alone and are given by
7,'=6D-2A,7,'=3(D+D ), 7;'=3(D#D),7,'= 3D ;+D),r'= 6D A,
®)

whereD = %(Dl+ D,+D,), andAis the same as above. The diffusion tensor eigapsaire
designated such thagED,>D;.

The occurrence of five correlation times in thespressions can be understood in terms
of the number of parameters needed to describiusion tensor with three different

eigenvalues. Given the symmetry of the solventgiffasion tensor in an arbitrary frame is

42



symmetric; thus, five unique parameters plus thegtiare required to describe the tensor
completely. The trace quantifies the overall scélde diffusion tensor eigenvalues, and occurs

in the exponential terne " = g™ P

that multiplies the entire correlation function.ig keaves
five unique times and a scale-setting trace terthencorrelation function.

We can incorporate discrete site jump models foallonotions of the C-H bond vector
into the rigid tumbling correlation function (eqigat 3) by averaging the amplitudes'¢) over

the local motion. The resulting expression fordleeaeral case of §\. local discrete-site jumps is

then:

(CO) = 23 (8 [ O.F0), e

internal

(6)
a (A ct, 1).A° 0.k JP(A°t, 1) | A° (0.k) )P, (A° (0.K))

Additional angular brackets show explicitly the eaging of the correlation function C(t) over
the internal degrees of freedom. In the seconddiriequation 6, the sites at time t are labeled by

the index and the sites at time t=0 are labeledbis seen here more explicitly, theare
functions of Ao(t) , the orientation of the C-H bond in the diffustemsor frame at time t,
A°(0), the orientation of the bond at time t = 0, andhef diffusion tensor eigenvalues. The
probability that a C-H bond lies at the orientatsite] given that it was in sitk at t=0 is given
by the transition probabili P(Ao(t, ) |A° (O,k)), while thea priori probability is given
by P,(A° (0,K)).

Equation 6 implicitly assumes that small amplitlmzal motions of the bases in RNA do

not result in significant changes in the rotatioti#fiusion tensor, and are thus independent of the

overall molecular tumbling. This assumption is supgd by the experimental data for U38,
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U25, and U23 in TAR RNA® However, reorientational motions of the helicaimdons of TAR
RNA observed in RDC studies and in solid-state N$filRlies of U38 are expected to modify the
shape of the molecule in such a way as to pertsitiydrodynamic properties, effectively
making the rotational diffusion tensor time-dependé&reating these additional motions as

exchanges of the TAR RNA molecule between N discsauctures, the diffusion equation

become¥
- 3. . . ~
%Pa(cz,t)?ZhD.f'ﬁF;(Q,t)JfZNl Ry B(Q. ™

i,j=1 B=1
where the second term describes conformationasitrans from conformeg to conformer

with rate Rg. The assumption in this equation is that the iiaial conformers tumble rigidly,
punctuated by instantaneous shifts to rigidly-tungptonformers with different diffusion

tensors, so that relaxation times are obtained@sges over these multiple conformations.
Wong et af? solved equation 7 for exchange between idealizedtsres like spheres and
cylinders, but equation 7 can also be treatedsimaaghtforward manner for completely
anisotropic diffusion tensors, provided a significeate separation exists between the molecular
tumbling and the motions responsible for confororal exchange. For example, if
conformational exchange can be described as & Zsthange with rates that are very slow
compared to the rate of overall tumbling, then tmgependent populations of conformers exist,
each representing one of the sites in the tworsitgon. The contributions to the solution
relaxation parameters from each of these conforoarde calculated by weighting the

correlation functions by the population fractiortieé {" conformational state (v

N 5 Nsites N sitesa|i ( Ao(t: J) ' AO(Ol k)) X

(CONpar =2 2 WD D D

= H FEP(ARMDIAOK) R(AWO.K) ®
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where the additional indices & andz, reflect the fact that diffusion tensor elemenféedi

between distinct structural conformers. Fouriengfarmation of equation 8 results in the slow
exchange expressions for solution longitudinalx&di@n rate 1/T, transverse relaxation rate

1/T, and nuclear Overhauser relaxation, averaged beatistribution of N slow exchange

conformers:

(NOE) :1+<[>{i WW} ©

where the angular brackets in equation 9 indica¢eaaying over structural conformers. In
equation 9, the following well known expressions asedn the calculation of the relaxation

times and NOEs for individual rigidly-tumbling cammers®®

=R = e ~a) +33(a) +6(a, +ar)]+ € da)

(10)
1 d? 4J(0)+J(a44+wc)+33(wc)}c2
~ =R =— —[33(w.)+43(0
T, k 8{+6J(%)+6J(cq4+a)c) 6[ () +43(0)] 1)
NOE:1+d_2[ﬁ)[6](% +a)c)—J¢u -w )]T
4 y C H 1
¢ (12)
d:|:/u0hyHij|’C:(&j(A)
82, J3 (13)

In equations 10-13, the spectral density is théineoBourier transform of C(t\J (w) = J'C(t)cosa):dt,

0

on andoc are the Larmor frequencies ¥ and™*C respectively, glis the permeability of a vacuumy
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andyc are the magnetogyric ratios tf and*C, h is Planck’s constant (= 6.626 t@d.sec), & is the
length of the C-H bond, antlis the chemical shift anisotropy (CSA). The effetCSA tensor
asymmetry has been neglected in these expres3iba®rrors associated with this assumption are
discussed in section 4. For tH€6-H6 bond length we used a value of 1.1 A; the @SXC6 is set at
A =212 ppm. The choice of CSA was based on the ragof the CSA tensor calculated by Ying et
al for a Uracil-C6 atomi’ While the value used here is the mean value givémat reference (CSA =
212 £ 4 ppm), Ying et al. suggest using the lowet ef the error range, i.e., 208 ppm. The diffeeeimc
the results caused by assuming this lower valulebeitliscussed in section 4.

The choice ofgy is of greater significance due to thedependence of the expressions for the
relaxation times. Ying et &f.suggest a value of 1.104 A ferbased on computational and RDC
analysis. A neutron diffraction study of 1-Methyithine by Frey et d’ yielded a value for the C6-H6
bond length of 1.096 A. The average of these twoesagives our chosen value of 1.1 A. Howeves it i
important to note the different values used by oghehors: Duchardt and Schwdibased a value of
1.08 A (not averaged over zero-point motion) irirthealysis, while a survey of aromatic carbon-to-
hydrogen bond lengths derived from neutron difiaacexperiments gave a mean value of 1.083 A.
We briefly consider the effect of making a differehoice of gy in section 4. The selection of the value
of 1.1 A over a lower value can be justified by thet that the value of 1.083 A in Reference 33 was
derived as an average over several aromatic congigaumd did not specifically address nucleic acid
bases, while both Ying et #l.and Frey et dl’ target nucleic acids, with more specific datalomtine
(similar to uracil) in the case of Frey et al. Mover, the value used by Duchardt and Schvfiiisenot
averaged over the vibrational motion of the bonch@ce made to ensure that their order parameters

did not exceed unity.
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3. Methods

a. Rates, Amplitudes and Coordinate Frames for Intanal Motions in TAR RNA

To extract*C relaxation rates measured in solution from tbe/sixchange equation 9,
the identities and weightings of the structuralfoomers of TAR involved in the exchange
process(es) are required. In accordance with théoomational capture hypothesis, exchange
occurs between the unbound TAR and a state tisatisturally similar to the form of TAR in
complexes with Tat-like peptides. We assume thatafrihe conformers involved in the slow
exchange can be modeled as the lowest energy udldAiR RNA structure reported by Aboul-
ela et al® hereafter referred to as 1ANR-1 (Figure 1B). Omlihsis of model free solution
relaxation and RDC studié$ *the other exchange conformers are hypothesizdiffés from
1ANR-1 in the mutual orientation of the upper anér helices. Therefore, starting with the
1ANR-1 structure, other conformational forms of TRRIA were generated by twisting and

bending the distal helices about the bulged loop.
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(A)

(B) w

Figure 111.2. A) Base-libration of U38 (light blue) relative its pair-based nucleotide A27; the C5 (red)
and C6 (dark blue) atoms are shown. The total anggiof the best-fit base-libration model was fotmd
be +4, corresponding to an 8° total angular excursigrCBnformational exchange carries U38 (blue)
within the entire upper helix between two distinohformational states. Shown here is the transftioma
from the C frame to the M frame. The z axis of thrame is indicated by the dotted line, and it is
approximately perpendicular to the plane of the b88e in 1ANR. The localized libration of the U38
base shown in Figure 2A is generated by Grathtion about thegzzaxis. A bend of the entire upper helix
is rendered by a rotation abouyt &nd a twist and is affected by a rotation abgutBoth rotations are
indicated in this figure.

Further information on the rate of conformationatigange is provided by a recent solid-
state deuterium NMR (ssNMR) study of selectivelytdeated TAR, that monitored the solid-
state exchange dynamics of uridine-&5-incorporated at position U38 in the upper helix
(Figure 1A) and at positions U25 and U23 in bulgep, respectively> Of the three sites for
which data were collected, only the dynamics of #38menable to a slow exchange theoretical
analysis. The repositioning of U23 and U25 obsetedolid-state NMR are almost coincident
with the time scale of overall molecular rotationi®jating the separation of motional time
scales used to derive equations 8 and 9.

The localized dynamics of U38 in the upper helia &itydration of 16 waters per
nucleotide include small-amplitude local motiond%of the base at a rate of 2.2%%0,

superimposed upon a combination of Misting and 8 bending of the entire nucleotide
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occurring at a much lower rate of 1.4%K3 (Figure 2). Because of its slow rate and the
motional restrictions imposed upon U38 by its posiwithin the upper helix, the combined
twisting and bending motion is interpreted as d&ctive movement of the entire upper helix and
likely corresponds to the domain motions observeDC studied?? Since solid-state
relaxation rates and tfiel NMR line shape for U38 do not change markedlyyatration levels

of at least 30 waters per nucleotfdeye assume that the rate of upper helix reorientati

remains longer than the time scale of overall rota motion in solution as well. Thus, the rates
of collective dynamics of U38 and of the upperkeli TAR are separated in time scale from the
rate of overall molecular rotation and are therefamenable to analysis using equations 8 and 9.
An order of magnitude estimate substantiating taencof rate separation is provided in the
following section (section 3B). Previously, Zhaid;Hashimi and co-workers have artificially
produced such a separation in conformational affidsibn time-scales by elongating alternately
the two TAR-RNA helice$?** "’

To implement equation 8, relative orientationshaf principal axis frame of the C616
dipolar tensor, the dynamic axis system C for |dibahtion of the U38 base, and the axis frame
M for the collective motion of the upper helix, waall inferred from théH ssNMR line shape
and relaxation studi€8.The principal axis systems for the &é-dipolar and théH6 EFG
tensor are axially symmetric about the 8 bond axis. The dynamic axis system C used to
produce the small amplitude fast libration showirigure 2A has itsgaxis normal to the plane
of the base, while thepaxis bisects the two C846 bond orientations and the gixis completes

a right-handed coordinate system. The local maticthe U38 base is then treated as a two site

exchange about the axis, making the solid angl@,. (t) = (0, B.c.¥ec(t)) time dependent.

Based on the analysis of the solid-state datadifference betweery,. in each of the two
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exchanging sites is 8 degrees and the rate of agehia 2.2x19s* andppc is set to 90° in the
above coordinate frame definitidn.

For the collective motions of the upper helix, hérame coincides with the crystal
frame of one of the sites. To bring the crystaftfesof the second site into coincidence with the
M frame, two transformations are required. A behthe entire upper helix is rendered by a
rotation about y and a twist is effected by a rotation about thexis that results from the bend
transformation, which together carry the uppendigtio its orientation within the second
conformer. The direction ofyydetermines the sense of the upper helix rotaBtative to the

bulged loop. Both rotations are depicted in Figzige

b. Rotational Diffusion Tensors
To complete the definition of dynamic axes relevarthe TAR RNA relaxation

problem, we need to establish the orientation efatincipal axis frame of the rotational
diffusion tensor (PASd) relative to the M, C, ang-g6 bond axis frames. This in turn requires a
determination of the eigenvalues and eigenvectorthe diffusion tensors of each of the two
slowly exchanging conformers, which are characteriay different orientations of the upper
helix relative to the lower helix. Equations 149-@drovide an overview of the standard method
of calculating the diffusion tensors using a beaalysis. The well-known methodology is
included in this paper to provide the reader witllear picture of where the atomic element
radius (AER) occurs in the calculation. The AERIé&sined below and is considered at some
length in the interpretation of subsequent results.

Eigenvalues and eigenvectors for the rotatioiflsion tensors of TAR are derived

formally from a generalized Einstein relatidn
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Dy DJ = E; N
D= =k, T| % _ (14)

tr " —r

where DO and ) are 3x3 rotational and translational diffusionsirs, respectively. The off
diagonal terms Pexpress the influence on diffusion of translatiegational coupling.
Similarly,=, and=,, are the 3x3 translational and rotational frictiensors, respectively, and

s

the matrix=, represents the friction due to translational-rot&tl coupling. The rotational
friction tensor is derived from the relation:

= :zui [C; W, (15)

i

where U is a matrix with elements composed of ngardigenic atomic coordinates:

0 -z y
U=z 0 -x (16)
-y, % 0

and C=B'is a 3N x 3N supermatrix (for a molecule compasiel discrete elements)

composed of 3 x 3 blocks derived as follows

B - T; fori#]j 17)
" (rg) ! fori =

whereg;, = 677),0; is the Stokes law frictiom is the solvent viscosity and; TS the ij element of

the hydrodynamic interaction tensor between twalbes’™

T, = BmoR, )“{I + R'F? + 9 ;ZUJ {%—%D (18)

Equation 18 expresses the fact that elementslijeo©seen tensor are obtained by assuming

non-hydrogenic atoms i and j can be treated agisghbeads with radiv; andag;, the centers of
which are separated by a displacement veﬁoand a distanci, . | represents the 3 x 3
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identity matrix. The atomic radii must however aaat for covalently attached protons and

hydration. For i = B, = (1/ e )I . For the case in which the spheres are overlapping

(R; <g, +0,), equation 18 becomes

_ (1. 9R ) ,3RR
T —(67'”70R1) {(1 3 le +32 oR, J (19)

where the simplificatio; = o, = ¢ has been made.

Several numerical algorithms based on modified ©seesors and bead models have
been developed to obtain eigenvalues and eigemedctodiffusion tensord>** Here we use the
public domain version of HYDRONME&. An important simplification in calculating the
diffusion tensors with HYDRONMR is the assumptibatta single value far, also called the
Atomic Element Radius (AER), can be applied tahalh-hydrogenic atoms in the molecule, as
in equation 19. Although this is a significant slifigation, it is questionable to use multiple
independent atomic radii given a lack of detailgdimation on hydration in RNA on an atom-
by-atom basis. The choices of AER used in thisysaud evaluated and described in Section 4
below.

As will be shown below in Figures 4A and 4B, th&atmnal diffusion eigenvalues for TAR

RNA are on the order of 3x1@ad’ s*. An order of magnitude estimate for the tumbliagercan
be obtained by assuming spherical symmetry: ré&By— 10 s*, where R is the diffusion
coefficient for a sphere. This is almost three msa# magnitude higher than the exchange rate,
justifying the use of a slow exchange methodolagynfiotion of the U38 residue. Moreover, the
effects of time-scale overlap start to become §igit for a CE rate greater than about 1%10

sec', as established using a more general theory thet dot require separation of time scales.
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4. Results

Calculation of Relaxation Times of TAR RNA from the Slow Conformational Exchange
Model

To apply the slow conformational exchange relaxatimdel to the calculation of
relaxation times we assume th¥E6 relaxation is dominated by the fluctuationstsfdipolar
coupling to H6 and of its own CSA. For tH€6-H6 bond length we used a value of 1.1 A; the
CSA of°C6 is set af\ = 212 ppm. The asymmetry of the CSA as well asitrecolinearity of
the principal CSA axis and the dipole interactiaisavere neglected in the relaxation equations.
An estimate for the percentage error introducethbge approximations for pyrimidine C6
atoms is about 6-7%, for a CSA of 212 pPiithe error bars shown in all figures do not include
this systematic error.

The values of the CSA angychosen for this study were chosen from references
discussed in section 2. To consider the effechahging these parameters, we lowered the CSA
down to 208 ppm, as recommended by Ying &t @he resulting Ttimes increased by ~5 ms
and the F times increased by ~0.4 ms. The magnitudes oétbleanges were considered to be
sufficiently close to the error bars to be negligib

An independent variation o down to 1.096 A" or up to 1.104 & resulted in a
decrease or increase, respectively for the twogdmgrof T by ~5 ms and Fby ~0.4 ms, again
within experimental error. Loweringy to 1.08 A% on the other hand, causedt® decrease by
~25 ms, and 7by ~1.7 ms. These variations are significant ehdoglter the best-fit
parameters considered below. However, for reas@mgiomed in section 2 above, we chose a

higher value of 1.1 A for all of the following aryais.
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Figure 111.3. Representation of the family of TAR structuregatifig in the rotation of the upper helix of
TAR RNA relative to the lower helix starting frod\lR-1 and systematically increasing the bend angle.
The conformational exchange (CE) angle was vanielddP increments from 0° to 50°. Both sets of
structures are oriented in the figures such thaattis of helix reorientation is approximately ofithe

plane of the page. A) The “90 degree series”; anth& “30 degree series”; conformational exchamge i
the two sets of structures is represented as tamt@bout axes that are 60° apart in a plane péeipelar

to the lower helix (The coloring of the U38 residsearied from light blue to black for clarity going

from a CE angle of 0° to 50°. The bulge residueshighlighted in green in both panels.)

As discussed in section 3, one of the slowly exghranconformers is very reasonably
assumed to be represented by 1ANR-1, the lowesgeMNMR structure reported for unbound
TAR. To obtain the structure of the second TAR comier, we systematically probed the
conformational space sampled by the upper heliggbthe possibility that, in solution, the
angular displacement of the upper helix may diffem the bend angle of ~10bserved by
ssNMR (the twist angle was assumed to have a nielgligffect on the hydrodynamic properties,
when considering an idealized upper helix with radindrical symmetry). Specifically, the
upper helix was reoriented relative to a fixed lowelix, starting with 1IANR-1 and
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systematically increasing the inter-helical angld©° increments up to 50°, which is the
difference between the interhelical angles of fé&® and TAR bound to Tat (Figure 3). The
change in the inter-helical bend angle relativéAdIR-1 is referred to here as the conformation
exchange (CE) rotation angle. For each structucmlehassociated with a specific CE rotation
angle, we evaluated the diffusion tensor using HONRIR and incorporated the localized
base-libration motion (amplitude of $4ate of 2.2x19s™) into the relaxation time calculations
according to equation 8. The relaxation times farhestructure associated with a CE rotation
angle were subsequently averaged with those of -ANRiIng the slow exchange formalism of
equation 9, assuming an equal population of cordosiras observed in solid-state NMR
studies’”

Several sets of rotated structures were generatbdive y, reorientation axis chosen
perpendicular to the lower helix. To study how aiiag the direction of helical bending would
change hydrodynamics and relaxation, the orientaifdhe y; axis (within the plane
perpendicular to the lower helix) was varied thio3@° increments. The arbitrarily chosen
starting orientation was designated as the “O degeeies,” with subsequent increments labeled
similarly as the “30 degree series,” “60 degregeséretc. A superposition of atomic-detail TAR
RNA structures of 1ANR-1 with CE rotation anglestab(®, are shown for the “90 degree
series” and “30 degree series” in Figures 3A andrdBpectively. The following discussion will
focus mainly on these two sets of structures ferstike of brevity (except for an inclusion of the
“150 degree series” in Figures 7A and 7B). In pcagtthese structures were generated by
shearing one of the bonds, and rotating the upgler &bout the designateg, yaxis, keeping the
lower helix and trinucleotide bulge positions fixdids important to note that the procedure of

artificially modifying the 1ANR-1 TAR structure hytating the upper helix was done only to
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approximate the hydrodynamic effect of rotating bebx relative to the other. We justify this
approximation by observing that the hydrodynamiadseused in the diffusion tensor

calculations overlapped sufficiently to wash outadls of atomic-level bonding. Moreover, the
U38 residue is rotated along with the upper hetiet B thus not affected by the shearing and
reattachment of the bonds. We have attempted tiol ateric clashes as much as possible, but for
higher CE angles of 50° and above there are minimsédnces of overlapping bonds and atoms
(results for CE angles > 50°, while available weogincluded in the following analysis for this
reason). These overlaps were not deemed to bdisagitienough to affect the sets of results

shown in this manuscript.
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Figure 111.4. Eigenvalues of the rotational diffusion tensor #melangled between thé*C6-H6 bond

axis of U38 and the largest eigenvalue axis ofottirgcipal axis frame of the diffusion tensor (PASd)
plotted as a function of rotation angle for the wets of structures generated by bending the TAR
structures through two independent directions. ddieulations use an AER of 2.3 A. A) corresponds to
the structures of Figure 3A, while B) corresporalthe structures of Figure 3B.

Figures 4A and 4B display the eigenvalues of tfiflesion tensor as functions of the CE
rotation angle for the two choices of helical berydaxes of Figures 3A and 3B, respectively.

Also shown is the orientation of th%6-"H6 bond vector relative to the principal axis fraoie
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the diffusion tensor (PASd), expressed as the ghiktween the C6-H6 bond and the axis of
PASd associated with the largest eigenvalgelbe magnitudes of the diffusion eigenvalues are
high enough to amply support the case for usingwa exchange theory (see estimate of
tumbling rate in section 3B).

The model parameters that were adjusted indepdyagrihe experimental results
include primarily the bead radius or atomic elenradius (AER) and the sense of the direction
of the upper helix rotation relative to the lowetik of TAR. Based on the solution conditiofts,
the solvent viscosity in HYDRONMR was chosen tatmeeviscosity of 99.9% D at 25° Cpp
= 0.01096 Poise¥.Simulated T and T relaxation times were compared to solution NMR
experimental relaxation times reported for @6 spin of U38 as: {I= 354 + 3.2 ms, = 24.6

+ 0.5 ms, and a heteronuclear NOE of 1.13 + 6'01.
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Figure 111.5. A) T, and B) T, values derived using equation 25 for the “90 degexies” (Figure 3A) as a
function of AER and CE rotation angle. The solidpte line and dashed blue lines represent the
experimental values and error bars respectively)af; = 354 £ 3.2 ms, and B),F 24.6 £ 0.5 ms. The
shaded regions in both panels represent errornegib+5%.
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a. AER dependence

Previous studies into the hydration radii of atomsucleic acids have yielded a range of
results. In a study of several short oligonuclezgtidsing HYDROPRO, a bead-modeling
hydrodynamics program, Fernandes ef ahowed that fits to hydrodynamic properties resgir
different AER values for different molecules ranginom 1.6 to 3.8 A. The authors assumed an
average van der Waals radius of 1.7 A for non-hgeinic atoms. Aragon et #found good
agreement with optical Kerr effect rotational ctation times of tRNA"™ using solvent-
accessible surface-based hydrodynamic simulatidthstiae BEST® program, that included
uniform hydration 1.1 A in thickness. When addethi® van der Waals radius of about 1.7 A
above, this yields an atomic radius of 2.8 A.

In view of this diversity of values for nucleic dsj we chose to vary the AER in order to
get the best-fit to the solution data and the tesyrange of values is from 2.1 to 2.4 A (which
lies within the range quoted by Fernandes &}aln Figures 5A and 5B, values of @nd T are
shown for three AER values of 2.1, 2.3 and 2.4 Atffie “90 degree series” (Figure 3A; AER =
2.2 A was left out for clarity). In Figures 5A aB& the experimentaliTand T values for*C6
of 354 ms and 24.6 ms, respectively, are indichtethe solid, purple line, with dotted lines
indicating the experimentally-determined unceriastBased on these calculations we see T
values increase ang Values decrease with increasing AER due to a sporading increase in
the tumbling times. However, for a given AER thirao discernible trend for this series as a
function of CE angle, and relaxation times forGH angles 50° fit the experimental data. A
visual inspection of the structures as well asttbed in diffusion tensor eigenvalues in Figure
4A show that the rotational diffusion tensors remfairly cylindrical throughout the

reorientation process, and fangle does not change significantly. Thus, notarakanges in
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the rotational diffusion of the C-H bond are todx@ected and the relaxation times do not vary.
In the physical sample, however, as the upper lhelgins to line up with the lower helix, the
bulge would have to reconfigure itself and woul@dgibly lead to a discernible asymmetry in the

diffusion tensor.
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Figure 111.6. A) T, and B) T, values derived using equation 25 for the “30 degexies” (Figure 3B) as a
function of AER and CE rotation angle. The solidpte line and dashed blue lines represent the
experimental values and error bars respectively)af, = 354 £ 3.2 ms, and B),F 24.6 £ 0.5 ms. The
shaded regions in both panels represent errornegib+5%.

We repeated the same calculations for the “30 @eggdes” (Figure 3B). The results for
T1 and T, are shown in Figures 6A and 6B, respectively. ft@xation times for this series
show more variation as a function of CE angle. Tiniseased variation is due not only to
changes in the principal elements of the rotatiaifdlision tensor, but also because of changes
in the anglé3 which orients the C6-H6 bond relative to the PAi%Bdhe. Best fits to experimental
T and T, values occur for AER=2.3 A and for smaller bendlas of < 20° - 30°.

There is a correlation between the AER and the i@ffeavhere an increase in the AER
allows higher bend angles to be fit. For exampigddition to the fit parameters above, an AER

of 2.4 A together with CE angles between 30° arfdfid@he experimental data fairly well.
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Continuously increasing the AER from 2.3 A to 2.4dd more will result in increasingly larger
CE angles fitting the experimental data. It is gassto explain the correlation between the AER
and CE angles in terms of the effect of increa#ii®gAER upon the hydrodynamic models: if a
model is composed of larger spheres, the anis@sauie partially “washed out.” Therefore, by
scaling up the AER, increasingly bent moleculetyatge CE angles can start to approximate
the experimental data better (while at the same tower CE angle structures will
hydrodynamically approach the ideal spherical cdasgjeneral, however, we believe that the
results for smaller CE angles are more reliabletdube fact that the bulge configuration, frozen
in the 1ANR-1 state, would be less representatiteephysical structure of the bulge as the
upper helix deviated further and further from t#eNR-1 orientation.

Due to the correlation between the AER and the @ftea to isolate best-fit CE angles an
independent assessment of the AER is needed. ahiseachieved by considering more
explicit hydration models for nucleotides, attemgtsvhich have been described at the
beginning of this sub-section. An establishmerthefAER would then allow the selection of
best-fit CE angles. Conversely, if we consider@ieangles to be constrained by ssSNMR
models, it is possible to establish the AER assediwith a given molecule: the sSNMR best-fit
value for the upper helix bend of 9° supports arRAE 2.3 A. Again, if we allow the angle to

vary under solution conditions, it is possible xtract slightly different AERs.
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Figure I11.7. A) T, and B) T relaxation times calculated for /€6 spin of U38 with an AER of 2.3 A
for the TAR RNA structures designated as the “9fréle series” (Figure 3A; black), the “30 degree
series” (Figure 3B; red), and for the “150 degrexées” (green; the “150 degree series” has been
extended to a CE angle of 90 degrees as therensesteric clashes even for high CE angles). Thid sol
purple line and dashed blue lines represent thererpntal values and error bars respectively of A}
354 £ 3.2 ms, and B),F 24.6 £ 0.5 ms. The shaded regions in both paeplesent error regions of
1+5%.

b. Dependence on direction of helical bending

Figure 7A shows calculated Values as a function of CE rotation angle fordeeof
structures of Figures 3A and 3B, as well as thé@“dégree series” with an AER of 2.3 A. The
results for the “150 degree series” were extended@E angle of 90 degrees as there were no
steric clashes in this series, even at high CEesngflor the structures of Figure 3A, the
calculated T relaxation time is almost invariant as a functidiCE angle and lies partly within
experimental uncertainty. For the set of structwfdsigure 3B, only CE angles < 30° produce
simulated T values that are within experimental error of treasured value. The data for the
“150 degree series” shows some variation in thgeaf CE angles between 30° and 50°
degrees, and then shows a clear deviation awaytfieraxperimental data for angles > 50°. This
series is similar to the structures in Figure 3#e(t90 degree series”) in that the upper helix
“straightens out” relative to the lower helix (rsftown) and is thus a good representation of the

solid-state models which predict such a helicdigaament in the transition from free to bound
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TAR. The “150 degree series” does however diffenfithe series in Figure 3A in the position of
the bulge relative to the upper helix during therientation. From Figure 7A one can therefore
conclude that the CE angles that match the dataearsitive to the direction of reorientation of
the helix, as evidenced by the graphs for botlsthectures in Figure 3B and the “150 degree
series.” Similar considerations apply to the restdt the T calculation shown in Figure 7B.

If we were to select a range of CE angles basessNIMR simulations, it would be
possible to select out a preferred helical reocaigom direction. Conversely, an independent
determination of the direction of reorientationfh@gps based on solid-state models and/or steric
considerations might allow the CE angles to berdgteed from the above data.

In the above analyses the NOE values were not deresi as the values varied negligibly

over the entire range of parameter values.
5. Discussion

We have developed a slow exchange model to destwbsolution behavior of TAR
RNA in the presence of internal motions that attershape of the RNA and therefore its
rotational diffusion. Our theory of solution NMRIagation accounts for the non-rigid rotational
motion of a molecule of arbitrary structure possesa rotational diffusion tensor with arbitrary
eigenvalues. The application of the model requaregynificant separation in time scales
between internal and global motion, a condition thaatisfied in the present system. The slow
exchange correlation function given in equatiowBen parameterized exactly according to
models of the internal dynamics of TAR RNA obtairmdprior solid-state NMR studies,
simulates to within experimental error theahd T, data for &3C spin in U38 within the upper
helix of TAR RNA, the same nucleotide for which gwid-state models were developed. The

results of the slow exchange model applied to TARection 4, together with pridiH sSNMR
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and solution relaxation/RDC studies, indicate ttmatformational capture is a feasible paradigm
for describing recognition between TAR RNA and Tile¢-peptides.

By its very nature, a theory of relaxation thatdlwes non-rigid rotation will have more
parameters than a theory of rigid rotation, eveemtie diffusion equation is simplified by
treating motion as exchange between discrete ameficer with distinct rotation tensors, as was
done in equation 7 and in the theory of Wong &f @hus, a serious concern is that relaxation
and line shape data are better simulated by asgusmina motions and additional fitting
parameters. However, the motions that were intreducto the present model of TAR dynamics
are supported by other data including solid-stalkexation times and line shapes, as well as RDC
data, all of which indicate the presence of colecmotions of the helices of TAR RNA about a
putative flexible bulged loop. It can be also st#&t even the single conformer 1ANR-1 (the CE
angle = 0° data point in all graphs) fits the soluexperimental data well, without recourse to
the conformational exchange formalism. This iséaRpected if the change in the
hydrodynamic behavior of the molecule is not largthe transition to the proposed exchange
partner. Also, we do not believe that a single oomer can accurately represent the physical
condition of the molecule in solution conditionsgn that the sSNMR results support the
presence of such a motion, and it is unlikely thate would be a reduction in the types of
motion available to the molecule in going from dediate to solution sample conditions.

It is certainly possible that the values of thexskexchange model parameters derived
from solid-state NMR might not accurately portrlg amplitudes and rates of these motions in
solution. However, solid-state relaxation ratestfer relaxation of the base deuterons of U38,
U25, and U23 in TAR RNA change very slowly at higtels of hydratio° indicating that

internal motions converge to stable amplitudesrates long before the bulk solution state is
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reached. In order to further address this issugyreed a wide range of models of
conformational exchange generated by systematizalhgasing the conformational exchange
angle from 0° (starting structure) to a distortedcure with a rotation angle of 50° (the
maximum CE angle can be raised to any arbitranyevak long as physically reasonable
conformers are available). The results of sectishdw that solution experiments are in
agreement with different CE angles depending orAtBR and the direction of helical
reorientation.

With regard to the rates of conformational exchaitgeas assumed the time scale
separation between conformational exchange andlbvetational motion exists in solution, but
the solid-state value of 1.4x46" was not explicitly used. To test the assumptioslofv
conformational exchange, a more general solutionldvaequire solving equation 7 for
arbitrarily structured molecules without a timelscgeparation. Such a theory would allow the
analysis of the relaxation of spins of the U23 &l2®% nucleotides as well. We have recently
obtained such a solution and will report the enguesults in the near future.

In order to compare our results to previously m#d results by Zhang, Al-Hashimi and

$214we examined the order tensor-derived inter-hebiesiding angles, as well as the

co-worker
ensemble-derived motional parameters in refereBc@He order tensor analysis yields average
inter-helical bending angles of 25° (short uppdixirelative to elongated lower helix) and 54°
(short lower helix relative to elongated upper keliwith the difference being interpreted as the
effect of twisting motions affecting the two hekcéVhile solid-state results reported in Olsen et
all° disagree with the magnitude of the order tensdivelé bending motions, they do indicate

the presence of simultaneous twisting and bendiogoms, and the results reported in this

manuscript do not exclude inter-helical bend angfe&s°, or even 54°, for appropriate choices
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of the AER and the direction of helical bendingrtRarmore, the three-conformer ensemble
study in reference 13 yielded an overall helicaddef 94° along with an upper helical twist of
110° and lower helical twist of 53°. While thesagkas are much larger than the equivalent solid-
state parametel’ they can potentially be reconciled with the resof this paper, albeit with an
AER outside of the range of values considered fre@&4 A). Finally, we considered the
timescale of domain motions reported in referer¢é&lbe on the order of 1.5 ns to 1.9 ns. These
are several orders of magnitude faster than thve slchange suggested by the solid-state
models of reference 14. Thus, if it is assumedttasolid-state models are a fair representation
of the solution motions, then there is a sharpatdbetween the results presented herein and
those of references 13 and 17. It is possiblettigasolid state matrix imposes some constraints
on the motions compared to solution, although aatngh study of dynamics as a function of
hydration in the solid state indicates that thisngkely. Additional experiments and theoretical
studies will be required to address the originhag tifference.

Finally, the structures generated above assunwzarfrconfiguration for the bulge. In the
physical sample, however, as the upper helix begifiae up with the lower helix, the bulge
would have to reconfigure itself possibly leadingatdiscernible asymmetry in the diffusion
tensor. This is a significantly more difficult pleim given the number of under-constrained
bulge degrees of freedom, and will have to be addakin the future.

In this manuscript we have modeled only the U3&ltes Our justification in doing so is
the relative degree of certainty in the availaldgrees of motion of this residue which allowed
us to demonstrate the slow exchange methodologyemeless, solution NMR relaxation
studies show that for all pyrimidirtéC6 spins in the upper helix of TAR; Values lie within the

narrow range of 354+14 ms andvalues are similarly distributed narrowly withif.2+0.2 ms.
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The slow exchange model can therefore accounhéoralaxation of all th&*C6 pyrimidine

spins by adjustment of the orientation of the rataive to the frame of the diffusion tensor.

6. Conclusions

We have simulated solution NMR experimental relexatimes with models derived
from solid-state NMR studies for the U38 residu#liiv-1 TAR RNA. In addition to
incorporating base-libration into single conformehss also involved using a formalism of
conformational exchange between conformers atesstatver by over two orders of magnitude
than tumbling rates. The slow conformational exgfgasimulation procedure is completely
general, and for sufficient rate separation, cailyebe applied to a discrete set of conformers.
Starting with solid-state models, and incorporatimgm into molecular tumbling equations, it is
possible to address the question of whether the saations are common to both sample
conditions: if the solution results can be simudaterough this method, then we have extended
the domain of support for such motions to a ladga set; however, even if sSSNMR models are
at odds with solution NMR experiments, we can itethe procedure for modified internal
motional rates and/or amplitudes, or change theomait models altogether. We have
endeavored to provide atomic detail in the combmedeling of solid-state and solution NMR
experiments without recourse to hydrodynamic symyné&uture research will attempt to
characterize situations of conformational exchanile rates overlapping tumbling rates, as well

as accounting for accompanying modifications ofjputonfigurations.
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Appendix Ill.A: Sample Mathematica code for the slav exchange method

/[Function and parameter definitions common to all structures

/[Function definitions based on Equations IIl.4

Fprime [{l_p2_p3 3, {f1_,f2_,f3 }] = -(1/3) + (f1"2)*(u1"2) + (f272)*(u2"2)+
(£3"2)*(u3"2);

A[{D1_, D2_, D3_}] = Sqrt[D172 + D272 + D3"2 - D1*®- D2*D3- D3*D1 |;
Dcoeff[{D1_,D2_, D3 _}] = (1/3)*(D1 + D2 + D3);

Gprime[{D1_, D2_, D3 _}, {«1_,u2_,u3 }{fl_,f2_,f3 }] = (1/A[{D1, D2, D3}])*(-
Dcoeff[{D1, D2, D3}] + D1*((f1* . 1)"2 + u2*f3)"2 + (u3*f2)"2) + D2*((f2*.2)"2 +
(u3*fL)"2 + (u1*3)72) + D3*((f3*u3)"2 + 1*f2)"2 + (u2*f1)"2));

/ICoefficients of the time-dependent exponentiaisedin Equation 1.4

al[{D1_,D2_,D3 }{ul_,u2_,u3 },{f1_,f2_,f3_}] = 0.75*(Fprime[{u1,.2,.3}, {f1, f2, 3}]
+ Gprime[{D1, D2, D3}, {1, 2, 3}, {f1,f2,f3}]);

a2[{ul_,u2 ,u3 3}, {f1_,f2_,f3_}] = 3*(u2*u3)*(f2*f3);

a3[{ul_,pu2 ,u3 3, {f1_,f2_,f3 }] = 3*(ul*u3)*(f1*f3);

ad[{ul_,p2_,u3 }, {f1_,f2_,f3 }] = 3*(ul*n2)*(f1*f2),

a5[{D1_,D2_, D3 }{ul_,u2_,u3 }{f1_,f2_,f3_}] = 0.75*(Fprime[{.1,.2,.3}, {f1, f2, f3}] -
Gprime[{D1, D2, D3}, {u1, .2, 3}, {f1,f2,f3}]);

avec[{D1_,D2_, D3 }{1_,u2 ,u3 }, {f1_,f2_,f3_} ={al[{D1,D2, D3}{ 1, 2, .3}, {f1,
f2, 13}], a2[{ w1, u2, 13}, {f1, f2, f3}], a3[{ 11, u2, .3}, {f1, f2, f3}], a4[{ .1, 2, .3}, {f1, 2,
f3}], a5[{D1,D2, D3},{ u1, 2, 13}, {f1, 2, 13}]};

//Characteristic times defined in terms of the diffingensor eigenvalues (Equation 111.4)
tauvec[{D1_,D2_, D3 }] = {(6*Dcoeff[{D1,D2, D3}] -2*A[{D1, D2, D3}]))"-1,(
3*(Dcoeff[{D1,D2, D3}] + D1))"-1, ( 3*(Dcoeff[{D1,D2, D3}] + D2) )*-1,(
3*(Dcoeff[{D1,D2, D3}] + D3) )-1,(6*Dcoeff[{D1,D2, D3}] + 2*A[{D1, D2, D3}])"-1};

specd = {};

/INMR parameters

vyC = 6.728*10"7; l5yromagnetic ratio of Carbon-13

vH = 2.675*10"8; Ml5yromagnetic ratio of Hydrogen

rCH = 1.1*107-10; ILarbon-hydrogen bond length for an aromatic carladom
So = 212*107-6; /Chemical shift anisotropy (CSA) for a uridine basebon atom

rate = 2.15*10”8; llocal base libration rate for U38 in TAR RNA

d2 = (0.1*10"-14)*((1.05451*10"-34)yH* yC/rCH"3)"2 /6quared dipolar coupling constant
c2[w_] = (2/15)*(o"2)*w"2; [ICoefficient of CSA contribution to relaxation

FT[w_, time_] = time/(1 +(*time)"*2); /[Fourier transform function
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//Spectral density function for the case when theattord 1,2 , 13 }and{fl_,f2_,f3 }
are the same

Jeqp_,rate ,{D1_,D2_,D3 }41 ,u2 ,u3 }, {f1_f2 3 }] = 0.25*Sum[avec[{D1,D2,
D3}{ 11, u2, 13}, {f1,f2,f3H[[KI*(FT[ w,tauvec[{D1,D2, D3}][[K]] ]+ FT[w, tauvec[{D1,D2,
D3[[KI/(1 + 2*rate*tauvec[{D1,D2, D3}[[KI]) D, {k.5}] ;

//Spectral density function for the case when treattord 1,2 , 13 }and{fl_,f2_,f3 }
are different

Juneqp_,rate ,{D1 ,D2 ,D3 } 41 ,u2 ,u3 }, {f1_,f2_,f3 }] = 0.25*Sum[avec[{D1,D2,
D3}{ ul, u2, 13}, {f1,f2,f3}[[K][*(FT[ w,tauvec[{D1,D2, D3}][[K]] ] - FT[w, tauvec[{D1,D2,
D3H[[KI/(1 + 2*rate*tauvec[{D1,D2, D3}[[KI]) D, {k.5}] ;

/[Total spectral density function

JOJw_, rate_{D1_,D2_, D3 } 41 ,u2 ,u3_}{fl 2 3 }] =Jeqp, rate, {D1,D2, D3}, {1,
u2, 13}, {ul, u2, 13} + Juneqp, rate, {D1,D2, D3}, {1, 2, 13}, {f1,f2,f3}] + Juneq|w, rate,
{D1,D2, D3}, {f1,f2,f3}, { 11, 2, u3}] + Jeglw, rate, {D1,D2, D3}, {f1,f2,f3}, {f1,f2,f3}];

wO = {};
wCmH = {};
wCpH = {};
wCar = {};
wHyd = {};

/IMagnetic field strength

Bfield = 11.74;

/[Larmor frequencies of Carbon-13 and Hydrogen
wC =yC*Bfield

wH = yH*Bfield
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/[Example of calculation of spectral densitiesfor a single structure
mod = {};

/[Diffusion tensor parameters

Diff ={2.065*10"7, 2.167*10"7, 3.547*10"7}; Diffusion eigenvalues
/[Diffusion eigenvectors

D2vec = {0.9621, 0.0194,-0.2720};

Dlvec = {0.2716, 0.0216, 0.9622};

D3vec = {0.0245, -0.9996,0.0155};

Dlvec /= Norm[D1lvec];

D2vec /= Norm[D2vec];

D3vec /= Norm[D3vec];
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//Assignment of diffusion tensor eigenvectors to €sah basis vectors
Dxvec = D2vec;
Dyvec = D1vec;
Dzvec = D3vec;

//ICheck to see if the diffusion tensor frame is atriganded coordinate system (HYDRONMR
does NOT always produce a right-handed coordingstesn)
Cross[Dxvec,Dyvec].Dzvec

/lInformation about the atomic bond in a given POB (either original or modified)

(* U38 ¥

//[Bond orientations for the two sites of the basealion in the PDB coordinate system
sitelp= {-0.7391,-0.1744,0.6506};

site2p={-0.6399,-0.1736,0.7486};

//Recalculating the sites in terms of the diffusemsbr principal axis system
sitel = {sitelp.Dxvec, sitelp.Dyvec, sitelp.Dzvec},

site2 = {site2p.Dxvec, site2p.Dyvec, site2p.Dzvec},

sitel /= Norm[sitel];

site2 /= Norm[site2];

/[Calculation of the spectral densities relevantte solution relaxation times and NOEs as
defined by Equations 111.10-12

JwO = JOI[O, rate, Diff, sitel, site2];

JCmH = JO)C - wH, rate, Diff, sitel, site2];

JCpH = JO)C +wH, rate, Diff, sitel, site2];

JH = JOpH, rate, Diff, sitel, site2];

JC = JOpC, rate, Diff, sitel, site2];

AppendTo[mod, {"Model 1", Jw0, JCmH, JCpH, JH, JC}]|

AppendTo[specd, mod];
Print[TableForm[SetPrecision[mod, 6]]];
AppendTo[wO0, JwO];
AppendTo[wCmH, JCmH];
AppendTo[wCpH, JCpH];
AppendTo[wHyd, JH];
AppendTo[wCar, JC];

1/tauvec|Diff]
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/[Pairwise combination of the spectral densities from different structures
popl =0.5;

pop2 = 1-popl;
Tlmat = {};
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T2mat = {};
NOEmat = {};

For[i=0,i <11, i++;
Tlint = {};

T2int = {};

NOEint = {};

For[j =0, ] <11, j++;

/ILinear combinations of spectral density constribng from each member in the pair
JwOavg = pop1*wOl[[i]] + popZ*wO[[j]];

JCmHavg = popl*wCmHI[[i]] + pop2*wCmH]I[j]];

JCpHavg = pop1*wCpH([i]] + pop2*wCpHI[]];

JHavg= pop1*wHyd][[i]] + pop2*wHydI[[]];

JCavg = popl*wCar[[i]] + pop2*wCar[[j]];

/[Ty calculation
Tlavg= (d2*(JCmHavg+ 3*JCavg + 6*JCpHavg) +w2]*JCavg )*-1;
AppendTo[T1lint, 1000*T1avg];
/[T, calculation
T2avg = (0.5*d2*(4*JwOavg + JCmHavg + 3*JCavgs*dHavg + 6*JCpHavg) +
(1/6)*c2[wC]*(4*IwOavg + 3*JCavg ) )*-1;
AppendTo[T2int, 1000*T2avq];

/INOE calculation

NOEavg = 1 +¢¥H/yC)*d2*(6*JCpHavg - JCmHavg)*T1lavg;
AppendTo[NOEint, NOEavg];

I
AppendTo[T1mat, T1lint];
AppendTo[T2mat, T2int];
AppendTo[NOEmat, NOEint];
]
//Output of the relaxation times and NOEs only farhege of all other structures with the

lowest energy structure of TAR RNA, 1ANR-1
Tlmat[[1]]

T2mat[[1]]
NOEmat[[1]]

kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkhkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkk
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Chapter IV

Theory of Non-rigid Rotational Motion Applied to NMR Relaxation in RNA

Abstract

Solution NMR spectroscopy can elucidate many festof the structure and dynamics of
macromolecules, yet relaxation measurements, tist coonmon source of experimental
information on dynamics, can only sample certaimges of dynamic rates. A complete
characterization of motion of a macromolecule tfeeeerequires the introduction of
complementary experimental approaches. Solid-8tetB successfully probes the nanoseconds
to microseconds (ns {8) time scale, a dynamic window where solution NMBults have been
deficient, and probes conditions where the averpgffects of rotational diffusion of the
molecule are absent. Combining the results ofwiedistinct techniques in a single framework
provides greater insight into dynamics, but thekteequires the common interpretation of results
recorded under very different experimental condgioHere we provide a unified description of
dynamics that is robust to the presence of largéesmnformational exchange, where the
diffusion tensor of the molecule varies on a tirogle comparable to rotational diffusion in
solution. We apply this methodology to the HIV-1 RARNA molecule, where conformational
rearrangements are both substantial and functimaflortant. The formalism described herein
is of greater generality than earlier combineddsstate/solution NMR interpretations, if detailed
molecular structures are available, and can offeoee complete description of RNA dynamics

then either solution or solid state NMR alone.
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1. Introduction

The last few years have seen a growing intereghénroles played by motion and
conformational adaptation in mediating protein-eiclacid interactions. It is now widely
recognized that many RNAZ" 96769729799 nq some DNAS?*1%10ynction by undergoing
large conformational changes when binding to pnsteir small molecule ligands. In some cases,
fluctuations of the native structure may pre-digo@ RNA or DNA sequence to form
interactions with other molecules, suggesting ¢hptotein may in effect “capture” a structurally
labile nucleic acid as it fluctuates through a comfation that is optimized for binding.
Therefore a thorough description of the physicaidéor specific recognition requires that static
structural data obtained by crystallography antibMR are augmented by information on the
conformational changes that each component undergoé&orm a complex. Such information
includes the dynamic amplitudes associated witlstfanally relevant structural changes and the

rates at which such structural changes occur.

A classical paradigm for the importance of dynanmcBNA function is provided by the
transactivation response element (TAR) RNA (Figliyefrom the human immunodeficiency
virus type-1 (HIV-1). This RNA plays a role in tisgription elongation and is thus requirfed
HIV replication, making it a potential drug targeRelevant to the present investigation, binding
of TAR RNA to the HIV-1 Tat protein requires exteres structural rearrangement of the
RNA.6796789729%ha stryctural properties of the bound and unbotorformational states of
TAR RNA are knowr?®"®™ yet, despite recent progreds? there is still considerable
uncertainty regarding how these structural charggsir. For example, it is not yet certain

whether the TAR RNA is driven into its bound stured state only upon actual contact with Tat,
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or if TAR fluctuates through a structural state imed for binding that is subsequently
“captured” by the Tat protein, or some combinatibthe two mechanisms.

The local dynamics of TAR RNA have been analyzethguisa variety of NMR
approaches, including solution NMR relaxation me#18°%"2Detailed studie®f **C/*H line
widths and relaxation rates in and around the lollgep of native TAR, and the measurement
of residual dipolar couplings (RDCs), have provid#abng evidence for the existence ofuss-
time scale collective motions of the distal heligsut a dynamic hinge associated with the
bulged loop of TARM* TAR mutants consisting of elongated distal helige=re used to
demonstrate that these concerted helical motionarcat rates nearly coincident with the time
scale of the overall tumbling in native TAR' The proposed helical motions are significant

enough in amplitude to deform the tumbling TAR neole and affect its hydrodynamits.
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Figure IV.1. A) Sequence and secondary structure of the HNAR RNA construct used in this study.
The U38 residue, which was deuterium labeled aHthand H6 sites for solid-state NMR studies and is
the subject of the present theoretical study, ghlighted in cyan. Watson-Crick base pairings &@s

with short dashes. B) Lowest energy free TAR stmectlANR. The U38 residue is shown in cyan. The
lower helix, upper helix and apical hairpin loomimns are also indicated. Hydrogen atoms have been
removed from the figure for clarity.

These solution NMR relaxation and RDC data havenhbaterpreted as supporting a
conformational capture mechanism as the basishierTtAR-Tat interaction, but quantitative
interpretation of solution NMR data in terms ofpesific sequence of structural changes of TAR
has been elusive due in part to the complexithefdynamic mode-coupling probléft*"®in a
recent paper, we considered the problem of therigithtumbling of TAR, motivated by solid-
state NMR (ssNMR) results suggesting that the rate of hydrodynamically-digant helical
domain motions occur on a timescale significantpger than the characteristic molecular
tumbling times. By extrapolating to the case ofnitély slow exchange between discrete TAR

conformers in solution, we simplified the problem tivo independently tumbling molecular
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conformers, each of which contributed to a fractafrthe solution T and T, relaxation rates
determined by its probability of occurrence. Thlisw-exchang€SE) formalism was applied to
the dynamics observed for residue U38, a basedeaddue in TAR RNA, for which the rate
and amplitude of conformational exchange were abthiusing’H ssNMR by incorporating
uridine-5,62H, at the U38 residu@:’®Not only did the SE formalism account for the xeléon
properties of thé>C spins of U38, but with small adjustments to actdor minor structural
variations, the solution relaxation properties tfpgrimidine *C spins in the upper helix of
TAR could be accounted for as well.

In the current manuscript, we develop a theoryaof-rigid biomolecular rotation that
allows for an arbitrary rate of exchange betwearf@mers, in effect relaxing the SE
assumption of our previous work. We apply the esgians for the solution;Tand T, relaxation
rates derived herein to the motion of C6-H6 bonthefU38 residue. While comparisons to
solution data in this manuscript are limited t@reition times for the U38'C6 site, the method
is applicable to any site and residue for whichioratl models (SSNMR-derived or otherwise)
are available. Expressions are obtained for the chmstantaneous jumps between discrete
conformers with arbitrary rotational diffusion tems, and solution relaxation rates are calculated
for various motional parameters.

In section 2, we present the derivation of the eggions for the solutiom,Bnd
relaxation times for a general rate of exchange/éeth conformers. We also reiterate the solid-
state models used in the simulations. In sectiome3present the results obtained when applying
our theory to sets of structures generated by tifeceal modification of upper helical angles
relative to the lower helix, after showing the espondence of results of the general theory with

those of the slow exchange formalism from the mnesiapproach. In section 4, we discuss these
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results and their implications for understanding fill range of dynamics of TAR-RNA under

two different sets of sample conditions.

2. Theory

In this section, we derive an expression for theatation function for a reorienting
macromolecule, modeled as a Brownian rotator, andracterized by a fully anisotropic
diffusion tensor. As a result of conformational has occurring within the RNA, the molecular
shape changes in such a way as to make the diffuginsor time-dependent. This time
dependence of the diffusion tensor is modeled asxaiange between discrete structural
conformers, as described in our prior wétkdowever, in the present work, the assumption of
time scale separation between the rate of confaomaltexchange and molecular reorientation is
not made. The two types of motion may thereforaioat arbitrary time scales.

Rotational diffusion for a fully-anisotropic diffis tensor has been previously
considered in a number of cases. Perrin derivedrtiecorrelation function for rotational
diffusion about three perpendicular axes of appsdlid and used the expression to calculate the
fluorescence depolarization that results from ttation of ellipsoidal molecules in solutioff.
Woessné¥ extended Perrin’s formalism to calculate spedatesisities and then the rate of
Zeeman relaxation of dipole-coupled spins attathexreorienting ellipsoid. Favibexploited
the similarity of the rotational diffusion equatitm Schroedinger’s equation for a rigid rotor. For
a rigid body with an axis of symmetry, Favro showleat the Green’s function (i.e. conditional
probability) is a linear combination of rigid rotergenfunctions. For a fully asymmetric
diffusion tensor, this expansion is only approxieddiut the first few eigenfunctions and their

coefficients were calculated. Huntress extendeddbtropic diffusion equation to account for
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fully anisotropic rotation and solved for the redéinn time of a nuclear spin undergoing fully
anisotropic rotational diffusion assuming a numifespin interaction mechanism%.Huntress
also showed how the measurement of the relaxatiwastof appropriate nuclei in the molecule
can give the full rotational diffusion tensor. Arslar approach was used by Freed to calculate
the rate of electron spin relaxation resulting franisotropic rotational diffusiotf?

These approaches all aimed to solve the diffusipragon for fully anisotropic rotational
diffusion tensors, but differed in the specific hahatical techniques used to reach this end. For
example, Woessner used the direction cosine fosmald construct a correlation function for
rotation of ellipsoidal molecules, whereas Favnorfolated basically the same problem using
Cayley-Klein coordinates. We have repeated theyaisahs follows, and explicitly present the
derivation in a slightly different manner for clari

The evaluation of relaxation times in solid-statd aolution NMR requires the
evaluation of ensemble-averaged two-time corratationctions of the orientations of the

labeled site. The orientation function often tatkessform of a Legendre polynomial whose

argument is the dot product between the unit veai¢r)at timez = 0 and timer = t. This is the

case for a molecule that is freely diffusing inoévent. The expression for this polynomial can
be expanded using the well-known addition theorenspherical harmonics (see, for example,

Jacksof™):

4T

(ROAW) =5 =

(% (AO)Y,, (A(D))) (1)

The unit vector orientations of the labeled sitéhi@ above equation are given in the
laboratory frame of the experiment. In order toify the evaluation of the given expression

we can define a molecule-fixed frame that rota¢dastive to the lab frame and express the
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orientation functions in terms of the vector pasitof the labeled site in this molecule-fixed
frame. This is achieved by expressing the sphehiaahonics of the laboratory frame
orientations as rotated functions of spherical lwarics in the molecule-fixed frame. Moreover,
since the motion considered here is the free-ddfusf the tumbling molecule in the solvent, it
is reasonable to use the diffusion tensor princpés frame (PASd) as the molecule-fixed

frame.
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HereQ,and Q, are the Euler angle rotations required to rotatePRASd frame into the
laboratory frame, th@?, ¢)) angles are the orientations of the labeled sitéove in the PASd
frame, theD!)’s are the Wigner rotation matrices of angular motum| following the
convention of Ros8 and Tinkham'":
Dia(a.B.y)=e™™dS) (Be™ (3)

In this work, we want to consider the effect afluding exchanges between conformers
with different diffusion tensors. The effect of suexchange on the correlation function is
calculated below by generalizing the method of Wdase and Szaffoto include diffusion
tensors with three distinct eigenvalues (i.e. by/fahisotropic tensor). As a first step, we can
explicitly separate out the dependence of the ebkeaverage on the relative populations of the

various conformers, with the conformer at time 0 being labeled ag, and the conformer at

timez =t being labeled a5
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HerePeq(a) is thea priori the probability of finding the molecule in confaationa.

In this formalism, the problem is reduced to aaleation of<D§T'1§ (QO)DfT'];(QI» ﬁfor

tumbling motion that occurs while the molecule agahanges between various conformers
with different diffusion tensors. First, we wilhid the probability for @ingle conformeto
transition from an orientation 6, at timet = 0 to an orientation @, at timez = t; the results of
this calculation will then be generalized to inamgte exchange between different conformers.
Considering that problems of interest in solidetatd solution NMR mostly, if not always,
involve tensors of orddr= 2, we will confine attention in the following todlrevaluation of

correlation functions df= 2 rotation matrices.

a. General solution to single conformer diffusion guation

The free-diffusion equation for a rigid-body roter

%P(Q,t) = —23: LD, L, P(Q,t) (5)
e

Here the operatorl§i represent the angular momentum operator abotf'taeis and
P(ﬁ,t) is the probability that the molecular axis systeithhave rotated through an Euler angle

vector Q at a time t relative to its initial orientation ine laboratory frame at tinte= 0. The

coefficientsD; are the elements of th&“drder rotational diffusion tensor for the molecule
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The right hand side (RHS) of the equation candpaeded in the principal axis frame of

the diffusion tensor (PASd), where the diffusiongder is diagonal and has

eigenvalue{sDx, D,, DZ} ;

>

3 ~ ~ ~ ~
2 Lol =D, +D,L +D,L] (6)

i,j=1
This expression can be further rewritten in terfighe operators?, |:Z

andL, =L, *iL,, the lowering/raising (+/-) operators for the zzakar momentum

(the|:+ operator is the lowering operator when the opesadoe expressed in the PASd frame as

opposed to the laboratory frame; this occurs bexthescommutation relations between

operators change sign in transforming from the riatooy to the PASd frame):

3 ~ ~ ~ ~ ~
2 LDL; =D L’ +D,L,*+D,L2
. X (7

Lo, (C- (i)

I
O

D,+D
InEq7,D,=— 5 ~andA = D, - D,. The assumption in this formalism is that the

componenD; is the largest eigenvalue of the diffusion tensalpwed byDy and finallyD,. It
is easy to redefine the axes to suit any of thesdns ranging from a prolate ellipsoid to an

oblate ellipsoid and for all the fully-anisotrofmases in between these two extremes.

The problem simplifies considerably in the cyliledlly-symmetric case dd, =D, . The

eigenfunctions of the diffusion operator in thistamce are eigenfunctions of the operators

L andI:z, and can be expressed in terms of the Wigneriootatatrices:

%
[1.mk) :@—:j DL (a.8.7) (8)
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Where[a,,B, y} are the Euler angles that transform from the PA&hé to the laboratory frame.

In order to proceed to the fully-anisotropic cases useful to understarttie Wigner

rotation matrices from a geometric perspectiv@,ﬁ%ﬁ ={a,B, y}) =, m|e“ﬁ'é| k), the

Wigner rotation matrices may be considered as Yeelap between the eigenkets of the

operator expressed in the laboratofiy, L, , [, }) and diffusion frames{(,, L, ,L,}), where the

two frames are connected by an Euler transformatioroted a® ={a,3,y} . In the

expressiore"f'f’, it is understood that the angular momentum opeiatexpanded in an Euler
angle basis, to match the symbolic representaﬁ&hzo{a,ﬁ, y}. The angular momentum

operators in one of the frames commute with alloperators in the other frame. Thus, given
that the rotational diffusion operator, as exprdsseEq 6, commutes with bott? and
with{L, . C,,(, }, the eigenvaluesandm from Eq 8, whereniis associated with the laboratory

frame operatolzZ , Will be good eigenvalues even for the fully-amiepic diffusion equation.

Therefore, we can conclude that the general swiub the fully-anisotropic problem can

be expressed as a linear combination of the Wigptation matrices:

Pla.10,)=3 Z(Z(Z R (0.t (Q)B (©)

1=0 m=-I1\_p, =1\ k=-I
where the indexp, represents the label of the eigenvalue of the siffu operator for a fixed

value of the angular momentugand runs from 1 to 5 in the present work. In otdeshow how
this expansion may be achieved, we next consideopierator expressed for a valué of2,

since this is the case relevant to solid state NdgRlications.
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Using the notatiohl = D2 + DD(E2 - I:§J+%(I:i + I:E), we can define the matrix

H& =(I,mKkH[l,mk) and express it for the caselof 2as:

4D, +2D, 0 M/ O 0

2
0 D,+5D, O 3A 0
. +5D; 5,

50 —| AV6 0 6D 0 A6
H 6/ 0 6/ (10)

0 Y 0 D, +5D, 0

0 0 N2 4D, +2D

/2 :

The rows and columns are labeled from right todefi top to bottom bl = -2, -1, 0, 1,

2. The off-diagonal elements have been computetjuke properties of the lowering and

raising operatort, = L, il

(,mk|C2 +2lmkz2) = I+ - (k£ 2)(k£ DI (| +1) - (k£Dk (11)

The eigenvalues and eigenvectors of the abovatgpenatrix will be linear
combinations of the Wigner rotation matrices ofastd= 2. Moreover, as the matrix is real and
symmetric, and given that the Wigner rotation neaiare orthogonal with respect to the indices
I, mandk, the matrixH @ will yield eigenvectors that are orthogonal for rabegenerate

eigenvalues.
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Table IV.1: Eigenvalues and eigenvectors of the mati® defined in Eq 10. The quantityis defined

asz =(D? +D? +D?)-(D,D, +D,D, +D,D, ).

Eigenvalue

Eigenvector elementsf, (%™ (only

non-zero elements are listed)

Ja=4D,+2D, =4D,+D, +D, o _. 1
fz,k::Z - iﬁ
=2D, +4D, +,/4(D, - D, ) +3/2 ¢ @ Je(p, - Dy)

e 425 +(D, +D, - 2D, Nz

o (D, +D, -2D,)+ 2V
“* 22z +(D,+D,-20, Nz

=2D, +4D, —/4(D, - D, )? +3A®

" 22D, +D, +D,)-2/%

f (3)_ - \/E(DX - Dy) ,
" 4fs-[D,+D,-20,Nz

(D, +D, -2D,)-2J%

firo =
2,/22-(D, +D, -2D, Nz
3 1
z D, +5D;, +2 4 foeesa “ 7
=D, +4D, +D,
3 1
] =D, +3D, _EA foemss = iﬁ
=D, +D, +4D,

The eigenvalues and eigenvectors of the mairiX are listed in Table 1, where the

eigenvector elements are listed as the coefficieftise 2¢ order Wigner rotation matrix

Drﬂl’((ﬁ) for k=-2,-1,0, 1, 2. The quantifyis defined as:

> =(p?+D?+D?)-(D,D, +D,D, +D,D, ).
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The same procedure may be in principle repeatedlifgalues of =1,...,c0. However,

due to the orthogonality of the Wigner matriceg, ¢brrelation functions of Wigner matrices of

orderl may be also calculated exactly with an evaluatibtihe eigenvalues and eigenvectors of

the matrixH ¢ alone. We define the functions

A7 6)=( 22" S o ) a2

which satisfy the orthogonality relation

(oA [@)a0,.0)= (i;ljy(g;lj zszf(mjdm(” @)pw. (o)

=lk'=-I

= zzfl(kp')fl(g)dl OO = Oy Jmmzf(p')f(p') (1%)

k=-1k'=-I

where the orthogonality of the Wigner matrices wssd

8’

[aco (@) (@)= o

OO O (14)

Given that the eigenvectors whose elements aresepted by th&fk’") 's are orthonormal, the
summation in the second line of Equatiom t8ntracts to a Kronecker delta in the indiqgs
and p, ', yielding:

.[dép*(rlu)q (ﬁ) (l'l)p.'(é) = 0100y (13)
Using this relation, and the initial conditia(fz,o(ﬁo): 5((2 - f)o), it can be shown that the

transition probability takes the form

(Q t|Q ):ii

1=0 m=-Ip =1

2+1

A (o)A ) (15)
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b. Solution of the conformational exchange problem

Having solved the problem of single diffusion fomalecule with a single conformer, we
follow the approach of Wong, Case and SZaboformulating the problem of a molecule
exchanging between different conformers with déferdiffusion tensors while also undergoing
diffusive motion. The equation of rotational motigra coupling of the free-diffusion operator

for a single conformer with discrete, instantangougps between different conformations:

a NConformers

3 ~ ~
2 P(a, ﬁ,t\ﬁo,a)= ->LD/L Pla, ,a,t\(zo,a)+ > R, Pla, y,t\fzo,a) (16)
1,]= V=

Here P(ﬁ,ﬁ,t|f20,a) is the transition probability from the previousten with the additional
condition that the molecule starts in conformatioat timer = 0 and is in conformatiofi at
timez =t.

TheR,,'s are the weighted rates of transition from comfationsy to 3, = Jump

P8
P..(¥)

, Where the weighted rate with= y is the negative of the sum of the weighted

rates of transition away frof into other conformations. The weighted rates aexlunstead of

the bare jump rates (which are the numbers regqudgdted in this manuscript) in order to

satisfy the condition of detailed balance. It istased that the transitions between conformations
are instantaneous, and that the diffusion tensocipal axes of each conformer coincide with
those of the previous conformer at the instantasigition. These assumptions can be mitigated
to a certain extent by increasing the number ofcstiral conformations in the trajectory of the
molecule, thereby approximating the situation oftcaious underlying atomic motion more

closely.

85



In order to generalize to the case of exchangimgtambling conformers, we need to (a)
make the dependence of the eigenfunctions on thieebf conformer explicit; (b) choose the
eigenfunctions of a single conformer as the printesis (labeled by V); and (c) add an
additional index to allow for mixing between eigenttions for different eigenvalues (the
eigenfunctions of one conformer are not orthogtm#hose of another, and so the system of

equations represented by Eqg. 16 mixes the eigeavatlices):

Plo.6.00,a)=3 'z( S Al (v )a @, ,v)} an

where the initial condition is given by

Pl 200, )= 0750 -Q,) (18)
Note that in formulating expression 17 we usedlecethat the operators in the time evolution
equation 16 commute with the operatk:frand the lab framl?:Z , and so the most general

expansion in terms @ andQ,is given by expression 17 (i.e. the expansions ameadditional

set ofl andmindices are contracted out by delta functions).

Applying the initial condition (Eq. 18) to expressil? leads to the following constraint on the
coefficientscP*#(t):
PP (0) = o™ 0" (19)

In order to utilize this expansion in Eq. 16, wed¢o find the impact of the rotational

diffusion operator for an arbitrary confornfeon the common eigenfunction basis. For the sake

of clarity we shall use the representation,

A av)=[a M)
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Thel andmindices are left implicit due to the fact thatianer product with the eigenstate of

any other conformer will force tHeandm indices to be the same, i.e.
(A(B) A, (V) = [ AR (G B)AY GV HG = 5,3, Z £0(8)f D (v), (20a)

having utilized the expansions of the respeoﬂf(pe(fz,v)’s in terms of Wigner matrices (Egs. 12

and 13).

If 5=V, i.e. for the same conformer, expression 20a resltaa product of delta functions over

all indices (Equation 13b),
(A (B) A (B)) = 6,35, (20b)

Plugging expression 17 into Eq. 16,

> a0 A ) -

(21)

NCom rrrrrr

- zA;p-(fzo,v)clff*ﬁm)(zw }l )+ DR, S AL (G V) A M)

Il,mp,p' i,j=1 y=1 I,mp,p'

Next, we can multiply both sides By;,. (QO,V) and integrate over all values®f, leading to
CpP IB” t gl N a0 A AN e
SO )= -Fetr 0] SL00E |a) ¢ SR, DA MeE 0 @2
p i,j=1
In the LHS term and the"?term on the RHS, expression 20b was used.

We now left-multiply both sides of Eq. 22 W(IAP (V)| to yield

> %5 7O, (1), )

p

T O S0 AV ETR T AMIAVeE 0

(23)

J=1
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The LHS and the™ term on the RHS vyield delta functions over thessuipts of the

eigenfunctions,

NConf rrrrrr

Zcpp P ) A (v )I[ZhD -j\ V) + D R,Ch () (24)

i,j=1 y=1

dCPP ,Ba (t)

The final procedure is to find an expression fer ffiterm on the RHS of Eq. 24. The
eigenfunctions of any single conformer form a cagtgbasis w.r.t Euler angle space, and so we

can insert the identity operator
'= XA e){A(e) (25)

on either side of the rotational diffusion operatoEq. 24:

NI INY)

i,j=1

=SS AW ) a o) S5 078, A o) )

i,j=1

(26)

Once again, the L’ and M’ indices are forced taeheal to L and M, respectively, by equation

20a.

Given that the operatErz L, Df ]J is diagonal in the eigenfunction basis for conferfi) we

i,j=1

obtain

(A ()I(i D/L, ]\ V)= §< A V)| A (B)4o (BY A (B) A, ) (27)

=1

We can use result 20a to simplify this expressioteims of known coefficients:

W[ S0rt A =3 £ e ] Srsriay)] e

i,j=1 k =-L k,=-L

Thus, the equations for the time dependent coefftsiare
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Cw (t) P () f©@ @ (B)f (P () |crP e R o
2 > QWL (8 o8] X2 BD W) e+ 2Ry ()
k=-L kp=-L
(29)
In general, this results in @L +1)* N, omersX (2L +1)° Nonomer Matrix for the time-dependent

coefficients. However, if we confine our attenttorthe L = 2 case, we notice from Table 1 that
thefsz’ 's are diffusion tensor-dependent only for twolad tiffusion eigenvalues, P =2 and P =

3. Moreover, the subspace of coefficients for B 4 and 5 is orthogonal to that for P = 2 and 3.

This implies that

ifzf?(/;)f@( V)=0,y; forP,Q=1,4,5 (30)

k=-2

andsoforP=1,4,5

PP Ba (t) PP fa Nconformers PP r
= A (Blen ) + ZprczM ®) (31a)

In addition, as the initial condition 19 forces tirae-dependent coefficients to be diagonal in the
indices P and P’ at time t = 0, the form of Eq. 8fhplies that these coefficients will remain

diagonal for all time:

PPﬂa(t) op g e Cogomers op. B
o ~Ao (B)ehod (t) + ZR cPPrty forP=1,4,5 (31b)

By ~2M
y=1

The equations block-diagonalize i@, smersX Nconormers 010CKS for each of these three values

of P.

The remainingN x4N subspace can be diagonalized separately (usin@%q.

Conformers Conformers

910 - ZZ(Zf”’)( )i (8 )J o8 )(Zf“”( LI )jc‘””(t)+N°ffm§ o (1)

k=—L ky=—L y=1

forP,P'=2,3 (32)
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These represertN equations for the coefficiera&* (t),c2# (t),c3># (t) andc# (t).

Conformers
A further simplification is possible consideringathin Eqg. 32 only those coefficients are coupled

that share the same P’ index. So it is possibteparately diagonalize the equations with P’ = 2

and those with P’ = 3 (i.e. the equations{6gt™ (t),c32% (t)} are separate from those

2m

for{c2# (t),c33# (t)}). This yields two separag

m

x 2N matrix equations.

Conformers Conformers

In conclusion, th€2L +1)>N x(2L+1)*N -dimensional rate equations

Conformers Conformers

represented by Eq. 29 simplify into thieg ..o X N -dimensional matrix equations

Conformers

(Egs. 31b) and tw@N x2N -dimensional matrix equations (Egs. 32).

Conformers Conformers
It is worth briefly mentioning the numerical praleees we used for solving the equations
xN

for the time-dependent coefficients. For Eqgs. 3idset up thél evolution

Conformers Conformers

matrices on the RHS for the coefficients (for eaalue of P), and then solved for the

eigenvalues and eigenvectors. For the initial domdil9, it can easily be shown that
cErre (1) = (Te ™), (33)

whereT is the matrix with the eigenvectors of the evolntinatrix as its columns, ards the
diagonal matrix of eigenvalues. A similar procedoodds for the cases where P, P’ = 2, 3. Here,

we set up vectors of the form

V,,(t)= {c 221 (1) 3244 (t) ¢ 2227 (t),c3227 (t),..., o2 Noomomerd (1), 52 Noontomerd (¢ )}T , for each value

2m
of a and solved the coupled equations (just as for t#& P 1, 4, 5 cases) by setting up the
evolution matrix on the RHS of Eq. 32 and finditgyeigenvalues and eigenvectors. However,
applying the initial condition to obtain an expiiesssimilar to Eqg. 33 requires an additional

step, as the initial conditions force all the P, i.e. all the even-numbered coefficients of the
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vector above to be 0 at tinhe: O. If you consider the case with P’ = 3, i.e #olution for the

vecton,, (t) ={e2 (t), 2 (£), 2527 (1), ¢332 (1), c22Nowwne? (1), 22w ()} the initial

2m
condition requires all the odd-numbered coeffigaotbe 0. Next, we noticed that the evolution
matrices for both P’ = 2 and P’ = 3 are the same,td the lack of any explicit P’ dependence in
the matrix elements. In light of these facts, passible to find the combined solutions to both

sets of coefficients as

c226e (1) = (e T 1), 1, e (1) = (Fe™F ), o

23,30 (t) (Te_/‘\t-i: )zﬁ_ngs 338a (t) (-I-e—/‘\t-i:—l)zﬁ,&7 (34)
a, ﬁ 11 Conformers
Tis @ 2N gy omee® 2Neoromerc-dimensional matrix with the eigenvectors of thelation matrix

as its columns.

c. Evaluation of the correlation functions betweeWigner rotation matrices

Returning to the central problem of evalua(i@ﬁ,;* (ﬁo)Dﬂ;(ﬁt» ,»We can use Eq 17 along

with orthogonality relations between Wigner Matd@nd a uniforna priori probability

ofP(ﬁo): ~ to obtain the final result:

8n
(D% (0, )p0(6. ), = [, [d6r(@, PG, 5,40, @l (6, o0,

_jet, o2 plo o BDLB)S 3 S waple,vIy 6,y

o

L=0M=-L P,P'=1

i ﬂao(ZL 1} > QRN GG

K K=-L

+
[

(35)
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Using the final expression of Eq 35 in Eq 4, antngpthat the summation ovargives a factor

of (21 + 1):

(R(A(0).A)))

2, chppﬁ”(t)f.f?(v)f.f?( V(6,9 Ma (6, )Ps(@)

AT (36)

The right hand side of the above equation canrbglsied further by noting that the products
£ ) are non-zero only fa'= a+ 2,i 0 Integers wherda+ 2i)0{-l,~ +1,...+} . In the
following, the expression is explicitly evaluatext the casé= 2. The spherical harmonics and
thosef, 7 f \)’s that are diffusion tensor-independent are exgaeexplicitly (thef,7’s are
diffusion tensor-dependent fBr= 2,3), yielding the final result for the correlationniction:

clt)=(P,(A(QAW)) =

ciﬁf"(t){ sin® 8, sin’ 6, sm(z%)sm(Z%)}

J3 Lci&ﬂ”(t)fé?( V)EQV)+cE w2V

O f2V)EZNV)+e 0f V)2 V)

oo O F 3 (V)1S )+ 02 V)ET V)

ciap o
sin? 8, sin? 8. cod2g@, )co42
e o e e o o)t

}sin2 6, cos(Zqo',})(:Bcos2 8, —1)

el J2) o
| 22| [eEEOEVIEM) e Of8V)IEV) | )
+ ’ ’ sin? 8, cod2g, )(E]cos2 6, —1)
+e O V)2 V)+es 03 V)2 V)
L [SEOIEWE V) s LMY
o 529 -1 529 -1
Lciﬁz””(t)fﬁ?( V)ES W)+ 15 (V) v ( o )
44ﬂ"(t){ sm(ZH )sin(ZHL,)sin((pﬂ)sm qoa} 55ﬂ"(t){ sin 20 sin(26,) cos(qoﬂ)cos(qoa)}
(37)
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The result of Eq 37 for the correlation functiomd¢hen be inserted into the expression for the

spectral density, which is the cosine Fourier timms of C(t),J(w) = IC(t)coswtdt. Finally, the
0

spectral density occurs in the familiar equatiarshe relaxation times and the NOE for the case

of relaxation mediated by carbon-proton dipoleratéon and the carbon chemical shift

anisotropy:
le R1=ZZ[J(% —) +3)(a) +6 Y@, +ar) |+ € Jaw)
! (38)
1 d?[43(0)+ I +a )+ 3(w) | &
?2_R2_§L6J(%)+6J(cq4 +a) oL (@) (0]
(39)
NOE = 1+d_2[y_Hj[ 6 (@, +a)-J @ - )]T
4 y (63 H 1
¢ (40)
d ={ﬂthH3Vc]C:(&j(A)
8rrrl, V3 (41)

In Eqns 38-41¢y andwc are the Larmor frequencies  and**C respectivelyy, is the
permeability of a vacuumy andyc are the magnetogyric ratios ®f and*°C, h is Planck’s
constant (= 6.626 x1U J.sec)rcy is the length of the C-H bond, ands the chemical shift
anisotropy (CSA). The effect of CSA tensor asymgnitigenerally neglected in these
expressions because it is small. The value chasagf in the following analysis was 1.1 A and
A was chosen to be 212 ppm. The choices for thasengders are the same as those in previous

work™ and will not be further justified.
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d. Solid-state models

In the following section, we will utilize motionahodels that have been derived from
solid-state NMR experimerifsto describe Tz, Tio relaxation measurements and the solid state
lineshape. The observation of these motions wamtitevation to develop the theory describe in
this manuscript, so we provide a brief summaryhefrhodels first (a more detailed summary is
provided in our previous wof?R.

Experimental results for the U38 base could beeteatithrough two motions around two
independent axes: the first axis is perpendicaldné base plane and is termed a “base-libration”
motion, and the best-fit to the data was obtaingld avtwo-site jump with an amplitude of 8°
(+4°) and a rate of 2.15x1@". The second, termed a “conformational exchangeianpwas
interpreted as resulting from a bend in the upeéx lof 9° and a twist of 15° about the upper
helical axis at a rate of 1.38>1§". We note here that the original refereflaiotes these
values as a bend and a twist of 13° each, but btiee@uthors indicated that better fits were
subsequently obtained with these new parametecsauBe the solid-state experiments are
insensitive to whether the twist is clockwise ouwterclockwise, twist angles of either £15° fit
the solid-state NMR data equally well.

The models consist of equal populations of the ltase-libration sites, as well as equal
populations of the two conformers. For the analgsésented here, this means ﬂ@@(ra) is 0.5
in all simulations.

The solid-state results were obtained for a hyainaif 16 waters per nucleotide. The
choice of this value was based on results whichveldahat the spectral densities of labeled sites

did not change substantially for hydrations of l#&eus per nucleotide and higfer.
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Note: The results that follow in Figures 3 throughl1 were based on equations some of
which were later found to be erroneous. Correctionsvere obtained for the equations and
some of the simulations were redone to find out théiscrepancies. The incorrect equations
have been replaced with the correct ones in the “Tdory” section above. The new, corrected
simulations, however, did not show significant de®itions from the ones presented in the
original manuscript, and so the “Results” sectionfom the original published manuscript
are given here without modification, with the qualtative arguments still being valid.
Subsequently, we provide the redone simulations ithe section “Results based on corrected

equations” and attempt to quantify the discrepancis between the two sets of results.
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Figure IV.2. Models of TAR generated from the lowest energy TRIRA structure (LANR-1) by
bending the upper helix relative to its orientatiodlANR-1. The bend angles are indicated nei¢o
corresponding structures. (A) These models hawgésa of 15° applied to the upper helix in additimn
the reported bend angles; these structures areedbas the “Tw15 series.” (B) These models have a
twist of -15° applied to the upper helix in additito the bend angles; they are denoted as the ‘Tw-1
series.” The labeled U38 base is shown in colargirg from black (0°) to green (50°). The hydrogen
atoms and the C39 residues have been removed fstinfigures for greater clarity.

3. Results

We present the results of applying Eqs 37 — 4fatoulate solutior®C relaxation times
for the HIV-1 Trans-Activation Response (TAR) RNkement’” In order to apply the theory of
this manuscript, molecular structures are requioedefine the exchanging conformers.
According to the results of the solid state NMRadae employed two sets of PDB files: (1)
those available from our previous wdrkyhich reflect a modification of the bend angletus
upper helix relative to the lower helix about vaisaxes perpendicular to the lower helix; and
(2) new structures that were generated from thesdwnergy TAR structure to include both a

bend and a twist of the upper helix relative todoWwelix (Figure 2). The structures shown in
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Figure 2 have been generated with twists of £1&juifeé 2A corresponds to +15°, and Figure 2B
to -15°) applied to the upper helix about its owisain addition to the various bend angles. All
structures considered here were generated fronmstosvergy structure of the unbound HIV-1
TAR RNA (PDB code 1ANRY hereafter referred to as 1ANR-1, by rotating thpar helix
relative to the lower helix about axes perpendictdahe lower helix, and, in the case of the
second set, also twisting the upper helix aboubits of symmetry. In both cases, the bulge
orientation was also kept fixed in its 1ANR-1 camf@tion. The second set also differs from the
first set of structures (that was previously ddsent) in the characterization of lower and upper
helical axes, which was accomplished using thevsoé package 3DNAY The 1ANR-1 PDB
file was rotated such that the z-axis correspondédthe lower helical axis. Any subsequent
Euler rotation about the line of nodes would thagbrpendicular to the lower helix. The choice
of the line of nodes within the plane perpendictitathe lower helix was made visually by
selecting an orientation that resulted in the ght@ning of the upper helix relative to the lower
helix. All Euler transformations were carried oudmaally by means of the UCSF Chimera
program®’

To be consistent with the previous simulations limé our attention to bend angles
50°. This restriction is necessary because, asudt iegf keeping the bulge fixed, structures with
bend angles greater than 50° introduce steric etabhtween the upper helix and the bulge. Even
the 40° and 50° structures in Figure 2A show cles&lue-residue encounters and many of the
structures in Figure 2B contain steric clashes.eMamrcurate models allowing for the
rearrangement of the bulge may alleviate theselgmad) but these local details are very unlikely

to affect the global properties of RNA that aredgd in the present work.
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In order to incorporate the base-libration motwithout any assumptions about the
separation of the magnitudes of rates, each steictintaining a particular site of the base-
libration for each of the conformational exchangetipers was treated as a separate conformer.
Thus, a two-site base-libration coupled to a twie-sonformational exchange process yielded

four conformers to be used in Equations 31b and’B2.weighted rateR,; were associated with

either base-libration jump rates or conformatianathange jump rates, depending on which two
conformers were being inter-related.

All simulations in this manuscript were conducteth essentially the same parameters
used in the previous work. This included the inpartameters for HYDRONMP the public-
domain program used in the calculation of the diffa tensor eigenvalues and eigenvectors: an
atomic element radius (AER) of 2.3 A, a temperatir298 K and solvent viscosity g =
0.01096 Poises (the viscosity of 99.9%at 25° Cy* with the last two parameters determined
based on the solution NMR experimental conditidrisis worth noting that no variation of the
AER was considered in the current work (a discussidthe AER dependence of relaxation
times can be found in the previous wokfor the sake of brevity. The carbon-hydrogendon
length was set at 1.1 A and the CSA parameter akasitto be 212 ppm. As in the previous
work, we did not examine the heteronuclear NOB&imwork due to the minimal variation of
values.

a. Comparison with Slow Exchange formalism

The solution Tand T, relaxation times were generated for the casetwbasite
conformational exchange process between each obthatd constructs and the original lowest
energy unbound structure (LANR-1), as motivatedddig-state NMR result® Thea priori

probability of each conformelPeq(a), was taken to be 0.5, as mentioned in the pre\season.
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Of course, this value di{,q(a) was chosen purely based on the solid-state madelgan be

varied if so desired (this is not done in the aorreanuscript). The solid-state NMR results for
U38 were well fit using a conformational exchangee rof 1.38x10s? between the two
conformers, and the best-fit angular excursionsisted of a 9° bend and a twist 15° in
amplitude in the upper helix. The solution timegsev&mulated in our previous work under the
assumption that this exchange rate between thedwimrmers, with different diffusion tensors,
was substantially slower than the mean tumbling o&the individual conformers and any other
internal motion occurring in each of the two stateslow exchange formalism was therefore
proposed to this effect and implemented for mudtgeries of structures generated through
rotations. In the current manuscript, we repeaflthend T, simulations, but removing the
assumption of slow exchange.

In the work published previously the series of constructs were given the labels “90
degree series” and “30 degree series”, referrirtheahoice of the upper helix-rotation axis
within the plane perpendicular to the lower helikerefore, the labels indicate that, in the
second series, the upper helix was rotated thrangixis that is 60 degrees away from that of
the first series within the plane perpendiculathi® lower helix. The rotation axes pass through
the backbone at the hinge between U40 in the Idwkx and C39 in the upper helix. The lower

helix and bulge retain their conformations as obsgexperimentally in 1IANR-1.
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Figure 1V.3. Comparison of relaxation times calculated usingvexchange (SE) and general rate (GR)
formalisms. (A) T times for the “90 degree series” and “30 degreiesé (B) T, times for the “90

degree series” and “30 degree series.” Experimeataks are marked by solid purple lines, and thar e
bars are indicated by dashed blue lines; also sliowgrey is the +5% error region. The experimental
relaxation times are:;T"" = 354 + 3 ms, and,; 7" = 24.6 + 0.5 ms. The residuals, 6T — T, ;°7) are
shown in (C) (for T) and (D) (for &). The experimental error bars are shown agairagket! blue lines.

We first applied the solid-state NMR-derived ratd 88x10 se¢' to Eqs 31b and 32. The T
and T values are shown in Figures 3A and 3B respectiasd\a function of bend angle of the
upper helix relative to its orientation in 1ANRthé¢ lower helix and bulge remain fixed), along
with the corresponding relaxation times from thewsexchange formalism. The results for both
the “90 degree series” (square symbols) and thal&gfee series” (circular symbols) are
included in the same graphs. It must be notedahamportant correction has been made to the
results published previously in producing Figuré&l@mely, the relaxation times from that
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reference were mistakenly calculated with the xyndordinates of the base-libration sites
interchanged, an error that was discovered onér #fie publication of the manuscript. Given the
small amplitude of the base-libration, the discrepan T, values was at most 4.3 ms and that in
T, was less than 0.4 ms; these differences are ssodlhe previous conclusions would not
change.

The residuals between the relaxation times obdaurséng the SE formalism and the
general rate (GR) theory presented in Egs. 38 an@:3°F — T, .°7) are shown in Figures 3C
and 3D. For comparison, the experimental relaxdtiors are T= 354 £+ 3 ms and;l= 24.6 +
0.5 mst! The experimental times are indicated by the smliple line, while the error bars are
indicated by dashed blue lines. Also shown in gnelyigures 3A and 3B are the £5% error
regions for each of the relaxation times. Theseregare included to provide room for
additional systematic sources of uncertainty indingulations arising from choices of the
carbon-proton bond length and CSA, and are onlyaliguidelines

As indicated by the residuals, the two calculatiagree within the experimental error at
the solid-state derived rate, supporting the SEh&dism as the limiting case of the more general
rate exchange theory. Conversely, this may be aseonfirming the behavior of the general
rate theory in the infinitely slow limit that isrfaliar from other weighted population studies,

such as those used for RDCs (see, for examplekBtged®® and Stelzer et ).
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b. Rate dependence

We investigated the effect of changing the confiiiamal exchange rate from 5x1€"
to 1x10 s* by applying the general rate theory to the stmestdirom the previous work as well
as to the new structures generated for this maipasergure 4 shows the; {Fig. 4A) and §
(Fig. 4B) dependence on the conformation rateHer*®0 degree series,” while Figure 5 shows
the T, (Fig. 5A) and T (Fig. 5B) dependence on the conformation ratetfer‘30 degree series.”
It can be seen that deviations from the slow liraities become apparent for rates of 1>sI0
and higher, the regime where the rates of rotatidiffasion, base libration and conformational
exchange become sufficiently close to have a cuimalampact upon the relaxation times. Due
to the small amplitude of the base libration, thertap of rates between tumbling and
conformational exchange is likely to be the mogm#icant determinant of the rate of relaxation.

Another important feature of these results is thatchanges in relaxation times with
increases in conformational exchange rates up 101s¢ occur only for conformational bend
angles> 30°. In other words, the amplitude of the chamg#he structure of the molecule needs
to be substantial in order for the change to bectfd in the relaxation times. Exchange
between structures that have similar diffusion ¢eessvill understandably be difficult to discern.
It is clear, however, that upon increasing the eaten further, even structures at lower bend
angles begin to deviate from the slow limit behavimplying that the effect of the
conformational rate increase can amplify even sdititrences in diffusion tensors (note, for
example, the 20° bend angle structure for ratés10 s* in Figures 5A and 5B).

In addition, the relaxation times for an excharae of 1x18s?, a rate higher than the
base libration and tumbling observed experimentallg also worth noting. While the trend of

decreasing Tvalues and increasing Values continues even up to this point, it willdeen in
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the following subsection that this trend is not wimmic for the T times and eventually reverses
itself at higher rates.

Concerning the experimental solution relaxatiotadinere is an interdependence of the
values of the two parameters of exchange rate and angle that provide the closest fit to the
data. Thus, for rates less than or equal to 1810the “90 degree series” graphs show
reasonable agreement for all bend angl86°. For rates >1xI&", structures with bend angles
> 30° begin to deviate from the experimental vallé® “30 degree series” graphs are more
restrictive in the fit parameters, where an incedagate results in a decrease in the upper limit
of the bend angles that fit the data. Higher bergles of between 40° and 50° are inconsistent

with the experimental data for almost all ratesstdered.
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We repeated the same calculations using the mad€igure 2, whose upper helices are

rotated by £15° about their own axes in additioth®bend angles 50°. The series of models

in Figure 2A will hereafter be referred to as tiev15 series,” and those in Figure 2B as the
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“Tw-15 series.” The results for both series arevgino Figures 6 (“Tw15 series”) and 7 (“Tw-
15 series”).

Before describing the results, it is essentiaddte that the structure with a 0° bend angle
is not the 1ANR-1 structure. In order to consider éffect of applying a twist alone to the upper
helix, this initial structure was generated withlb° or -15° twist, and subsequently averaged
with 1ANR-1. Moreover, the 1ANR-1 model used irstmanuscript was rotated relative to the
1ANR-1 used in the previous work, as a result efdtiferent characterization of the helical axes
with 3DNA in our current work, and with having tbgn the lower helix with the z-axis. Ideally,
this overall rotation should not affect the diffmsieigenvalues. However, HYDRONMR, the
program used to calculate the eigenvalues, outpuatslightly different sets of diffusion
eigenvalues, with the result that the relaxatiores changed slightly (on the order of 5 ms for T
and 0.3 ms for J). We surmise that this difference is due to digareies in the extrapolation of
the diffusion eigenvalues towards zero bead sidet@nounding-off errors. This discrepancy
was lessened by using many more points in the gofaion process, but, in order to match the
results of the previous work, the same lower nunotb@oints (6 extrapolation points) was used
here as well.

Figure 6A reports the simulated Values for the “Tw15 series,” that fit the expezimtal
data best for bend angles between 10° and 30°. Beglés between 10° and 30° fit the data for
exchange rates <1x16", while for higher rates the best-fit range is ¢oed to angles between
10° and 20°. The simulated Values in Figure 6B accord with the data for bangdles < 30° for
rates< 1x10 s™. Higher rates fit the experimental data only fenth angles: 20°. As mentioned
before, due to uncertainties in the calculatiothefdiffusion eigenvalues, these ranges may have

to be altered slightly, but there does seem to tberal of lower rates increasing the range of
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bend angles that match the data. Moreover, thelateturelaxation times seem to better fit the
experimental values for lower bend angles in gén€@nsidering the results for the “Tw-15
series” in Figures 7A and 7B, for rated x10 s*, models with bend angles between 10° and
20° fit the data better, while for higher rates liest-fit bend angles are limited<dL0°.

In an attempt to separate the various combinatbpsrameters that fit the experimental
data, we must utilize the findings of other expenmts. Since the models considered here are
based on solid-state NMR data, we can check agdiadiest-fit parameters mentioned in
Section 2D. Ignoring for a moment the twist of tedix, Figures 4 and 5 show that thevRlues
for the solid-state bend and rate parameters @tetlgl outside of the experimental error bars,
while they are within the error bars for thetimes. Given that there may be round-off errors in
the evaluation of diffusion tensors, the discregandhe T, values may not be significant.

Considering the twist angles as well, for the “Bwngkries” Figure 6 shows that the
simulated T is outside the error bars once again, and sdhar&s, although the discrepancy
for the latter is fairly small. However, a muchteefit is obtained for the “Tw-15 series” (Figure
7) using the solid-state parameters, with thedlue being just outside the experimental errors
bars and the jvalue well within them. While this may be constias a means of breaking the
degeneracy of the solid-state results with resjgettte direction of twist of the upper helix, we
reiterate that there are errors due to steric elghthe models used and uncertainties in the
other free parameters in the problem. The tentativelusion is that it is plausible that the solid-
state parameters continue to be valid under solsmmple conditions: previous studies of the
RNA as a function of hydration have shown thatxalen times remain fairly constant above a

hydration of W = 162 Again, we have not repeated our previous studiéseoimpact of the
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choice of the hydrodynamic bead radius (or, atetement radius AER) on the simulations, and

a consideration of the appropriate value of thimpeeter also seems essential.
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Figure IV.8. T vs. bend angle for the four sets of structuresafoexchange rate of: (A) 1x£&* and

(B) 5x10 s®. Experimental values are marked by solid purpledj and the error bars are indicated by
dashed blue lines. The experimental relaxation t8Me™"" = 354.1 + 3.2 ms. The +5% error region has
been left out for clarity.

C. T1 turnover

Having observed the changes in relaxation timesfasction of the conformational
exchange rate up to a value 1%&8, we examined if the trend continued indefinitayeven
higher rates of conformational exchange. To thdt @ simulated relaxation times for all the
four sets of structures used in Figures 4 — 7, afittexchange rate of 1x2&*. The T, graph is

shown in Figure 8A. Here the dependence on the hegtk has been completely inverted, with
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an increase inqIfor increasing bend angles. ThevBlues have swung over to much higher
values, signaling that there is a turnover poirthmrange between 116" and 1x168° s*,
where the Ttimes go through a minimum and reverse their dépece on exchange rate. To
localize the minimum further, we also calculateel Tafor a rate of 5x10s™. The results are
shown in Figure 8B. As the graphs seem to havadyrerossed the turnover point from a

downward trend to an upward one, thenfinimum is seen to be at slightly less than 5>s'0
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Figure IV.9. T, vs. bend angle for the four sets of structuresaifoexchange rate of: (A) 1x£&* and

(B) 5x10 s*. Experimental values are marked by solid purpledj and the error bars are indicated by
dashed blue lines. The experimental relaxation &M~ = 24.6 + 0.5 ms. The +5% error region has
been left out for clarity.

The T, graphs for rates of 1x1bs® and 5x18 s* are shown in Figures 9A and 9B respectively.
Figure 9A shows that, unlike thg Values, the Ttimes have not changed their trend. A

comparison of the times at the two rates shows glew that the difference in times is fairly
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small. Upon testing the values of fbr the 50° models (which showed the most dramatic
changes), we observe that an increase of the pate 1x13% s* (data not shown) caused only
small changes in the relaxation times relativéheovtalues at 5x£&*. The T, times seem to

have reached their fast time limits by the timeThe&alues turn around.
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Figure IV.11. T,vs. bend angle, considering various degrees of thigut the upper helix, ranging from
-60° to +60°: (A) positive twist angles: 8°Twist < 60°; and (B) negative twist angles: -60Twist < 0°.
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d. Twist angle dependence

The “Tw15 series” and the “Tw-15 series” showrFigure 2 represented two sets in a
series of models that were constructed with vardrgrees of twist applied to the upper helix
relative to its orientation in 1ANR-1. The twistgies that were applied range from -60° to +60°
in 15° increments. Again, the initial structuren@ the 1ANR-1 structure, but one with the upper
helix rotated through the twist angle associatetth Wiat particular series, and all models,
including this 0° bend angle model, are averaget thie 1ANR-1 structure to produce the
results that follow.

Relaxation times have been calculated for thettavigle models using the solid-state
exchange rates of 1.38>1§". For clarity, the data for positive twist angleslaegative twist
angles have been separated into distinct graplesTtelaxation times are shown in Figure 10,
with the positive twist angle data in Figure 10Aldhat for negative twists in Figure 10B. With

few exceptions, changes in the twist angle relativiie 1ANR-1 are directly proportional to
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changes in theltime. Correspondingly, there is an increase irbs-fit bend angles with an
increase in twist angle. For example, the 0° targdle structures match the experimental data
for bend angles less than 20°. However, by chantiegwist in the upper helix to 45°, the range
of best-fit bend angles shifts to 200sest.fit < 50°. Figure 11A and 11B show the corresponding
T, simulations. There is an inverse relationship leetwtwist angles and, Values, barring some
instances which do not follow this simple trend.vdth the T; values, this leads to the best-fit
twist and bend angles being correlated.

The physical origin of this correlation must belarstood by considering changes in the
diffusion tensor and the orientation of the locaD®ond relative to the diffusion tensor frame.
Since the helices of the molecule are not perfeotlglly-symmetric, it is possible that changes
in the diffusion tensor eigenvalues and bond oaion relative to the tensor eigenvectors
arising from a twist in the upper helix for a givieend angle mimic those for a different set of
twist and bend angles. Alternately, it is also gasghat the relationship between the diffusion
tensor eigenvalues and the bond orientation oonleehand, and the ensuing relaxation times on
the other is simply not one-to-one. The relaxatiores T, and T, are merely two numbers that
are obtained analytically as a combination of sevgarameters, and what we observe in Figures
10 and 11 may be a manifestation of the degenearfatye parametric landscape with respect to
the relaxation times.

Using the solid-state values for the parametecsn be seen from Figures 10A and 11A
that the structure with a positive twist of 15° domt fit the T experimental value, but almost
fits the T, value. On the other hand, if we consider the th&St structure in Figures 10B and
11B, we see that the experimentalalue is very close to being fit and Value fits well within

the error bars. Since the solid-state experimartsiaable to distinguish the sense of rotation,
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solution relaxation times may help to break thigefeeracy, if the values of other parameters are

determined independently.

4. Discussion

The theoretical method and results presented smtlainuscript aim to introduce a new
method of applying molecular motional models witbraic-level detail derived from other
techniques to solution NMR relaxation results, amoude the possibility of motions that alter
the diffusion tensor. We also have extended the -Bp€&tific results presented in the previous
work,” by removing the key assumption of an infinitelgvslexchange between conformers.
With regards to the first goal, the applicabiliiytibe current approach extends beyond the solid-
state/solution NMR application described here, eamtibe expanded to corroborate any type of
motion inferred from other experiments, providedexalar structures are available. Moreover,
it may be possible to simulate further time-depemndgiffusion-averaged solution-state
observables that can be described in terms of latioe functions of Wigner rotation matrices,
in addition to relaxation rates, simply by utiligithe transition probability (Equation 17) in the
expression analogous to Equation 4.

It is worth restating the assumption, mentionethenOM, that the exchange process
considered here is such that there is no chantjeiarientation of the molecules during the
instantaneous jump between conformers, i.e. tiiagidin tensors of any pair of conformers are
momentarily collinear during the jump. This assumpgllows for the derivation of a relatively
simple closed-form expression for the correlatianction and is valid as long as the different
exchanging conformers do not vary significantlyisiéondition of validity can be achieved in

applications by considering a larger number of oonkrs along the trajectory between two very
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disparate conformers, thereby better approximatingntinuum transition. For a derivation of
spectral densities for the general case of nonrealt diffusion tensors at the moment of
exchange, the reader may refer to the work of Ryaal'*°

In our recent work? we referred to the ssNMR-based models for thelvesi U23 and
U25 described in a previous arti¢femnodels which include local motions that were clusthe
overall tumbling timescale. While an inclusion ohslations of these two bases would support
the generality of the theory presented here, thesaesidues occur in the trinucleotide bulge
region of TAR-RNA and any description of their dymas would necessitate an understanding
of changes in the bulge configuration. As mentiome8ection 3, the bulge is assumed to be
rigid in our current structure manipulations. Inler to reasonably simulate such motions, we
would need to obtain a set of atomic-level origotet of the bulge residues and the concurrent
helix configurations. Such studies require new agpines, one of which is currently being
evaluated.

Along similar lines, we emphasize the requiremédrmatailed atomic-level structures. In
the current manuscript we have used 1ANR-1 ast#rgrgy structure for all of our simulations.
However, the use of any one of the 20 lowest ensiigictures reported under the PDB code
1ANR® would result in significantly different constrasnon parameters. We evaluated the
impact of a different choice of initial structurg talculating the relaxation times for the first
five lowest energy structures (LANR 1-5) tumblirsgsingle conformers, without internal
motion. In the original referentenergy is quantified by the energy of NOE constrai
violations, and these first few structures do nffedgreatly in energy. The maximum difference
in T, was approximately 80 ms and ipWas about 5 ms (both between the results for 1RNR-

and 1ANR-4). The discrepancies arise from thetfzatt the structures 1ANR 1-20 show
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significant variations in relative helix placemead relative base orientations, even within base
pairs. These substantial differences motivate searfor well-established energy-minimum
structures, especially given that computationabcép has improved vastly since the original
publication of the structures 15 years ago. Howewer methodology and the qualitative
arguments made herein still hold for any given ceaif initial structure, and given recent trends
towards more accurate molecular structures thigribamor to uncertainty is likely to be

removed in the near future.

The work presented here includes a re-derivatich@fesults of Favr® Huntres&™
and Freet?* and attempts to incorporate the discrete-jump &ism described by Wong, Case
and Szab8% We have applied this formalism to a molecule, HIVAR RNA, where many of
the structures deviate significantly from cylinddiedealizations. This application of the
formalism, the second central objective of the entrmanuscript, has shown that it is possible to
fit the solution experimental data given reasonahlgces of the available parameters. We
already considered the impact of changing the camtional bend angle, the atomic element
radius (AER, representing the size of the hydrodyindeads that are used to represent each
atom) and the direction of helical bending in poex work. Additional parameters considered
here are the rate of conformational exchange, laadaist angle about the upper helix.

Although discussed previouslyijt bears reminding that the ssNMR mod&lssed as a
basis for the simulations in this manuscript repoityy on the upper helix motions. No site labels
in the lower helix were considered at the timelsa tnformation on the relative motions of the
two helical domains could not be acquired. Thisiwvadéd us to explore a wider range of inter-
helical bend and twist angles than suggested bi&Models alone, to account for possible

lower helical motions.
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Based on our new analysis, it is worthwhile to séwthe comparison with the work of
Zhang, Al-Hashimi and co-workéfs“*that were made previous{yAn order tensor analysis in
Zhang et al 2007 reported an average upper helix bend Sfr2fative to an elongated lower
helix and an average lower helix bend of Bdative to an elongated upper helix, with the
difference between the two results being ascribetiffering twist motions of the two helices.
As described before, ssNMR mod8lsorroborate these collective twisting and bending
motions. The quoted results for the average oriiemsiin Zhang et al 2007 are accompanied by
a significantly lowered level of order for both ioels, indicating very large amplitude helix
motions (see also Zhang et al 2898 A direct comparison of our results with the edaverage
orientations is not possible as the order tensanehts probe the average inter-helical bend,
while the bend angles considered herein are meahsuitie respect to the lowest energy structure
1ANR-1. As an initial attempt at comparing the teeis of angles, we calculated the
approximate symmetry axes of the upper and lowicdgeusing 3DNA” and found an inter-
helical bend of 75° for 1ANR-1. Given the equal plagions of the two conformers considered
here, this would imply a total helical bend relatio the 1ANR-1 structure of about 100° for an
average of 25° (i.e. an amplitude of 75° - Average angle)) and about 40° for an awerag
angle of 54°. We did not consider bend anglesrge lm magnitude as 100°, but it is
conceivable that some combinations of the parasgtesiuding the exchange rate, could allow
this value to be fit. The amplitude of 40° can ibédf the experimental data if we assume the
ssNMR exchange rate of 1:380° s* and twist angles of 388is<60° anduis; around -45°.
Other AERs and directions of helical reorientatmmight also allow matches between the two

sets of results.
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Zhang et al 2007 also reports the results of aethomformer ensemble study suggesting
an overall helical bend of 94an upper helical twist of 12@nd a lower helical twist of 833
While we did not extend our analysis to bend angfeakat magnitude, nor to upper helical
twists greater in magnitude than°6@ is conceivable, based on the trends in Figtifeand 11
that the Zhang et al 208~alues could fit our solution data.

However, the time scale of domain motions quotedhiang et al 2006 is 1.5-1.9 ns
(rate ~ 5-%10° s*) and that differs significantly from the ssNMR &rscale of 725 ns (rate =
1.38<10° s1). Figures 4 - 7 of the current manuscript show tising the higher rates from
Zhang et al 2008 would preclude bend angles greater than abdut@@ny of the directions of
helical reorientation considered here. Thus, gparicular choices of the parameters, the
solution results may be reconciled with each otakihpough the discrepancy of the time scale in
Zhang et al 2008 with the ssSNMR time scale still remains. Howegven the fact that the
Zhang et al 2006 result was produced by a Model-#realysis, the rate of motions captured is
necessarily faster than the overall tumbling riitereby precluding the inclusion of any slower
conformational motions on the timescales considaegd. Indeed, the RDC-based analysis in
Zhang et al 2007 confirms the existence of largenain motions (leading to a lower degree of
order) potentially occurring on timescales up tdisgiconds (to which an RDC would be
sensitive). The ssSNMR results are also able touraphotions on longer timescales, and
previously® a model-dependent approach was used to pin-p@iattizular exchange rate. Thus,
the discrepancy mentioned above may be attribatéloet greater sensitivity of the ssSNMR
approach to slower timescales of motion.

Multiple sets of parameters can produce the sahes of the relaxation times: this

degeneracy must be broken by an independent exgmtiatty-driven assessment of the
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parameters. For example, we may take the solid-bet-fit parameters as being relevant even
under solution conditions, especially given thaddayion-based studies show a relatively flat
hydration dependence of the relaxation times dt higlration level§® In this case, we can fix

the conformational bend angle to 9°, the twist artigl15° and the conformational exchange rate
at 1.38x18s™. The evaluation of goodness-of-fit of the ensignlyition simulations has been
made in Section 3. This leaves the AER and diraatifchelical bending as free parameters to be

optimized. Our current value of an AER of iaarovides a tumbling correlation time
r® =(6D)™ (where D is the trace of the rotational diffustensor) of 6.4 ns for the 1ANR-1

conformer alone, which accords well with the Mottek-derived value of 5.9 ns for free TAR
as reported in Bardaro et'alwhile the experimental time is averaged over afiformational
states accessed by free TAR, the remarkable sitgilarthe time scale provides some
independent corroboration of the choice of AER tlk@ermore, detailed hydration studies of
nucleic acids may provide more independent estisnaitéhe impact of various hydration
patterns, if we can solve for diffusion tensorsigseexplicit water molecules. The direction of
helical bending is physically determined by thelimne torsion degrees of freedom and the
inter-residue interactions (including steric claghand these properties may be studied using
molecular dynamics simulations and energy mininnzastudies. Since the bending of the upper
helix is associated with changes in the bulge gométion, we have begun investigating the
possibility of simulating both helix bending ane thulge residue orientations using the

aforementioned techniques.
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5. Results based on corrected equations

We have repeated several of the simulations for ‘RN (Figure 1) using the corrected
equations for the time-dependent coefficients (Bdb.and 32) and the correlation function (Eq.
37) and present these results in the following. fEt@xation times are calculated in each case for
an exchange between a structure modified in omeaoe parameters from the lowest energy
model of TAR-RNA (PDB code 1ANR)labeled 1ANR-1, and 1ANR-1 itself. For comparison
the experimental relaxation times are=T354 + 3 ms and /= 24.6 + 0.5 ms’
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Figure 1V.12. Relaxation times vs. bend angle for structurebiwithe Tw15 series considering various
exchange rates from 5x16" to 1x10 s™: (A) T, times; (B) T times. Experimental values are marked by
solid purple lines, and the error bars are indit@tgdashed blue lines. The experimental relaxaiioas
are: ;7" = 354 + 3 ms, and,; 7™ = 24.6 = 0.5 ms. Also, shown in grey is the +5%veregion. The two
lower panels show the differences between the atitaxtimes calculated using the original theorgt an
those calculated using the corrected expressi@)sE,f 9" - T,Corectongng (D) poremal _ T,Correction
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In Figure 12, we have recalculated the solutioaxaion times T(Fig. 12A) and §
(Fig. 12B), for the set of structures termed asTwel5 series” (structures shown in Figure 2A),
as a function of the conformational exchange fEte. rate is varied from 5x1@™ to 1x10 s™.
Shown in the lower two panels are the “residuaks’the differences between the relaxation
times published in the original article using thmearrected equations and the new simulation
results, FO9nal_ T, correcton (g 12C) and 7P — T,Comecton (g 12D). As can be seen, the
difference in results is less than 0.8 ms in maglatfor the T times and less than 0.08 ms in
magnitude for the Atimes, significantly smaller than the respectixpegimental errors.

(Compare to Fig. 6.)
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Figure 1V.13. Relaxation times vs. bend angle for structurebiwithe Tw15 series considering the two
exchange rates of 5x16" and 1x1¢° s*: (A) T, times; (B) T times. Experimental values are marked by
solid purple lines, and the error bars are inditétedashed blue lines. The experimental relaxatioas
are: T,7"" = 354 + 3 ms, and,F™ = 24.6 + 0.5 ms. Also, shown in grey is the +5%veregion. The two
lower panels show the differences between the aéitaxtimes calculated using the original theorgt an
those calculated using the corrected expressi@)s,f 9 - T,Corectongng (p) porgal _ T, Correction

Figure 13 shows the relaxation times calculatedHerTw15 series with exchange rates
of 5x10 s* and 1x16° s*. These have been shown separately, as in thereotzd results, to
show clearly the turnover in thg Trend as the rates increase. Whereas thallies for rates
considered in Fig. 12 steadily decrease with ire@ean the rate for the same bend angle, there is
a reversal of this trend at a rate between 1st@nd 5x18s?, as can be seen from the
increasing T values for the rates in Fig. 13A. Thevialues (Fig. 13B) do not show this
turnover. Also shown are theg Tesiduals (Fig. 13C) and, Tesiduals (Fig. 13D). The magnitude

of the residuals is once again seen to be smaker the experimental errors (at most ~0.5 ms for
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T1, and ~0.1 ms for J). This is strong confirmation of the earlier stagnt that the qualitative

discussion in the previous Results section stilams valid, as these graphs depict simulations

using very fast rates, and if any significant nuardiscrepancy should have existed in the

simulations, it would have manifested itself indbeesults. (Compare to Figs. 8 and 9.)
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Figure 1V.15. Relaxation times vs. bend angle for structureh wérious degrees of negative twist about
the upper helix, ranging from -60° to 0°: (A) fimes; (B) T times. Experimental values are marked by
solid purple lines, and the error bars are inditétedashed blue lines. The experimental relaxatioas
are: T,7"" = 354 + 3 ms, and,F™" = 24.6 + 0.5 ms. Also, shown in grey is the +5%peregion. The two
lower panels show the differences between the aéitaxtimes calculated using the original theorgt an
those calculated using the corrected expressi@)sr,f o - T,Corectongng (D) poremal _ ,Correction

Figures 14 and 15 show the (Figs. 14A and Fig. 15A) and; TFigs. 14B and Fig. 15B)
values for structures whose upper helices have beelified from 1ANR-1 to include a
specified twist about the upper helical axis, idiedn to the bend angles indicated on the x-
axes. The upper helical axis is defined using togram 3DNA® Figure 14 shows the
relaxation times for positive twists (in a rightrtbrule sense), along with the fesiduals (Fig.
14C) and the Fresiduals (Fig. 14D). The panels in Figure 15 shoalogous results for

negative twists applied to the upper helix. Thedweals are well below the experimental errors in
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all cases shown, being at most ~0.03 ms faanid ~0.003 ms for,T (Compare to Figs. 10 and
11.)

Although we have not redone the simulations fothadl various cases considered in the
preceding figures (Figures 3 through 11), we belithat the range of parameters considered
here do show sufficiently that numerically the ara theory and the corrected expressions do
not vary significantly enough to alter the qualitatarguments presented above. However, it is
important to note that such may not be the casa #at of structures that may deviate
substantially from cylindricality, or for an exclgmbetween structures that may have very

different diffusion tensors.

6. Conclusions

In this manuscript we have presented a methodstihig proposed motional models of
macromolecules in solution conditions by simulatiotution NMR T and T, relaxation times.
Specifically, we have made use of available sdiadlesNMR-derived models to determine the
types of motions experienced by the upper helithefHIV-1 TAR RNA molecule. In addition
to showing that the solid-state NMR (at a hydratwbi6 waters per nucleotide) dynamic
parameters provide reasonable fits to the solugtaxation data, we have also made an
exploration of the dependence of the relaxatiomsimon variations in the dynamic parameters.
For future studies on this system or on RNA in gah¢he analyses conducted herein can serve
as a means of reducing the large motional paramptare, and also provide qualitative insight
regarding trends in parametric correlations. Weebelthat the method is generally applicable to
a variety of macromolecules and can be extendely éasnclude new observables, thereby

bridging gaps between multiple experimental teches
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Appendix IV.A: Sample Mathematica code for the genal rate theory

/[Function definitions used for the general rate theory as described in Table V.1
sig[{Dx_, Dy _, Dz_}] = Dx"2 + Dy*2 + Dz"2 - (Dx*Dy+ Dy*Dz + Dz*Dx);

/INumerators and denominators of the diffusion testrendent eigenvectors
num2[{Dx_, Dy , Dz_}] =0.5*((Dx + Dy - 2*Dz) + 2*Sqd][sig[{Dx, Dy, Dz}]]);
num3[{Dx_, Dy _, Dz_}] =0.5*((Dx + Dy - 2*Dz) - 2*Sqd][sig[{Dx, Dy, Dz}]]);
den2[{Dx_, Dy , Dz_}] =Sqrt[2*sig[{Dx, Dy, Dz}] + Sirt[sig[{Dx, Dy, Dz}]]*(Dx + Dy -
2*Dz)];

den3[{Dx_, Dy _, Dz_}] =Sqrt[2*sig[{Dx, Dy, Dz}] - rt[sig[{Dx, Dy, Dz}]]*(Dx + Dy -
2*Dz)];

/IMatrix of eigenvectors

fla [{Dx_, Dy_, Dz_}] = {{-(27(-0.5)), 0, 0, 0, 2"40.5)}, {0.25*Sqrt[6]*(Dx - Dy)/den2[{Dx,
Dy, Dz}],0,num2[{Dx, Dy, Dz}]/den2[{Dx, Dy, Dz}],0,0.25*Sqrt[6]*(Dx - Dy)/den2[{Dx, Dy,
Dz}]},{0.25*Sqrt[6]*(Dx - Dy)/den3[{Dx, Dy, Dz}],0,num3[{Dx, Dy, Dz}}/den3[{Dx, Dy,
Dz}],0, 0.25*Sqrt[6]*(Dx - Dy)/den3[{Dx, Dy, Dz}]},{0,2"(-0.5), 0, 2"(-0.5),0},{0,-( 2"\(-

/IVector of eigenvalues

g[{Dx_, Dy _, Dz_}] = {4*Dz + Dx + Dy, 2*(Dx + Dy +Dz) + 2*Sqrt[sig[{Dx, Dy, Dz}]],
2*(Dx + Dy + Dz) - 2*Sqrt[sig[{Dx, Dy, Dz}]],Dz + 4Dx + Dy,Dz + Dx + 4*Dy },
kkkkkkkkhkkkkkhkkhkkkkkhkkhkkkhkhkkhkkkkkkhkkhkkkkhkkkkkhkkkk *kkkkkkkkhkkkkkhkkhkkkhkkkkkkhkkkk
//Spherical angle-dependent multipliers of the time-dependent coefficientsin expression for
the correlation function, Equation 1V.37

coeffl[{thetaf , phif_}{thetai_, phii_}] =
0.75*(Sin[thetaf]"2)*(Sin[thetai]*2)*(Sin[2*phif]){Sin[2*phii]);

coeff4[{thetaf_, phif_},{thetai_, phii_}] =
0.75*(Sin[2*thetaf])*(Sin[2*thetai])*(Sin[phif])*(Sn[phii]);

coeff5[{thetaf , phif_},{thetai_, phii_}] =
0.75*(Sin[2*thetaf])*(Sin[2*thetai])*(Cos[phif])*(Gs[phii]);

coeff2[{thetaf , phif_},{thetai_, phii_},{Dxb_, Dyb, Dzb_}, {Dxa_, Dya_, Dza }] =
1.5*fla[{Dxb, Dyb, Dzb}][[2, 1]]*fla[{Dxa, Dya, Dza}][[2,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*fla[{Dxb,
Dyb, Dzb}][[2, 1]]*fla[{Dxa, Dya, Dza}][[2,
3JI*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos|[thetai]*d - 1) + (0.5*Sqrt[1.5])*fla[{Dxa, Dya,
Dza}][[2, 1]]*fla[{Dxb, Dyb, Dzb}][[2, 3]]*(Sin[the tai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]*2) -
1) + 0.25*fla[{Dxb, Dyb, Dzb}][[2, 3]]*fla[{Dxa, Dya, Dza}][[2, 3]]*(3*(Cos[thetaf]*2) -
1)*(3*(Cos[thetai]*2) - 1);
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c32[{thetaf_, phif_}{thetai_, phii_},{Dxb_, Dyb_Dzb }, {Dxa_, Dya_, Dza_}] =
1.5*fla[{Dxb, Dyb, Dzb}][[3, 1]]*fla[{Dxa, Dya, Dza}][[2,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*fla[{DxDb,
Dyb, Dzb}|[[3, 1]]*fla[{Dxa, Dya, Dza}][[2,
3]J*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]") - 1) + (0.5*Sqrt[1.5])*fla[{Dxa, Dya,
Dza}[[2, 1]]*fla[{Dxb, Dyb, Dzb}][[3, 3]]*(Sin[the tai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]"2) -
1) + 0.25*fla[{Dxb, Dyb, Dzb}][[3, 3]]*fla[{Dxa, Dya, Dza}][[2, 3]]*(3*(Cos[thetaf]*2) -
1)*(3*(Coslthetai]*2) - 1);

c23[{thetaf_, phif_}{thetai_, phii_},{Dxb_, Dyb_DPzb }, {Dxa_, Dya , Dza }] =
1.5*fla[{Dxb, Dyb, Dzb}][[2, 1]]*fla[{Dxa, Dya, Dza}][[3,
1]1*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*fla[{Dxb,
Dyb, Dzb}][[2, 1]]*fla[{Dxa, Dya, Dza}][[3,
3]I*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]*) - 1) + (0.5*Sqrt[1.5])*fla[{Dxa, Dya,
Dza}][[3, 1]]*fla[{Dxb, Dyb, Dzb}][[2, 3]]*(Sin[the tai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]*2) -
1) + 0.25*fla[{Dxb, Dyb, Dzb}][[2, 3]]*fla[{Dxa, Dya, Dza}][[3, 3]]*(3*(Cos[thetaf]*2) -
1)*(3*(Cos[thetai]*2) - 1);

coeff3[{thetaf_, phif_},{thetai_, phii_}, {Dxb_, Dy _, Dzb_}, {Dxa_, Dya , Dza_}] =
1.5*fla[{Dxb, Dyb, Dzb}][[3, 1]]*fla[{Dxa, Dya, Dza}][[3,
1]]*(Sin[thetaf]"2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*fla[{Dxb,
Dyb, Dzb}][[3, 1]]*fla[{Dxa, Dya, Dza}][[3,
3JI*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos|[thetai]*d - 1) + (0.5*Sqrt[1.5])*fla[{Dxa, Dya,
Dza}][[3, 1]]*fla[{Dxb, Dyb, Dzb}][[3, 3]]*(Sin[the tai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]*2) -
1) + 0.25*fla[{Dxb, Dyb, Dzb}][[3, 3]]*fla[{Dxa, Dya, Dza}][[3, 3]]*(3*(Cos[thetaf]*2) -
1)*(3*(Cos[thetai]*2) - 1);

kkkkkkkkkkkkkkkhkkkhkkkhkkkhkkhkkhkkkkkkhkkkhkkkhkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkk

/[Example of a two-structure exchange calculation
/[Parameters of the jump matrix

//Equilibrium probabilities for the conformationakchange
pegA = 0.5;
peqB =1 - pegA;

/[Jump matrix elements for the conformational excleang
RAB =(1.38*10"6)*Sqrt[peqA/peqB];

RBA = (1.38*1076)*Sqrt[peqB/peqA];

RAA = -RBA;

RBB = -RAB;

/[Equilibrium probabilities for the base-libration

peql = 0.5;
peg2 =1 - peql;

126



/[Jump matrix elements for the base-libration
k12 = (2.15*10"8)*Sqrt[peql/peq?];

k21 = (2.15*10"8)*Sqrt[peq2/peql];
k1l = -k21;
k22 = -k12;

/[Diffusion tensor parameters for one of the two cluces

(*Tw15 O degrees®)
Diff ={1.964*10"7,2.028*10"7, 3.440*10"7}; Diffusion tensor eigenvalues

/[Diffusion tensor eigenvectors
D2vec = {-0.5863,-0.3977, 0.7057},
Dlvec = {-0.1444, 0.9085, 0.3921};
D3vec = {-0.7971,0.1279, -0.5901},
Dlvec /= Norm[D1lvec];

D2vec /= Norm[D2vec];

D3vec /= Norm[D3vec];

//Assignment of diffusion tensor eigenvectors to €&ah basis vectors
Dxvec = D2vec;
Dyvec = D1lvec;
Dzvec = D3vec;

//Check to see if the diffusion tensor frame is atritanded coordinate system (HYDRONMR
does NOT always produce a right-handed coordingstesn)
Dzvec.Cross[Dxvec, Dyvec]

//Bond orientations for the two sites of the basealiion in the PDB coordinate system
sitelp= {0.20858583638452116", 0.939801993210516%125750310123471};
site2p ={0.14654696550797644", 1.0074430328966503391217998523054 '},

//IRecalculating the sites in terms of the diffusemsbr principal axis system
sitel = {sitelp.Dxvec, sitelp.Dyvec, sitelp.Dzvec};

site2 = {site2p.Dxvec, site2p.Dyvec, site2p.Dzvec};

sitel /= Norm[sitel];

site2 /= Norm([site2];

/[Calculation of the spherical angles for each of ¢ite orientations
(*Conf 1 site 1%)

th11 = ArcCosl-sitel[[3]] ];

phll= ArcTan[sitel[[2]]/site1[[1]] ];

(*Conf 1 site 2%)

th12 = ArcCosl-site2[[3]] ];

phl12= ArcTan[site2[[2]]/site2[[1]] ];
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/IVector of diffusion eigenvalues ordered in termthefCartesian associations (i.e. as{[D,

Da)
Diff1 ={Diff[[2]], Diff[[]], Diff[[3]] };

/IDiffusion tensor parameters for the second of e $tructures, always chosen for this work to
be the lowest energy structure of TAR RNA, 1ANR-1
/l[(Same definitions as before)

(*ANR 0O degrees?*)

Diff ={2.057*10"7,2.153*10"7, 3.465*10"7};

D2vec = {-0.5329,-0.2868, 0.7961},

D1lvec = {-0.1060, 0.9560, 0.2735};

D3vec = {-0.8395,0.0613, -0.5399},

Dlvec /= Norm[D1lvec];

D2vec /= Norm[D2vec];

D3vec /= Norm[D3vec];

Dxvec = D2vec;

Dyvec = D1lvec;

Dzvec = D3vec;

Dzvec.Cross[Dxvec, Dyvec]

(* U38 *

sitelp={0.30277529984708695,0.768321598823755%1412201055815386};
site2p={0.2418946715947777,0.867683443602356613544953163507 };
(180/Pi)*ArcCos[sitelp.site2p]

sitel = {sitelp.Dxvec, sitelp.Dyvec, sitelp.Dzvec};

site2 = {site2p.Dxvec, site2p.Dyvec, site2p.Dzvec};

sitel /= Norm[sitel];

site2 /= Norm[site2];

(*Conf 2 site 1*)

th21 = ArcCosl-sitel[[3]] ];

ph21= ArcTan[sitel[[2]]/site1[[1]] ];

(*Conf 2 site 2*)

th22 = ArcCosl-site2[[3]] ];

ph22= ArcTan([site2[[2]]/site2[[1]] ];

Diff2 ={Diff[[2]], Diff[[1]],Diff[[3]] };

kkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkhkkkkhkkkhkkhkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkk

//Calculating the time-dependent coefficients using the time-evolution matrices as defined in
Equations 31b and 32
//[Evolution matrix for eigenvalue 1
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evolmatl = {{-g[Diff1][[1]] + k11+ RAA,k12, RAB,0}{k21, -g[Diff1][[1]] + k22+ RAA,
0,RAB},{RBA,0, -g[Diff2][[1]] + k11+ RBB, k12},{0,RBA, k21,-g[Diff2][[1]] + k22+ RBB}};
//Overlap of the eigenfunctions for the two conforfer the two diffusion tensor-dependent
eigenvalues

sum22 = Sum(fla[Diff1][[2, k]]*fla[Diff2][[2, K]], {k,1,5}];

sum23 = Sum(fla[Diff1][[2, k]]*fla[Diff2][[3, K]], {k,1,5}];

sum32 = Sum(fla[Diff1][[3, k]]*fla[Diff2][[2, K]], {k,1,5}];

sum33 = Sum(fla[Diff1][[3, k]]*fla[Diff2][[3, K]], {k,1,5}];

evalmodff = g[Diff2][[2]]*(sum22"2) + g[Diff2][[3]]*(sum23"2);
evalmodfs = sum22*g[Diff2][[2]]*sum32 + sum23*g[OR][[3]]*sum33;
evalmodsf = evalmodfs;

evalmodss = g[Diff2][[2]]*(sum3272) + g[Diff2][[3[F(sum33"2);

//Combined evolution matrix for the diffusion tendependent eigenvalues

evolmatcomb = {{-g[Diff1][[2]] + k11+ RAA,0,k12,0RAB,0,0,0},{0, -g[Diff1][[3]] + k11+
RAA, 0,k12, 0,RAB,0,0},{k21, 0,-g[Diff1][[2]] + k22 RAA,0,0,0, RAB,0}, {0, k21, 0,-
g[Diff1][[3]] + k22+ RAA,0,0,0, RAB},{RBA,0,0,0,-exalmodff + k11+ RBB,-evalmodfs,
k12,0},{0,RBA,0,0,-evalmodsf,-evalmodss + k11+ RB&12},{0,0,RBA,0,k21,0,-evalmodff +
k22+ RBB,-evalmodfs},{0,0,0,RBA,0,k21,-evalmodsiatmodss + k22+ RBB}};

/[Evolution matrix for eigenvalue 4
evolmat4 = {{-g[Diff1][[4]] + k11+ RAA k12, RAB,0}{k21, -g[Diff1][[4]] + k22+ RAA,
0,RAB},{RBA,0, -g[Diff2][[4]] + k11+ RBB, k12},{0,RBA, k21,-g[Diff2][[4]] + k22+ RBB}};

/[Evolution matrix for eigenvalue 5
evolmat5 = {{-g[Diff1][[5]] + k11+ RAA k12, RAB,0}{k21, -g[Diff1][[5]] + k22+ RAA,
0,RAB},{RBA,0, -g[Diff2][[5]] + k11+ RBB, k12},{0,RBA, k21,-g[Diff2][[5]] + k22+ RBB}};

/[Eigenvalues and eigenvectors of the evolution medri
evall = -Eigenvalues[evolmatl];
evecsl = Eigenvectors[evolmatl];

evalcomb = -Eigenvalues[evolmatcomb];
evecscomb = Eigenvectors[evolmatcomb];

eval4 = -Eigenvalues[evolmat4];
evecs4 = Eigenvectors[evolmat4];

eval5 = -Eigenvalues[evolmat5];
evecs5= Eigenvectors[evolmat5];

//[Evaluating the time-dependent coefficients, amnddfin Equations 1V.33 and 1V.34
T1 = Transpose[evecsl];

129



laml[t_] = { {Exp[-evall[[1]]*t ],0,0,0}{0,Exp[-evall[[2]]*t ],0,0},{0,0,Exp[-evall[[3]]*t
1,0},{0,0,0,Exp[-evall[[4]]*t ]} };
cl[t ] = T1.laml[t].Inverse[T1];

Tcomb = Transpose[evecscombl;

lamcomb[t_] = { {Exp[-evalcomb[[1]]*t ],0,0,0, 0, 0, 0},{0,Exp[-evalcomb][[2]]*t ],0,0, O, O,
0, 0},{0,0,Exp[-evalcomb[[3]]*t ],0, O, O, O, 0},{(,0,Exp[-evalcomb[[4]]*t ], O, O, O, O}
,{0,0,0,0,Expl[-evalcomb[[5]]*t ],0,0,0},{0,0,0,0,&xp[-evalcomb[[6]]*t
1,0,0},{0,0,0,0,0,0,Exp[-evalcomb][[7]]*t ],0},{0,0,0,0,0,0,Exp[-evalcomb][[8]]*t ]}};
ccomb[t_] = Tcomb.lamcomblt].Inverse[Tcomb];

T4 = Transpose[evecs4];

lam4[t_] = { {Exp[-eval4[[1]]*t ],0,0,0},{0,Exp[-eval4[[2]]*t ],0,0},{0,0,Exp[-eval4[[3]]*t
],0},{0,0,0,EXp[-eV3.|4[[4]]*t ]} }’

c4[t_] = T4.lam4[t].Inverse[T4];

T5 = Transpose[evecs5];

lam5[t_] = { {Exp[-eval5[[1]]*t ],0,0,0},{0,Exp[-eval5[[2]]*t ],0,0},{0,0,Exp[-eval5[[3]]*t
1.0}.{0,0,0,Exp[-eval5[[4]]*t ]} };

c5[t_] = T5.lam5]t].Inverse[T5];
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/[Calculation of correlation function, spectral densities, relaxation times and NOE

solangll = {th11, ph11};

solangl2 = {th12, ph12};

solang21 = {th21,ph21};

solang22 = {th22,ph22};

solang = {solang11, solang12, solang21, solang22},
prconf = {peqA*peql,pegA*peq2,peqB*peql,peqB*peq2};
D4site = {Diff1,Diff1,Diff1, Diff1};

/[Calculation of correlation function as defined igue&tion 111.37

corr[t_] = Sum[Sum][(c1[t][[j,k]]*coeffl[solang[[j]]solang[[Kk]] ] + ccomb[t][[2*}-1,2*k-
1]]*coeff2[solang([j]],solang[[K]], D4site[[j]], D&ite[[K]] ] +ccomb]t][[2*],2*k-
1]]*c32[solang([j]],solang][K]], D4site[[j]], D4sie[[k]] ] +ccomb][t][[2*}-
1,2*k]]*c23[solang][[j]],solang[[K]], D4site[[j]], D4site[[K]] ]+
ccombl[t][[2*},2*K]]*coeff3[solang[[j]],solang[[k]], D4site[[j]], D4site[[K]] ] +
c4[t][[j,k]]*coeff4[solang[[j]],solang[[k]] ] + cHt][[j,k]]*coeff5[solang][j]],solang[[K]]
D)*preonf[(k]l.{k, 1, 4}], {j. 1, 4};

//Spectral density
JO[om_] = Sqgrt[Pi/2]*FourierCosTransform[corr[t],dm];
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/INMR parameters

yC = 6.728*10"7; l5yromagnetic ratio of Carbon-13

vH = 2.675*10"8; l5yromagnetic ratio of Hydrogen

rCH = 1.1*10"-10; LLarbon-hydrogen bond length for an aromatic carladom
do = 212*107-6; /Chemical shift anisotropy (CSA) for a uridine basebon atom
/IMagnetic field strength

Bfield = 11.74;

/[Larmor frequencies of Carbon-13 and Hydrogen
wC =yC*Bfield
wH = yH*Bfield

/[Calculation of the spectral densities relevantte solution relaxation times and NOEs as
defined by Equations 1V.38-41

JOm = JOHC -wH] ;

JOC = JOpC];

JOp = JOHC + oH];

JOO = JO[0];

JOH = JOpH];

co2 = (2/15)*6c"2)* vC"2;

d2 = (0.1*10"-14)*((1.05451*10"-34yH* yC /[rCH"3)"2;

/IRelaxation time and NOE calculations

T1 = 1000*(d2*(JOm + 3*JOC + 6*J0p) + co2*JOC )¥Thop

T2= 1000*(0.5*d2*(4*J00 + JOm + 3*JOC + 6*JOH #*JOp) + (1/6)*c02*(4*J00 + 3*JOC) )"-
1//Chop

NOE =1 + {yH /vC)*d2*(6*J0p - JOm)*T1/1000//Chop

kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkhkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkk
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Appendix IV.B: Generating modified atomic-coordinate files to simulate

changes in helical parameters

The following changes to the coordinate file argied out using the Chimera program:

Firstly, we need to translate and rotate the PD&dinates to align the lower helix with the z-

axis of a new coordinate system.

1.
2.

Shift the origin of the PDB file to the U40 backleod atom.

Define the upper and lower helices using the prog3®NA (using the local
dinucleotide helix vectors, not the normals).

Incorporate a unit vector coordinate system explianto the coordinate file, to aid with
visualization.

Create a PDB file with only the target helical axisl superimpose on the original
structure.

Create an additional PDB file with the original malilar coordinate system and
superimpose on the two previous coordinate filegs-ghrves again merely as a
visualization aid, as all rotations are carried with respect to this fixed coordinate
frame.

Find the polar angl@ (called so because it is the Euler angle of rotesis well) between
the unit z-axis (0, 0, 1)and the target lower helical axis, by calculatising the output
of 3DNA.

Rotate the molecular coordinates (Tedl81ovement-> Transform molecular
coordinates in the Chimera menu) such that thezafxhe molecular axis system lines
up with the target lower helical axis, and note Buer angles used to bring about this
alignment. Note: Chimera uses the {Z, X', Z"} coention, where the first rotation is
about the old Z axis, then about the new X’ axid fimally about the new Z” axis.

Go back to the original pre-rotated structure asualycout the inverse transformation
relative to that in Step 7. This actually transfertne coordinates such that (0, J, 1)
aligns with the lower helix (the inverse is reqditeecause Step 7 involves an active

rotation of the coordinates, while what we reqisra passive rotation of the frame).

When the molecular file is prepared in this mar{ti@s new, rotated file with the lower helix

along (0, 0, 1)is designated as 1ANR-1 in all the calculatiots3,next steps are designed to

rotate the upper helix through various angles ofdend twist relative to 1ANR-1.
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9. Choose a direction of the rotation axis about whinghupper helix is to be bent. The
rotated structure 1ANR-1 from the steps above iwiieneral have an x-axis that is
arbitrarily oriented in a plane perpendicular te tbwer helix. Therefore, the choice of
the bending axis was made by visually inspectirgctanges in the structure and finding
one or more axes that resulted in a straighteninigeoupper helix relative to the lower
helix. The choice of bending axis is defined imrterof the angle N relative to the 1ANR-
1 x-axis.

10.To bend the upper helix through an anglapply the following rotation in
ChimeraR,.(N)R.(8)R;*(N) = R,.(N)R.(8)R, (- N), where the application requires
simply inputting{N ,,[?,—N} into the three Euler angle slots.

11.Generate structures with bends of 10° through Q0P increments.

The incorporation of the twist in the upper helwgeeds as follows:

12.Find the upper helical axis for each of the benglewnases. Calculate the spherical
angles of each axis relative to the 1ANR-1 coongirsystem, designating the polar angle
asO and the azimuthal angle @s

13.1n order to apply a twist of degrees to the upper helix, perform the rotation:
R (7—27 - ¢j R (O)RA(V)R.(O)R, (7—27 - ¢j . A series of twist angles ranging from -60°

to +60° with 15° degree increments are appliecebmrh bend angle structure.

14.The newly rotated structure coordinate files arelified by replacing the lower helix
atoms in them with the corresponding coordinatesiftANR-1, to simulate bending and
twisting in the upper helix alone.

All the structure files produced in this manner imspected for severe steric clashes (i.e.
overlaps of atoms from different parts of the maleg which may occur given the brute force
nature of the modifications made above, and thetfet the bulge is kept rigid in all cases. If
such clashes are found to be substantial, therfilgsbe discarded in favor of smaller bend

angles or a different choice of bending axis.
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Chapter V
Studying experimental structure-based trajectories for base-flipping in Hhal

methyltransferase recognition DNA

(Work performed with Brian Trinh, former undergradiel student, University of Washington,

Department of Chemistry)

Abstract

The Hhal-methyltransferase recognition DNA sequefti{€&;A2T3A4GsCsG7CsToA10T11C12)] 2,
serves as the binding location for the Hhal protedmich catalyzes the methylation of the target
cytosine G at the C5 atom. This catalysis process involvesthding of the Hhal protein to the
specific sequenceHGsCsG;Cg]-3', and the subsequent acceptance of the “flippeteytsine
into the protein’s binding pocket. A methyl grogpativen transferred from the donor molecule S-
adenosyl-L-methionine (AdoMet) to the cytosine. Thuestion of interest is whether the
dynamics of base-flipping are innate to the DNAIitsor whether the protein is required to draw
the cytosine out of the double helix. To study tiugstion, we test a model of motion based on
three atomic-level structures which represent lippihg trajectory of the target residue against
the solid state NMR relaxation time and line shdgi obtained for backbone, furanose ring and

base sites along the cytosine.

1. Introduction

While DNA molecules are known to largely occur istable helical conformation on

average, several motions have been reported to ateall length scales: twisting and bending

134



motions in long molecules with flexibility at bapeir-to-base pair junctiofs, as well as local
base motion§***2!1{See also Alam and Drobfifor a review of DNA dynamics studies prior
to 1991). One of the more dramatic instances oiadiew from rigid helical behaviour was
observed for the Hhal methyltransferase-recogniDdA sequence,
[d(G1A,T3A4G5C6G7CsToA 16T1:C12)]2. 28 The underlined residues form the conserved retiogni
site for the Hhal methyltransferase, which acta aatalyst in the transfer of a methyl group
from S-adenosyl-L-methionine (AdoMet) to the C5matof the target cytosine on the sequence.
The DNA molecule has been observed to have a neddifelix in the bound structure with one
of the cytosines (§ being extruded out of the helix and being mettegdan the proces$. The
extruded G is positioned within the active site of the pratewvith the DNA as a whole being
located between two domains of the protein. Thithglation process is known to protect
bacterial DNA from cleavage by restriction endoeaskes, and is thought to play a role in
eukaryotic gene transcription inhibitidH, X chromosome inactivation, DNA repHit®and
potentially in cancerous ceff8 This essential process in cells proceeds by mefahe binding
of the methyltransferase at the recognition sitkthe subsequent “base-flipping” of the target
cytosine into the active site of the prot&init is of interest to us to understand whether this
flipping process is active or passive, i.e. whethercytosine is actively flipped out by the
protein, or whether the protein opportunisticabyptures a naturally dynamic residue, similar to
the TAR RNA conformational capture idea. This hasrbinvestigated extensivéhy?with
ultimate hope of being able to prevent hypo- ordrypethylation, if there is a proven medical
need to do so.

NMR studies of the Hhal recognition sequence haskelgd solid state line shape and

68,115

relaxation data (1) as well as solution relaxation timeSL(Tlp)68 for furanose ring and
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backbone sites. More recent studies have yieldkd state NMR line shape and relaxation time
data for sites on the bases of several residuieisequence (Kari Pederson, PhD thesis,
University of Washington). Meints et al compare daga for the methylated and unmethylated
target cytosine at the furanose and backbone sitesfind a change in dynamics between the
two chemically different states of the cytosineyoiolr the backbone sité$> Miller et al carried
out studies across various residues in the sequanddind that the two cytosines in the core
recognition sequence to have dramatically diffesafid state line shapes ang,than their
neighbours$? indicating that these residues stand out dynalyifraim the surrounding
sequence. Much analysis has been devoted to thefoe of the solid state relaxation times
and line shapes by simulating the furanose ringanst(specifically the C2’-H2” bond
motions) as being determined by continuous poteatiergy functions of the pseudo-rotation
coordinaté'® Meints et al propose a double-well potential hwéch well representing one of
the two primary configurations of the furanose ritigg C2’-endo and the C3’-endo
conformation'”; Echodu et al treat the dynamics as being cent@ehd the B-DNA-preferred
C2’-endo conformations and with deviations awayrfrihe potential minimum being
determined by a harmonic potential w&lHowever, while active interest remains in the s
of individual sites along the nucleotide, the as&yf collective motions of all the components

is yet to be considered.
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Unflipped Partially flipped Fully flipped

&_f' f

Diffusive Diffusive
Exchange Exchange
+— +—

1CGC

No direct exchange

Figure V.1: The three structures used to simulate a trajectbtiye flipping proces¥ The target

cytosine of the GCGC recognition sequence is shiovdark blue, while the remaining nucleotides ia th
recognition sequence are rendered in cyan. Thepefl structure (PDB code: 1CGC) has only ten base-
pairs while the partially flipped (PDB code: 1SKhd fully flipped (PDB code: 1FJX) structures have
12 base-pairs each. As indicated, exchange is atlamly between adjacent structures on the trajgcto
while the unflipped and fully flipped structuresnoat undergo direct interconversion according & th
chosen model. The asterisks next to 1SKM and 1RdiKate that the DNA structure has been isolated
from their PDB files, which also include the bingliprotein structures.

This was the context within which a potentially gead method of parameter-fitting to
NMR experimental data was explored: by using tlisesl structures, or rotamers (shown in
Figure 1) which shared the recognition sequen@®mmon with the Hhal DNA and were
deposited previously into the Protein Data BankBPf3 we tested the possibility that a single
motion could explain observedzrelaxation times by fitting the data for eachluke

deuterium-labeled sites on the target cytosinegusim equilibrium probabilities (thé%is fixed
N=3

by the requiremenE p, =1) and a dynamic timescale. The labeled sites otatiget cytosine
i=1

were the backbone C5’ (H5 and H5” equally popathtn the sample), the furanose C2’ (at the
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H2" site) and the base C5 and C6 sites. These s#gresent different environments with
different degrees of access to the protein. By ipigpthe cytosine at various locations, it is hoped
that we can gain information on whether the diffieigections collude to produce a single
flipping motion, or whether the backbone, sugag amd base behave independently.

One of the key ideas was to establish an autonsa&@ah process using a Markov-Chain
Monte Carlo (MCMC) simulation (incorporating the tepolis-Hastings algorithm and
simulated annealing of the search condition), wiieeeresulting parameter values were binned
and displayed in histograms. Multiple sets of pagtars near the peaks of the histograms were
selected as potential best-fit parameters, ingotanlz calculation to confirm that they
reproduced the experimental data within close pnityi and compared against the results for
the other sites within the cytosine residue.

Given that the relaxation times are only sensitivenotions in the vicinity of the Larmor

frequency of the deuteron (as wellas, , see Equation 11.24), we must also consider the

possibility that a flipping motion could occur orslawer time scale. Considering the availability
of line shape data that are affected by motionSroe scales ofis to ms, the subsequent goal is
to carry out the fitting of the same dynamic partereeto the solid state NMR experimental line
shapes. Michael Groves (former member of this rebegroup) has created a simulated
annealing suite of programs (unpublished as yat)dbarches for the parameter set that
minimizes the chi-squared between calculated apdraxental line shapes, with the
MXET1%**8program being used within the suite to generaditie shape for each parameter
set. By utilizing this automated fitting proceduites hoped that a common set of best-fit

parameters may be obtained, and that this procedyoent parameter matching may be
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extended to larger numbers of variables. More $igadly for the three-site jump motional
model, the intentions behind the conjoined fittarg two-fold:

a. Testing the validity of motional models:If a common set of parameters is found, the
case for the motional model under consideratiareiarly strengthened. Other data, such
as solution NMR relaxation times (see following sedtion), could be simulated using
this model, which could then be refined iterativiélgecessary.

b. Capturing motion on different timescales:The relaxation time flis sensitive to
dynamics occurring on a scale up to tens of namwsl; while the line shape is sensitive
to motions on the nanosecond to millisecond timeséay discrepancy between the
parameter sets for each could represent the egesteradditional motions on timescales
longer than is accessible by relaxation times glongice-versa. The combination of the
two results could suggest the need for a diffusimalel that incorporates multiple

timescales, rather than one.

To date the procedure has only been able to fijothaset of fit parameters for the A
and line shape data for the furanose ring usirgyghrticular model. This is not conclusive,
however, given that there may be other areas ahpater space as yet unexplored that do allow

for a single flip model.

2. Theory

The basic method used here is to construct a gitegamp process, using eigenvalue

methods in order to derive an expression for thesition probability, which in turn helps

establish the correlation functiat) = (D% (Q,, (0)D%:(Qe (1)) (Equation I1.21; the

mn
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definitions of Wigner rotation matrices in termskiler angles are provided in Equations Il.5a
and b). The first step in the procedure is to lalytbe multiple frame transformations that
interpolate between the principal axis system (Rh@® EFG tensor in the neighbourhood of the
deuteron and the lab frame (L). In short DNA molesusuch as the Hhal recognition DNA with
12 base pairs (bp), it is necessary to accourth®diffusive motion of the double helix about
the axis of symmetry, i.e. the helical axis, ewethie solid state (see Alam and Drobrgnd

Gary Meints, Ph.D. Thesis, University of Washingtorhus, the first transformation is from the
P frame to the helical axis frame H, which rotata characteristic diffusion rate about the long
axis of the helix. Secondly, the frame H must Dateel to a static molecule-attached frame M.
Clearly, the transformation between H and M caefiiected by a single time-dependent polar
angle, if we take their z-axes as coincident and@the molecular axis of symmetry. Finally,
we transform between the static molecular frame khé static lab frame. An important
simplification is used at this point: all solid t#alata considered were treated as “powder-
averaged”, i.e. there was assumed to be no prei@rerientation of the molecules along
particular crystal director axes. The moleculethensample were assumed to be equally

distributed over all solid angles. We combine tiamsformation set

POf® . HOMM - MOM - L into the calculation of the correlation functionthe
following.

The correlation function can be separated outtimocontributions from various frame
transformations as follows:
c) =(D2 (6, OP2 (@, 1))

= 3 (D (B0 ) (01 )DL (B, OPE (G, )0 (B, O B, )

=
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In Equation 1, the assumption has been made tbatattious frame transformations represent
independent motions, allowing for the motional-ageéng to be carried out over the separate
parts. This is a fairly common assumption for magithat may either be on completely different
time scales or that are dependent on differentesesgof freedom whose variations have little

physical impact on each other. Moreover, the Widaections in the third average in the final

expression of equation< @y ( L (O)) ‘2)( ML(t))>, have no time dependence in a solid state

bn

sample. These functions will be powder-averageolasys:

= L [ 60, 3 (D2 (8, 002 0., O)(DE @ 0P[R ©)DE 6. D26

=1 3 (02 (00 O 00, O)(0F (2s O (01 0) 10

5 a,a'=-2
b
)
where the orthogonality property of the Wigner neas has been used:
Jaay (o (0)= 27 5,8,.8. 3

The second average (corresponding to the transfammi@om the helical frame to the M frame)
has already been computéébr the case of time-dependence only inheEuler angle; the H
and M frames are assumed to have their z-axesealigiith each other, and the H frame swivels

around the common z-axes, resulting in a changg,jonly(a,, =0,8,, =0):

<D:ﬁ>) ( HM (O))Dézb)( HM (t))> = eXF(_ DHelixazt)a_abo_a'b (4)

The helical diffusion ratB,, . is taken in all simulations herein to be 1.1%m@ 2%3°

Helix
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For the final averagéfog* (ﬁ o (0))Dr‘nz.,,j1 (f) o (t))>, we first write out the motional average in
terms of the transition probability and tagriori probability (initial orientational probability
distribution):

(D2 (@ @)PE (@ ) = [ d3,P, (6, )] a2, PIE, 53, P2 (@, )02 () (5)

where the notational simplifications@f, = Q,,, (0) andQ, =Q,,, ¢ )were madel.:’(fzt ,t|fzo) is
called the transitional probability and represehésprobability that the bond in question will be

in an orientation o, at time t, given its initial orientation . All information regarding the

specific motional model being considered is conﬁeiith(f)t t f)o).

We now proceed to setting up a discrete site jufopa discrete diffusive process, the

site probability satisfies the equation
95 _Rp (6)
ot

Here, the components Bfare the probabilities of being in a sitat time t, andRis the jump
matrix that “transfers” probability from one si@another at each point in time. Equation 6 is

the discretized version of the full 3-dimensionakker-Planck equation in an Euler angle

representation. The form of the jump matiis as follows

1 [Rl)
A N ()

Ri =00 #i,ix1l (7)
- 1 Peqj
R="2 R0
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wherePeq(i)is the equilibrium probability that the bond wik Iin a given orientational siteThe

element?eq(i) are fit parameters in the MCMC search algorithngar the constraint

Nswtes

thatD P, (i) =1. The form of the jump matrix in Expression 7 haetbchosen based on two
i=1

considerations: (a) only nearest neighbour jumpgarmitted, as quantified by the

restrictionj =i +1; and (b) the matrix elements satisfy the condibbdetailed

balanceR;P,,(j) = R;P., (i), which conserves probability for each pair ofsiténen the system
is in equilibrium. For the specific motional modi$cussed in this chapter, consideration (a)
forbids direct transitions between the unflippe®B? 1CGC) and fully-flipped (PDB: 1FJX)
structures, as indicated in Figure 1. For one stagecess the other, they must pass through the
partially-flipped state (PDB: 1SKM). Physically,dhs restricting the flipping process to the
major groove only, as the partially-flipped struettakes this path. Also, the time scaie

Expression 7 is one of the fit parameters sougtiterMCMC protocol.

The method of solution of Equation 6 proceedsddyisg for the eigenvalues and
eigenvectors of the jump matx The transition probability is then given by:
PG, G, )= (fe T, (8)

whereT is the matrix with the eigenvectorsifas its columns, anilis the diagonal matrix of

eigenvalues.

C(t)codat)

O3

The final step is to calculate the spectral dgna(w) = Re{fc_:(t)e‘“} =
0

(Equation 11.22), which combines the results of &tpns 2, 4, 5 and 8 to yield:

143



2
DHeIixa + /1I

a?+ A ) +af

T (9)

K

ﬂ I=1 (D

Helix

A further simplification was made in arriving at fiiession 9: the asymmetry paramgters
set to O for all deuterons attached to carbonss fidsults in the indices andm’ being set to O
(see expressions for EFG tensor in the PAS frameation 11.9b).

Having derived an expression for the spectral itlef a given choice of the dynamic

parameter{spl, P,, r} , the relaxation time 1f is calculated as

:S(zne qu (9(c)+ 23(23,) (10

1
T, h

2
The quadrupolar coupling magnitude is quantifiedgbggz 174 kHz, andv,, the Larmor

frequency of deuterium at a magnetic field of 11174 4.82x18rad §".
The detailed line shape calculation is incorpatatéo the program MXET%8and will
not be reiterated here. The calculation for the tmagions discussed proceeds as described in

Chapter II, Section 2b, where the frame C corredpaa the helical frame H.

3. Methods

a. Reconstruction of base and accounting for the atributions of multiple labels

The partially flipped structure used in the sintiolas (PDB: 1SKM) was “captured” in
mid-flip by constraining the furanose ring to beke south or C2’-endo conformation, which in
turn was achieved by using an abasic south bic¥de]Jhexane sugar analogtiéTherefore,
given that the PDB file did not have coordinatestfe base, we had to reconstruct the vector

orientations of the base C5-H5 and C6-H6 bondsgusieal geometries and extrapolating
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between the unflipped and fully-flipped casestligzghe glycosidic bond, C1’-N1, was
calculated assuming a tetrahedral geometry foalipbatic C1’ bonds; secondly, the base was
reconstructed using ideal’speometries in the plane containing the glycodidind and the O4'-
C1’ bond; and finally, the base was rotated throagbrsion angle of +19° about the glycosidic
bond as an approximate intermediate degree obtwakrotation relative to the two other
structures. The resulting C5-H5 and C6-H6 bondewsed in the calculation of the Euler angle
transformations as described in the next sub-gectio

It is also worth explicitly stating that, giveratithe deuterium-labeling scheme for the
backbone sites could not distinguish between theH55and C5’-H5” sites, it was assumed
that they were both equally populated in the sagipferhe calculation of the relaxation times
for backbone sites, therefore, was carried outduyrey the equally weighted contributions from
each of the two sites (each with a different sdfwer angles) to the spectral densities.

Moreover, since data was nearly identical for kbthC5- and C6-deuterated base

samples, the search algorithm sought to find patensi¢hat simultaneously fit a single
experimental relaxation time for both sites (aguaiith different sets of Euler angles) by
modifying the test condition in the MCMC acceptapececedure to incorporate both calculated
relaxation times. This assumes that the motiote@fwo base sites are identical, an assumption
that remains valid a long as the base orientagamains fairly close to being perpendicular to the

helical axis at all times. The furanose C2’ waghitabeled at the H2” site.

b. Evaluation of frame transformations
The input of information from the PDB structurasoi the algorithm elaborated above

occurs through the Euler angles that describe dhews frame transformations. The methods
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used to extract this information from the PDB fileidl be briefly discussed in the following.
Before that, however, it is important to mentioattthe three PDB files share the same
recognition sequence, but have different flankiagugnce. Originally, we attempted to address
any differences that may arise from this by inahgdan additional, static intermediate frame
between H and the PAS (P) frame. This intermediatee was established with reference
purely to the recognition sequence. However, inethe this was deemed to be extraneous when
tested against the relaxation time calculationssnaas left out.

The helical frame H was defined by a combinatibtwo different methods. Firstly, the
C1’ to C1’ vectors were calculated for all nucletes on one strand (excluding the terminal
nucleosides, target nucleoside, and the nucleosidiasent to the target cytosine), and for the
complimentary strand as well, with the directiorvettors reversed. The resultant normalized
average vector over all such C1’ to C1’ vectorddgd one evaluation of the helical axis. The
terminal, target and adjacent-to-target nucleosida® left out to avoid non-helical
discrepancies expected in these regions. Secdmag-normal vectors for all the residues (with
the exception of the ones mentioned above), usiagitoss products of the C6-N1 and C2-N1
vectors for the purines and the C4-N3 and C2-N3ovedor the pyrimidines, were calculated
and averaged to yield a second estimation of theahaxis. These two estimations were
averaged to yield the final helical axis. This appmate symmetry axis of the molecule was
chosen as the z-axis of the H frame. The y-axte®H frame was taken to be the cross product
of the helical axis and the C1’-to-C1’ vector oét8-G base pair of the recognition sequence not
adjacent to the target cytosine, to maintain coescy across the three structures with different

flanking sequences.
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The PAS (P) frames were taken to by axially symiméthat is the quadrupolar
asymmetry was assumed to be negligible), and ssfremations from the H to P frames only
required two Euler angles. To facilitate the cadtioins of these angles, we defined the P frame
z-axis to be the carbon-deuterium bond of theisitpuestions and the P frame y-axis to be the
normal to the plane containing the P frame z-amtsthe H frame z-axis.

The Euler angle transformations from the molec(Ngrframe to the H frame, and from
the H frame to the P frame were then calculatebiating the second frame relative to the fixed
first frame:a is the angle between the fixed frame y-axis aeditie of noded is the angle
between the fixed frame z-axis and the rotated éraraxis, ang is the angle between the line
of nodes and the rotated frame y-axis.

For the relaxation time calculations, the M to Hnfre transformation was treated by a
continuous diffusion process as a function of ohtne Euler angles (either tleor they angle
depending on which direction the transformatioméele, for example, H to M or M to H). The
line shape calculation using MXQETL1 requires armicjump process and so the motion was
treated by a six-site jump with 360° coverage, ltgsyin a site-separation of 66>%2
c. Automated calculation of relaxation times

The Euler angles calculated in the manner mendiab®ve are then inserted into
Equation 9. Further evaluation of the expressiarntfe spectral density requires a calculation of
the eigenvalues and eigenvectors of the thregesitp matrix, which in turn is set up using the
equilibrium probabilities of the sites and the tiswale of the motion. In order to find the best-fit
parameters for the relaxation data, we programmggiions 7 through 10 into Mathemati®a

and placed the spectral density algorithm withMaazkov Chain Monte Carlo (MCMC)
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framework, where every iteration involved a chamgene of the three parameters. The search
algorithm was a Metropolis-Hastings methodologgether with an annealing mechanism,
where the condition for acceptance of another spaameters became more stringent with each
step. The algorithm is shown briefly in Figure 2.

It should be noted that in order to cover severdérs of magnitude in the search for the
time scaler, assuming that no prior conditions are placed®nalue, we used the logarithmwof
in the method. Also, in order to ensure that tregdealgorithm sampled parameter space
sufficiently without showing biases related to thiéial conditions, the program was run with
several different seed parameter sets. The pratiabivere varied from value of 0.1 to 0.9 and
initial log(r) values were cycled through the values {log{100g(10%), log(10%), log(10°),
log(10°), 1og(107), log(10®), log(10%)}. The number of iterations per choice of initz@ndition
was chosen to be 2000. Essentially, the methodbmaynsidered a hybrid grid search/MCMC

algorithm.
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Figure V.2: Flowchart of the Metropolis-Hastings algorithm dise search through parameter space.
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The resulting collection of accepted parametes aet then binned in histograms, with
the number of counts in a given region of paramgpace being proportional to the probability
that the “true value” of the parameter lies in tegjion. It is hoped that this method provides a

more efficient means of exploring large regions @otentially complicated parameter space.

Table V.1: Best-fit dynamic parameters for the three labsiezk on the target cytosine residue. Also
shown are the f values calculated for these parameter choicestendorresponding experimental
relaxation times (Meints, G. A. Ph.D. Thesis, Unsity of Washington).

Labeled Fractional | Fractional | Fractional | Time scale| Simulated Experimental
site population | population | population | of motion | Tiz (inms) | Tiz (in ms)
of 1CGC of 1SKM of 1FJX (7)
(P2) (P2) (P3) (insY)
Backbone | 0.19 0.51 0.30 7.05x10 | 46.0 46 + 4
C5'-
H5'/H5”
Furanose | 0.19 0.51 0.30 2.38x10 |29.0 29+3
C2'-H2”
Base C5-H5| 0.19 0.51 0.30 1.72x10 | C5-H5: 141+2
& C6-H6 134.3
(combined C6-H6:
analysis) 147.2

"Experiments done at a hydration of W = 11.8 3Ekperiments done at a hydration of W = 11.5 + 1. W
is the number of waters per nucleotide.
4. Results

We present one set of results from carrying dstté the T relaxation times in Table 1.
Note that these particular best-fit equilibrium Ipabilities (i.e. fractional populations) are the

same for all three labeled sites, implying tha possible to find common weights for the
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structures. It is important to understand, howethat there are several potential combinations of
the parameters that fit the experimentgl§, as may be seen from examining the histograms fo
the backbone simulations (Figure 3), furanose strarls (Figure 4) and base simulations
(Figure 5). The probabilities in Figures 3B, 4A,,43\ and 5B are peaked around values close to
those indicated in Table 1. While the backbopegiues in Figure 3A peak mainly at a slightly
higher value than that shown in Table 1, theraifScsent width to the distribution to warrant the

choice shown above. The histogramslagj(r)do indicate several possible peaks in Figures 3C

4C and 5C. In choosing a particular value of theetscale, however, one must take into account
the possibility that the MCMC algorithm may retamemory” of the initial condition. To test
whether some of the peaks may arise as a resusuafficient exploration away from the starting
point, we compared the peak times tothgy's chosen for the search: {£010°, 10%, 10°, 10
® 107, 10®, 10%. The log) values for all peaks but one were within a vaifie.2 away of a
certain value of logf,isal), Where the central values of the bins were sépaiay 0.4. The one
exceptional peak, which also had the most courds,at a value slightly greater than 0.4 away
from the nearest logfiia). INdeed, when this peak was used to calculat& thealue along
with the probability peaks, it provided a closetditthe experimental data. Some exploration near
the bin value was subsequently needed to fine-thmét.

While relaxation time-fitting is inherently sensitito motional rates near the deuterium

Larmor frequency (an2k, ), the algorithm clearly has the ability to discelifierences within

one or two orders of magnitude, which may resolinfigenuinely different dynamics at the

different sites.
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Figure V.3: Histograms resulting from a binning of the accd#CMC dynamic parameter sets for the
backbone-labeled sites (i.e. equal populations5is’ and C5'-D5”, where D represents the
deuteration of the site) of the target cytosiné: dstogram for the fractional population of theflipped

structure (1CGC); (B) Histogram for the fractiopabulation of the partially flipped structure (1LSKM
and (C) Histogram of the logarithm of the time saal motion.
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Figure V.4: Histograms resulting from a binning of the accdpt#®CMC dynamic parameter sets for the
furanose ring-labeled sites (i.e. C2'-D2”, whergdpresents the deuteration of the site) of thgetar
cytosine: (A) Histogram for the fractional popudatiof the unflipped structure (1CGC); (B) Histogram
for the fractional population of the partially fipd structure (1SKM); and (C) Histogram of the littyan
of the time scale of motion.
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Figure V.5: Histograms resulting from a binning of the accd#CMC dynamic parameter sets for the
base-labeled sites (i.e. both C5-D5 and C6-D6, &/berepresents the deuteration of the site) ofatget
cytosine: (A) Histogram for the fractional popudatiof the unflipped structure (1CGC); (B) Histogram
for the fractional population of the partially fipd structure (1SKM); and (C) Histogram of the hitan
of the time scale of motion.

We subsequently attempted fits to the line shagesell, hoping to either reaffirm or
contradict the particular three-site jump modelggasted by the relaxation times. To date we
have not been able to produce reasonable fitsytofthe sites, but we have seen that the
reduced chi-square for the fits to the data udiegoest-fit values from Table 1 was extremely
high implying that either there is a significandlijfferent set of parameters that happens to fit
both results, or more likely, that the complemensansitivities of the two observables are

detecting different motions. The attempts to fé time shape data to these sites will continue.
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5. Discussion

Considering the best-fit parameters displayedahld 1, it is interesting that the same
probabilities fit the data, but not the motion tiseales. One potential explanation is that these
three sites do represent highly sampled structardee flipping trajectory, but different parts of
the residue explore these sites semi-independdriilys, the furanose ring and the backbone
move between the three orientations at rates fastarthe base, implying mobility at these sites
that might be able to facilitate the final proce$dlipping the base, instead of all three haviag t
change their conformations simultaneously. It soalossible that the two slightly different
hydration levels (11.8 + 1 waters per nucleotidetifie backbone and base-labeled samples and
11.5 + 1 waters per nucleotide for the furanosg-tabeled sample; values from Gary A. Meints,
Ph.D. Thesis, University of Washington) would caseme discrepancies. However, this still
does not explain the difference between the badcklaoa base results. The other, more
mundane, explanation is that the similarity of plogulation fits to the relaxation times is purely
coincidental, and that other, disparate combinatmiparameters represent the actual physical
situation. Finally, one must always pursue thearothat other motions and/or sites may be
superimposed on top of this single flipping trapegt or even that the relaxation times may not
be sufficiently sensitive at the relevant time sdal capture the actual flipping process.

Additional dynamic contributions may include thafehe base due to motion around the
glycosidic bond or other degrees of freedom, unastsml motions of the sugar atoms (for
example, faster C2’-endo to C3’-endo inter-conwarsj or motion within potential energy
minima for one of the two conformations) or eveea pinesence of other states with substantial
populations along the overall flipping trajectofhese possibilities need to be considered by

evaluating previous data and quantitative modeise@ from them.
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With respect to the relaxation time-fitting aloo@e must consider the possibility that the
flipping process itself occurs on a time scale msiolwer than the characteristic time qf This
would imply that while the lineshape would be sewsito a slower flipping process (up to a
millisecond time scale), the relaxation time measwents do not “see” the relevant motion. The
fit to the relaxation data in this case could beepuaccidental, given the simplicity of the three-
site model and the number of free parameters iptbielem. While at the same time
emphasizing one of the potential pitfalls of a Blparameter-fitting procedure (i.e. fitting a
model to data which cannot possibly be affectethbyunderlying model), such a result would
tender the valuable conclusion that discrepanai¢isd T, values of the different sites must arise
from differences in local motions.

It has been mentioned that, to date, attemptis tioef line shape have failed. This is not
conclusive in any way, as the line shape fittinggesss involves additional free parameters (such
as the Lorentzian and Gaussian broadening paragrfetahe inevitable water peak observed
due to deuterium contamination of the solvent, e &s the width of the peak). It is possible
that there is sufficient degeneracy in the fittprgcess, where the appropriate parameters have
not been accessed by the search algorithm aswrhelF attempts will be made to this end.
However, we must also consider the possibility thatline shapes cannot be fit satisfactorily by
a simple three-site jump. Again, this is valuabli@imation in itself, as the data would
necessitate a more complex model. If it emergesthiearelaxation times and line shapes have
disparate domains of best-fit models, as was hiategrlier by chi-square values of the line
shape fits using relaxation time fit-parametersntthey might serve as useful indicators of
different motions at their respective time scaldss would be a good first step towards building

up a picture of the flipping.
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Finally, it must be emphasized that all the praogdiscussion was aimed at addressing
the fundamental question: is the flipping motioherent to the free DNA or is the presence of
the protein required to force the residue out eftiblix? In the end, a phenomenological model-
based approach may have to reconcile itself tptssibility that the very assumption that led to
its proposal may be wrong; the free DNA may notdrae the full flipping trajectory after all,
and may not access all the three sites. The pgriigbed and fully flipped structures were
generated with the DNA in complex with the protend may not occur in its absence. An
established lack of good fits to all sets of datymeflect this reality.

Having said that, we believe the value of the wandsented here lies in the
methodology. The fitting of models to a varietydaita requires care and caution regarding the
various assumptions, and, especially in the cabsotdgical systems with many degrees of
freedom, care and caution regarding the complexgéy at all scales. We have endeavoured to
make a thorough examination of the process of nmaglghe dynamics of a seemingly simple
scenario, and hope that the procedure can be esddtat other systems as well, with all the

accompanying complications of interpretation beadgressed fully.

6. Conclusions

The work presented herein represents a schemedsdlrtesting where the motional
trajectory of residue is constructed from suggestéaimers of the given molecule and
subsequently tested against solid state NMR rdtaxatata. While it has been shown that the
automated parameter fitting process does indeit irgparameter sets that reproduce the
relaxation data, these choices of probabilitiestand scales do not seem to be able to fit the

solid state NMR line shape data, signaling the rieedither more expansive searches through
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the parametric landscape, or a more complex mddabton. Such a model may incorporate
the simple three-site jump investigated here onestgercede it altogether by providing a richer
trajectory that explains all the data. We belidvayever, that we have designed a methodology
that helps to provide verification of entire redmotional models at the atomic level by

combining fits to data from multiple sites along ttesidue into a unified picture.
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Appendix V.A: Sample Mathematica code for best-fiparameter search for

the backbone sites

(Font change allows for special Mathematica symtmwlse easily incorporated)

/[Function and parameter definitions

//Definition of the jJump matrix for the three-siterjp and its eigenvalues and eigenvectors

M[{k12_,k21 k23 ,k32_}]={{-k21,k12,0},{k21,-k12-
k32,k23},{0,k32,-k23}};
Values[{k12_,k21 k23 ,k32_}]=Eigenvalues[M[{k12,k2
AL[{k12_,k21 k23 ,k32_}]=Values[{k12,k21,k23,k32}][
A2[{k12_,k21 k23 ,k32_}]=Values[{k12,k21,k23,k32}][
A3[{k12_,k21 k23 ,k32_ }|=Values[{k12,k21,k23,k32}][
Vectors[{k12_,k21 k23 ,k32_}]=Eigenvectors[M[{k12,

Vip[{k12_,k21 ,k23_,k32_}]=Vectors[{k12,k21,k23,k32
V1[{k12_,k21 k23 ,k32_}]=
V1p[{k12,k21,k23,k32}}/Norm[V1p[{k12,k21,k23,k32}]]
V2p[{k12_,k21 ,k23_,k32_}]=Vectors[{k12,k21,k23,k32
V2[{k12_,k21 k23 ,k32_}]=
V2p[{k12,k21,k23,k32}]/Norm[V2p[{k12,k21,k23,k32}]]
V3p[{k1l2_,k21 k23 ,k32_}|=Vectors[{k12,k21,k23,k32
V3[{k12_,k21_,k23 ,k32_}]=
V3p[{k12,k21,k23,k32}]/Norm[V3p[{k12,k21,k23,k32}]]
Tm[{k12_,k21 k23 ,k32_}={{V1[{k12,k21,k23,k32}][[
1,k23,k32}][[1]],V3[{k12,k21,k23,k32}][[1]]}.{V1[{k
HI211,V2[{k12,k21,k23,k32}[[2]],V3[{k12,k21,k23,
1[{k12,k21,k23,k32}][[3]],V2[{k12,k21,k23,k32}][[3]
k23,k32}][[3]1}};

amat[{k12 k21 k23 ,k32_}J={{e tazieriesiszre g 031,{0,e
A2[{k12,k21,k23 k32}F't ,0 , 0,0,e - A3[{k12,k21,k23,k32}]*t ’
Inv[{k12_,k21 k23 ,k32_}] = Inverse[Tm[{k12,k21,k2
Ivec[{k12_,k21 k23 ,k32 }]={- A1[{k12,k21,k23,k32}],-

[{k12,k21,k23,k32}].- A3[{k12,k21,k23,k32}]};

//Definition of f-dependence of the Wigner rotation matrix

1,k23,k32}]];
[1]];

[2]];

[31];

k21,k23,k32}]]

MI;
HI21;
NI31;

1]],V2[{k12,k2
12,k21,k23,k32

k32}][[2]]}.{V
1,V3[{k12,k21,

3,k32}];
A2

3
d[ B_I={{((1+Cos[ ~ B])/2) °-((1+Cos[ BD/2)Sin[ A, \/zSin[ Bl *-((1-

Cos[ g)/2) Sin[ ~ BL((1-Cos[  B)/2) “H{(1+Cos]
3

B])/2 Sin[

(1-Cos[ B)2- VB8sin2 Bgl(1+Cos[ A])/2-Cos[ B] %-((1-
3

3
Cos[ B])/2)Sin[  BI}{ 8
3

3
8 Sin[2 pg], V8

Sin[ B] }{(1-Cos[  B])/2 Sin[
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B],(1+Cos]

Bl.Cos[ B] *

sin[ 8%V & sin2 Bl(3Cos[ B]%-1)/2.-

B])/2-



3
Cos[ 8]% V 8 Sin[2 g],Cos[ B]*(1-Cos[ BI)2,-
3

((1+Cos[ B]/2)Sin[  Bl{((1-Cos[  BD/2) *(1-Cos[ B)i2Sin[ B8], '8
Sin[ B]%,(1+Cos[ Bl/2Sin[  Bl((1+Cos[  BN/2) ‘I

/[Euler angles for each of the three structures fer two backbone sites
acgcl =-2.77753;

askm1 =0.7884694923884119";

afjx1 = 2.18250199410212757;

pcgcl = 2.71275;

Bskml = 1.496575883609125";

Bfix1 = 1.731052948112305";

acgc2 = 0.561229;

askm2 =-1.112474570811166;
afjx2 =0.31242019138561344";
pcgc2 =1.61544,

Bskm2 = 1.9878124168417663";
Bfjx2 = 1.4814398220020453";
Al ={ acgcl, askml, afjx1};
A2 ={ acgc2, askm2, afjx2};
B1 ={ Bcgcl, Bskmil, pfjx1};
B2 = { pBcgc2, Bskm2, pfjx2};

P{p1_, p2_, p3_}]={p1,p2,p3};

//Populations of the two backbone sites in the sample
pmix1 = 0.5;

pmix2 = 1-pmix1;

pop = {pmix1,pmix2};

Diff = 1.1*10"4; /[Diffusion rate for the helical rotation

dflipl = d[-B1];

dflip2 = d[-B2];

wD = 76.76*2*Pi*10"6; //Deuterium Larmor frequency

wQsqg = 0.5*0.75*(174000*2*Pi)"2; //Quadrupolar coupling coefficient in Equation
V.10

/[Standard deviations (widths) of the parameter se@aussians
sdpr = 0.05;

sdtau =0.4;

sd = {sdpr, sdpr, sdtau, sdtau};
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/[Tolerance for the comparison to the experimentkixation time
distsd = 1; (*in milliseconds*)
count=1;

/ISimulated annealing parameter (a multiplier thadwees the standard deviations of the search
Gaussians whenever a new parameter set is accepted)
simann = 0.99995;

flag = 1;
min = 1000;
imin = 0;

/[Experimental relaxation time
Tlexpt = 46; (*in milliseconds*)

//Spectral density function as defined in Equatidh (With weighted averaging over the two
backbone sites in this example)
specdens[ w_{pvarl_, pvar2_, pvar3_}
J{kvarl2_,kvar21 ,kvar23_,kvar32_}] := Module[{Tmfl ip =
N[Tm[{kvarl2 kvar21,kvar23,kvar32}]],

Invflip = N[Inv[{kvar12,kvar21,kvar23,kvar32}]] ,

lamflip = Ivec[{kvar12,kvar21 kvar23,kvar32}],

Pflip = {pvarl, pvar2, pvar3}},

1/5*Sum[Pflip[[j]]*

3 3

>0 Dl Tmeripl ik, 111 #InvALip 1, 311
k=1 1=1
-
lzuniffw (-a + 3% + lamflip[[1]1]1 ) /[ (Diffw(-a + 3)* + lamfLlip[[1]11)® + @) ) w
=1
(prizl+Exp[iiw(-a + 3) # (AL[[K]] - RA[[F]]) ] »dfLipl[[2, a, 1]+ dflip1[[3, a, k]] +
Y
pmix? xExp[a«(-a + 3)x(R2[[K]] - R2[[3]1]1)] »ABLip2[[2, a, 311+ Aflip2[[3, a, k]] ) |
_ "
j, 31

1
ER I b b S b S b b S R R kb b b b b b S b S b b S R R b b b S b b S b S R Sk b b

/IMCMC algorithm
For[rate=1,rate<9,rate++;

/INumber of trials
ntrials = 2000;

/lUpper and lower bounds for the search processdoh choice of rate exponent
uptau = Log[lo ~(rate-1) ]’
lotau = L09[10 ~(rate+2) ]’

For[index1=0,index1<8,index1++;
For[index2=0,index2<9-index1,index2++;
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/lInitial choice of parameters ([, 1)
pres = {index1/10,index2/10,Log[1*10 |5
next = pres;
pl = pres[[1]];
p2 = pres|[[2]];
p3=1-pl-p2
taul2 = Exp[ pres[[3]] ];

tau23=taul?;

/IRates as defined in Equation V.7
k12 = Sqrt[pl/p2]*(taul2)”-1;
k21 = Sqrt[p2/pl]*(taul2)r-1;
k23 = Sqrt[p2/p3]*(tau23)"-1;
k32 = Sqrt[p3/p2]*(tau23)"-1;

Pvec = {p1, p2, p3};
Kvec = {k12, k21, k23, k32};

//Spectral densities

specdensl=Re[specdens| wD, {p1, p2, p3}, {k12, k21, k23,
k32}]];
specdens2=Re[specdens[2* wD, Pvec, Kvec |];

//IRelaxation time calculated for the current pareemnset
Tlpres = 1000%( wQsqg*(specdensl + 4*specdens2))"-1;

/[Deviation of current relaxation time from the exinental time
sqdevpres = (T1lpres - Tlexpt)"2;

//Opening the accepted parameter files for eacbfgattial parameter choices

outputfile=StringJoin["C:\\Documents and Setting s\\Drobny
Group\\Desktop\\DNA flip
folder\\BackboneNolIntQuadl 74sdt0_4\\three_site fli p_t", ToString[
rate],"_p",ToString[index1],ToString[index2],ToStri ng[10-index1-

index2],".txt"];
output = OpenWrite[outputfile];

For[i = 0, i < ntrials, i++,

flag = 1;

/IKeep searching for next parameter set until grfeund within the upper and lower bounds
While[flag =1,
r = RandomReal[NormalDistribution[pres[[count 11,

sd[[count]] ] |;

next[[count]] =r;

sum = next[[1]] + next[[2]];

If[(count = 1) || (count == 2), If[(r<0)||(r>1)||(sum >
1), flag = 1, flag = 0], If[(r < lotau)||(r>uptau), flag = 1, flag
= 0] (*outer If¥)];

].
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(************)

//[(Same definitions of terms for the next paramsétras for the current parameter set above)
next[[4]] = next[[3]];
pl = next[[1]];
p2 = next[[2]];
p3=1-pl-p2

taul2 = Exp[next[[3]] I;
tau23 = taul?;

k12 = Sqrt[pl/p2]*(taul2)”-1;
k21 = Sqrt[p2/pl]*(taul2)”-1;
k23 = Sqrt[p2/p3]*(tau23)"-1;
k32 = Sqrt[p3/p2]*(tau23)"-1;
Pvec = {p1, p2, p3};

Kvec = {k12, k21, k23, k32};

specdl=Re[specdens| wD, Pvec,Kvec |];
specd2= Re[specdens[2* wD, Pvec, Kvec |];
T1lnext = 1000%( wQsq*(specdl + 4*specd2))"-1;
sqdevnext = (T1lnext - Tlexpt)"2;
If{Mod[i,50] == 0,Print[i]; Print[sqdevpres, "
" ,sqdevnext]; Print[specdl, specd?2]; Print[imin, " ", min]];
(**********)

//IComparing the squared deviation away from theegrpental relaxation time for the next
parameter relative to the current parameter set
Iratio =-(sgdevnext - sqdevpres)/(2*distsd”"2);

//If the next set results in an improvement, thesvrset is accepted and becomes the current set
for the next iteration

If[lratio > 0, pres = next; sqdevpres = sqdevnext; sd *=
simann,

trial = RandomReal(];
/NIf not, accept even if the difference is gredhan the log of a randomly chosen number
between 0 and 1

If[lratio > Log[trial], pres = next; sqdevpres = sqdevnext;

sd*= simann]

fileout = pres;

AppendTolfileout, sqdevpres];
AppendTolfileout, iJ;

If[sqdevpres < min, min = sqdevpres; imin = i];

Write[output, fileout];
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count++;
If[count == 4, count = 1J;

Print[imin];
Print[min];
Close[outputfile];
]

]
]

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkk
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Chapter VI

Constructing an RNA motional trajectory through energy-minimized structures

Abstract

Understanding the conformational variability of Riholecules often requires the
characterization of the coupled time-evolution®feral interconnected flexible domains. While
phenomenological modeling of the dynamics of indiisl sites using discrete-jump processes
and continuous dynamics in simple potentials halklgd success, the elucidation of collective
behaviours of molecules forces the models to beaam®nably complex. Moreover, in the
current absence of proven molecular dynamics (MBuktion packages for nucleic acids, the
problem of obtaining atomic-level detail for the toa of multiple residues in a molecule stands
out all the more starkly. In our current work, wemose a new methodology that utilizes energy-
minimized structures generated by the program ‘&g Assembly of RNA with Full-Atom
Refinement (FARFAR)” as representatives of the canktional exploration of the HIV-1 TAR
RNA, and simulate solution;Tand T, relaxation times and NOEs for uridine residuethiee

distinct domains of the molecule using a singleiomati model.

1. Introduction

A complete description of the dynamics of a biotagimolecule requires a
characterization of the various conformationalegatvailable to the molecule, both long- and
short-lived. Experimentally capturing these tréosi states of the molecule is complicated by
the fact that the rate of transition may be to¢ fasllow for a comprehensive catalogue of all
states** in addition to the inherent difficulty of “freezjpout” a particular staté?**Therefore,
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an elucidation of dynamics often requires concuramalytic and computational modeling. One
such approach is to start with a phenomenologixah@ange model of a few conformational
states extrapolated from NMR or X-ray experimentaistraints, and fit a limited set of free
parameters to experimental data that are sensititree dynamics such as NMR relaxation times
and lineshape¥:?*">!?*This procedure involves a method of guess-andictvbere physical
constraints on possible motions of the labeleditess) guide the model-building process.
However, even this semi-analytic approach can dyiosgcome complicated when further
degrees of freedom and new free parameters areeddyy the model to fit the data.

Alternately, a purely computational approach todbscription of molecular states would
necessitate the elaboration of an accurate potemggy function (PEF), followed by either
molecular dynamics (MD) or energy-minimization caétions. Molecular dynamics simulations
are able to generate dynamic trajectories of thieonte and, in principle, represent the desired
exploration of molecular parameter space, if sigfitnumbers of trajectories are available (for
examples, see work based on AMBE®*°and CHARMM packagé&*"*? Lindorff-Larsen et
al*®). However, while simulations of protein dynamies/b seen many successes recently, the
extrapolation of dynamics in nucleic acids to tiseales on the order of microseconds, where
many conformational changes are expected to taeeias proven to be difficult. Another
alternative is energy-minimization. Energy-minintina techniques also rely on carefully setting
up a PEF, and involve the subsequent alteratidheofelative conformations of parts of the
molecule in an iterative manner so as to find floéaj energy minima of the molecuie>>

The basis for our dynamics simulation was the £§606 lowest energy models generated
by the group of Rhiju Das using the program FARPAfRr the 29-nucleotide HIV-1 TAR

(Trans-Activation Response) RNA. Interest in theRTRNA as an exemplary system arises
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from the fundamental nature of the structural mettiere two helices are connected by a single-
stranded bulge on one end and a backbone “hingééaither. Other RNA systems exhibit
similar structures, such as the K-tufher slight complications thereof, such as in tfER
(Rev-Response Elemeft)*?® It is therefore worthwhile to characterize th@amics of such a
basic motif, especially in terms of the “large-g&tahotions (as opposed to local single-residue
motions) of one helix relative to another. Earli@rk in our group used solid-state NMR data to
suggest certain motions of the U38 residue in tigeuhelix'® and recent work has
characterized the motions of U40 and U42 in theslolelix {Huang et al 201JACS in
revisions}. Both models suggest that the helicesnamving relative to each other at slow rates
relative to the diffusion rates (16" — 1¢ s%). These results from solid-state data have
motivated us to look at the distributions of theentations of the upper helix relative to the
lower helix among the set of lowest energy strieguwhere the relative orientations are
characterized by the Euler angles of an upper {a¢tached frame relative to a lower helix-
attached one. The hope is that this reductionsiet @f three angles sufficiently characterizes the
dynamical range of this particular structural matihile simplifying a potentially large-
dimensional problem to a set of 3 modes. We ha@iatluded local base “librations”, i.e.
rotations of the bases around a base normal (repireg vibrations of the base around the
equilibrium base-paired orientation) or rotatioishe base around the glycosidic bond (for the
single stranded bases) in the simulations.

NMR studies by Zhang, Hansen, Al-Hashimi and cok&ms on TAR RNA have
exploited the sensitivity of RD&&nd of partial magnetic alignmé&hto overall molecular

conformation, in addition to using direct relaxatimeasurements*3in order to discern the
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amplitudes of large-scale domain motions. Theirctasions will serve as a useful check for the
results presented herein.

Another point worthy of mention is the difficulty establishing conformers for single-
stranded regions of RNA. A residue embedded insidelical stem finds itself in a relatively
restrictive free energy environment and physicedgsonable arguments may be made to build
possible dynamic models. However, the same doelsaldtfor a residue in a single-stranded
region, such as the bulge region of the TAR RNAfalt, it was in response to the limitation of
our ability to describe the changes in bulge canfdron with changes in the upper helix
orientation in our previous wofk*?*that we sought the energy-minimized structures.@pe
is that the structures capture the relatively urudgrstrained motion of the bulge residues by
including interactions with the solvent, and withjacent and non-adjacent residues.

Using energy-minimized structures as the basis fmwnformational exchange simulation
of dynamics hinges on the assumption of the ergoghothesis: if the biomolecule under
consideration has reached dynamic equilibrium, Hreensemble average of an observable over
the states of the system is equivalent to the tinerage of the observable. Thus, if this ergodic
behaviour holds, then a sufficiently representativaracterization of the energy landscape of the
phase space will allow a calculation of the reqeisme-averages of observables. The proposed
methodology to be elaborated here additionallymesiuthat the conformational states obtained
from the energy-minimization process covers sugkpeesentative fraction of the true phase
space available to the molecule. In practice, tbéhod uses the relaxation data itself as a means
of checking the veracity of this assumption: we W attempting to fit NMR data for multiple
residues in a sample, and will set aside certdia siets as corroboration of the model fits made

to the remainder.
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However, the difficulty in merely acquiring a sétemergy-minimized structures is that,
while they mark the locations of energy minimaytde not provide any information about the
free energy terrain of the multi-dimensional larafsethat occurs between any pair of minima.
Further developments in the energy minimizatiorcpss could potentially provide valuable
entropy information, which essentially is a measafrthe shape of the free energy potential at a
given location. At present, however, in the abseasf@ich information, a dynamics calculation
necessarily relies on the fitting of several pheaoatogical rate parameters to the data, a
process that could very quickly become computatipieborious as well as inconclusive (when
the number of free parameters significantly excekdsvailable data) if the number of
structures becomes large. Faced with this situatiasito our advantage to find a means of pre-
screening the structures. Several methods havedmssidered with respect to such a screening
process, but the protocol that was adjudged bestuiopurposes is one where we utilize
information gleaned from a visual inspection of th&tributions of certain parameters of the
system. Other candidate methods, and the issuesiagsl with them, will be described briefly
in the Discussion section in the hope that they begpplicable in the future with further

investigations.

2. Methods

Structure generation was carried out using thgnara FARFAR and the simulation
protocol as well as tests against other nucleid amlecules are described in the original
reference (Das et*). The torsion angles that were altered in the gimn of the structures
used here were those of the residues in the bulg¢he bulge-adjacent base pairs of the two

helical domains. The 500 lowest energy structuepsasented a distribution in energy of about
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13 Rosetta units, where 1 Rosetta unit is appraeipd kT (Rhiju Das, private
communication). In the first iteration of the prdoee presented here, we did not utilize this
energy distribution information to bias the proliéies, especially given a lack of explicit
information regarding the entropies, and theretdréhe free energies, of each of the states.

As mentioned earlier, solid-statgHuang et al 2012JACS in revisions} and solution
experiments were performed on several residudsi2® nucleotide HIV-1 TAR RNA. While
the solution data includesTT; relaxation times and NOEs fbiC-labeled residues at the C6
(pyrimidine) and C8 (purine) base sites and atihesugar sites of many residues, the solid-
state data so far has focusedfdAabeling the uridine residues in the sample at@5 and C6
base proton sites: U40 and U42 in the lower helitain, U23 and U25 in the bulge, and U38 in
the upper helical stem. In the following, we thereffocus on the uridine residues in the sample.
The method itself is perfectly general and mayXiereded to any nucleotide and any site in a
sample.

The method is as follows:

a) Define the upper and lower helical axes for alistires using the program 3DNA The
upper helical axis is taken to be the local helgcas of the A27-U38::G28-C37
dinucleotide step, where the base-pairs flankingmelical regions were excluded due to
possible distortions from helical structure. Theédo helix is calculated as the average over
the G17-C45::G18-C44, G18-C44::C19-G43 and C19-a£8-U42 dinucleotide steps. In
both cases, we avoided including those residues@&parameters were varied as a part of
the energy minimization process so that we congigtesed the same frame to represent

the lower helix and treated the upper helix aslgwaeigid object moving as a result of
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changes in and around the bulge. The impact tiethoice of helix definitions has on the
results may be explored in the future.

b) Define the lower helix coordinate frame (LHF) byoolsing the helical axis as the z-axis
and the perpendicular from the z-axis to the G4&& as the y-axis.

c) Calculate ther angles of each of the structures as the angledegtywrojection of the upper
helical axis onto the xy-plane of the LHF and thaxis of the LHF.

d) Calculate thg angles as the angle between the upper helicabaxisower helical axis.

e) They angle is defined by the orientation of the U38 66i%nd about the upper helical

axis. Extracting this information from the struasirequires first removing theandp

dependences by rotating the original U38 C6H6 vg@ﬁdﬁabout the fixed LHF

axes” cers = Ry, (-8 )RZLHF (- a)V°6“6. The resultant vectors are distributed around the
LHF z-axis as a function of thejrangles.

The Euler angles described above are related tdahmain motions as shown in Figure 1.
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Bulge Upper Helix

Lower Helix

Figure VI.1: Relation between the Euler angles determined ftematomic coordinates and the
associated domain motions.

)

9)

Visually inspect the distributions of structuresaafsinction of each of the angles and bin the
structures. If it turned out that there were sigaifit clusterings of structures at particular
values of the Euler angles, we could proportionayght the probabilities of such angular
positions. The hope is that inspecting such digtidms would ultimately provide sufficient
information regarding the entropy as a functiothaf coarse-grained parameter set (in this
case the Euler angles of the upper helix relabviaé lower helix).

Propose a jump model using selected structuresséleetion involves sufficiently

sampling the three Euler angle degrees of freedogeneral NxN jump matrix for a set of

N structures can get computationally expensiveldyi@and it is helpful to try and

minimally represent the diffusive trajectory. T@atlend, we have attempted to bin the three
angular distributions, and defined apsite jump for each degree of freedariVe then

assumed that the jumps in the three Euler angéesratorrelated and occur only between
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nearest neighbouicsri B ’yi} ~ {ai By, }; J ==L +1. The uncorrelated assumption
was made based on visually inspecting the angiganttitions. The-angle-color-coded
plots seem to show that there is no bias in eitines or y angle based on the valuepof
angle. Additionally, binning the angle allowed a preliminary check on the correlatvith
they; while there does seem to be a slight inter-depecel the number of structures begins
to become sparse when binned both andp making it difficult to fully characterize this
correlation. Therefore, as a first try, we assumedorrelation, an assumption that may
change in future iterations of the method. To elat? the above statements, we provide
some of the parameters for one of the first iteregi The3 angle was first sorted into 8 bins
each of width 10°, covering the range from 0° t.8is sorting included 472 of the 500
structures. The structures in each of these bime fuether sorted into 13 bins of width 20°
as a function of the angles from 30° to 290° (this reduced the numibércuded

structures to 467). The rotation in thangle was treated as a three-site jump, with a
conformer near each end of the angular arc swegiythe structures (as seen from Figure
2 below), and one structure in the middle. For e#dhe {0, f} bins (7x3 bins in total), we
chose one or two structures to represent the spinegacangle. As mentioned earlier, the
number of structures in each of the $} bins could start to become sparse, especially
towards the ends of the trajectories. To propepresent the full sweep in theangle, we
were forced to choose the first bins at each enetevthere was at least one structure,
therefore resulting in only onestructure in two instances. The net result wasrgf
process involving 40 structures. The exchange mfdrisuch a setup was a sparsely
populated 40x40 matrix. Visual inspection of Figute3 also motivated the use of uniform

equilibrium probabilities. Thus, for a structurearbin with twoy sites the equilibrium
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h)

probability was = (Number df sites x Number of sites x Number of sites) = (7 x 3 x

2)* = 1/42. We are currently also considering the ibdiy of using the RDC
measurements described above to better informtaice of the probability distribution.
Include the local motions of the bases into theguwimulation. Solid-state data have shown
that in addition to the larger helical domain mospthe bases also undergo small
amplitude, faster motions. Previous work in ourug'8 has indicated that the helical
residue U38 experiences a base-libration of any#itt4° at a rate of 2.15x36, while
recent work {Huang et al 2012ACS in revisions} ascribes a libration of +7.5° atade of
1.2x10 s to the U40 and U42 bases in the lower helix. Thgls-stranded bulge residue
U23 undergoes, in addition to a slower hop, a s#dplitude rotation about the glycosidic
bond at a rate of 18s™.2?” In all these cases, the two-sites in the librationthe glycosidic
rotations have been weighted equally in the datalsitions. This would imply an

additional factor of ¥ for the equilibrium probatyilof each site in the jump process,
corresponding to the probability of being in angaf two possible local orientations. In
order to incorporate these additional motions, Wiaie assumed to have a negligible
impact on the overall molecular configuration gitea small amplitudes, we simply double
the number of exchanging conformers in the simaifally including a single lowest-energy
structure twice with only the local base orientai@hanged in each. If a local motion is
deemed to be significantly faster than all othévant rates in the system, the pre-averaged
orientation of the base site may be used instbadeby halving the dimensions of the jump
matrix. In general however, in the absence of suitiplifications, the above method must

be used.
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i) Calculate the solution relaxation times given thap-matrix chosen above. To carry out
this calculation we use the results of our recepilylished papét’ (the theory presented in
Chapter IV) where we allow for an exchange betweediscrete set of conformers with
different diffusion tensors in addition to the oakrotational diffusion undergone by any

single conformer. The inputs to this process aeethihee Euler angle exchange rates

{r“ Tp rV} and the outputs include the and T, relaxation times, as well as the NOEs.
Using the expressions directly from our previouskvman be computationally expensive if
the number of conformers grows large. Thereforerder to calculate the spectral densities
needed in the calculation of the relaxation timad HOES, we use a Gauss-Laguerre
quadrature of the appropriate cosine Fourier taansbf the correlation functions. The
Gauss-Laguerre integration method calculates tiegiial over a function approximately as
a sum over discrete values of the integrand eveduat the roots of Laguerre polynomials
and weighted by particular values. We chose tal@€e150 roots in our simulations, with

an increase in the number of evaluation pointsraijuresulting in an increase in
computational time. In addition, the solution te thme evolution equation for the transition

probability (probability that the molecule will e a given Euler angle
orientatiorfzt relative to the lab frame at a tirhgiven its orientation &t= O,QO) requires

the input of the rotational diffusion tensor eigalues for each conformer. We obtained the
rotational diffusion tensor eigenvalues and eigetors for each structure using the
program HYDRONMR?. The input parameters to HYDRONMR include the atom
element radius (AER), which is the radius of thadseused to represent the van der Waals’
radii and hydration shells of the non-hydrogenanad of the structure. This value was

chosen to be 2.3 A as in previous simulatioféand the choice is more extensively
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evaluated in those papers. Finally, it must be @ammmind that the diffusion-and-exchange
expressions presented in our previous Wdrkssume that the diffusion tensors of any pair
of exchanging partners are momentarily collineahatinstant of exchange. This
assumption will fail if the molecule radically chgas shape between any two partners, as
the instantaneous jump in angular orientation efdiffusion tensor will not be accounted
for by our expressions. The discrepancy is mitidide discretizing the Euler angular space
into a sufficient number of sites and by allowingps only between nearest neighbours
whose diffusion tensors are not drastically différén our current simulations, we do not
evaluate this discrepancy explicitly.

Finally, it is possible to iteratively fit the exjpmental solution NMR data by incorporating
the relaxation time calculation into a Markov-chMonte Carlo (MCMC) procedure. The
fit parameters we have considered so far have theeBuler angle jump rates (it is possible
to include even equilibrium probabilities in thersaprocedure, but this would significantly
increase the number of free parameters in the @noblWe have also attempted to
independently corroborate the jump model itselfitiyng to only a fraction of the data, and
checking to see if the remainder of the data cafit ging the same parameter set.
Specifically, we have considered the relaxatioresirof all uridine residues in TAR, U40
and U42 in the lower helix, U23 and U25 in the leulgnd U38 in the upper helix, but fit

the rates only to the U38,,TT, and NOE values.

3. Results

We first present the results of plotting the disitions of the structures with respect to

the Eulera. andp angles in Figures 2A and 2B. The two figures repné the same distribution
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when viewed from different perspectives in ordehitghlight the two Euler angle dependences.

A few points are worthy of notice in Figure 2.

1.0 : Eﬂ 10

Figure VI.2: The distributions of upper helix unit vectors fbe structures relative to the lower helix
(orientation of the lower helix indicated by theaar). The upper helix vectors are indicated byehd
points of the unit vectors, with the origin locatdhe center of the 3D graph. The colors repteben
different bins for they angle between the upper helix and the lower hlig0° increments. The two
panels are: (Ak angle dependence, as viewed from the top dowrgdtmlower helix; and (B angle
dependence, as viewed from the side profile.

In Figure 2A, thex angle sweep does not cover the full 360°, implytrag the upper
helix seems to be restricted to move in a limitedecabout the lower helical axis, or
conversely, that the lower helix has a restricteé@dom of twist relative to the upper helix.
Momentarily ignoring the considerations of how wék energy-minimized structures represent
the available phase space and of the sequencedieye; these distributions may be providing
information on the how much motion is possible friims particular structural motif.

The same type of information may be drawn fromréstricted nutation of the upper
helix shown in Figure 2B. This may just be a simeleresentation of the steric hindrance of

the upper helix by the lower helix.
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Figure VI.3: The distributions of U38 C6-H6 unit vectors inrarhe where the andp dependences of
the upper helix were transformed away. The C6-Hfiors are indicated by the end points of the unit
vectors, with the origin located at the centerhef 8D graph. The colors represent the differers fon
thep angle between the upper helix and the lower higlit0° increments.

In Figure 3 we present thyeangle distributions of the U38 C6-H6 bond, after
transforming to a frame wheseandp angles of the upper helix are 0. After the tramsfation,
the remaining angular sweep can be attributed ptwehey angle, with the lower helix still
represented by the arrow in the figure. Note thatgolar angle relative to the lower helix is
fairly stable across all structures, merely reffegthe restriction of the U38 C6-H6 orientation
relative to the upper helix to a sharply definetigea

We also studied the distributions of the C6-H6 bwactors of the bulge uridine residues,
U23 and U25, for patterns and correlations withEnéer angle distributions described above.

Searching for these patterns was one of the prigaais of using energy-minimized structures,

178



due to the difficulty in characterizing single-stded regions. The distributions are shown in

Figure 4.
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T
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Figure VI.4: The distributions of bulge uridine C6-H6 bond urgttor on the unit sphere, relative to a
lower-helix-affixed frame: (A) U23 C6-H6 bond disitions; and (B) U25 C6-H6 bond distributions.
The origin is at the center of the 3D graphe colors represent the different bins for ffrengle between
the upper helix and the lower helix, in 10° increrse

The U23 (Figure 4A) and U25 (Figure 4B) bond vedistributions seem to be scattered
all over the unit sphere. This seems to indicatengly that these residues are very under-
constrained in their conformations. There is a sdedree of ordering in both with small
concentrations of structures at certain orientatidt, in general, the bonds seem to be
distributed almost isotropically. However, it isportant to note that these distributions are
relative to a coordinate frame affixed to the lowelix, most of whose degrees of freedom were
not altered in the course of generating the strestut is still possible that there is a correati
between orientations of these bonds and thosenhef o¢sidues in the bulge or helices. To that
end, some preliminary investigations are being nasdi® the relative orientations of these

residues with the A22 (lower helix) and A27 (uppelix) bases.
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As mentioned above, we used this information tat@oparticular jump model, where 7
of the 8B angle bins were used to represent nutation juemm 3a bins (two end points and
one mid-point) were selected for each sfahoice. Finally, within each suehbin, one or two
structures were chosen based on thaingle values, where if available, the two strietuwere

at the extrema of angles within that bin.

Table VI.1: Relaxation times and NOEs from fit to the solutiefaxation data, for the case where the
local librations and glycosidic rotations are matluded. The relaxation data for U25 is taken to be
similar to that of C24, as such data was not abklfrom the solution reference (Bardaro éb)al

Residue Tfit (in | T1expt. (in | T2 fit (in T, expt. (in | NOE fit NOE expt.
ms) ms)? ms) ms)? (unitless) | (unitlessy*
U38 (data 354.0 354.1 24.8 24.6 1.12 1.14
used for fit)
u23 364.0 328.3 24.0 29.1 1.12 1.32
u25 366.3 N/A; ~321 | 23.9 N/A; ~35 | 1.12 N/A; ~1.35
(from C24) (from C24) (from C24)
u40 355.9 363.7 24.6 25.2 1.12 1.15
u42 352.3 360.5 24.9 24.8 1.12 1.15

3Data taken from Bardaro etal

We first ran the program without the internal masancluded, to see if the structures
could be simulated purely by their large-scale damaotions. As mentioned in the Methods
section, the data was fit only for U38, as a casrabve attempt to see if the chosen model
succeeds in modeling the data for the other residlige best match to the experimental data so

far was obtained for the rates of each type of omoti
waslr, . r,,r, } ={864x10°s™ 980x10°s™ 854x10°s™}. The resulting relaxation times and

NOEs are given in Table 1. For reference, the exyartal error bars are 3.2 ms for T

measurements, and 0.5 ms famieasurements.
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The results shown in Table 1 indicate that thexadian times are fairly close to the

experimental times for the helical residues. Taisat particularly surprising given that the

characteristic diffusion rates are similar for mothe conformers and the rigid rotation of any

single conformer on its own produces similar retexxatimes. At the same time, the observed

discrepancies in the U23 and U25 values, as weh@se in the U40 and U42 residues, could

be explained by the differences in the local matiohthe residues, such as glycosidic rotations

or base-librations. The next step was thereforadorporate such motions into the simulation

and to see if indeed the solid-state data-deriabges hold up in solution as well.

Table VI1.2: Relaxation times and NOEs from fit to the solutielaxation data, for the case where the
local librations and glycosidic rotations are ird#d. The relaxation data for U25 is taken to bélairto
that of C24, as such data was not available frastiution reference (Bardaro et'jl

Residue T fit (in | Toexpt. (in | T, fit (in T, expt. (in | NOE fit NOE expt.
ms) ms)? ms) ms) (unitless) | (unitlessy*
U38 (data 346.2 354.1 24.9 24.6 1.12 1.14
used for fit)
u23 386.5 328.3 25.8 29.1 1.18 1.32
u25 390.9 N/A; ~321 | 26.4 N/A; ~35 | 1.19 N/A; ~1.35
(from C24) (from C24) (from C24)
u40 375.3 363.7 26.1 25.2 1.17 1.15
u42 368.5 360.5 26.0 24.8 1.16 1.15

3Data taken from Bardaro etal

The results of the fitting procedure after thealanotions were included are shown in

Table 2. It is important to emphasize, howevert thase results are very preliminary. Due to the

computationally intensive nature of the prograre, dlgorithm had not run through a significant

number iterations at the time these values wemraetetd, and the resulting best-fit rate values

of{ra N ry} = {1.00>< 10°s™,7.7x10*s™ 47x10" s‘l} barely had an opportunity to explore far
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from the seed rate values of 1.00% &0 (for all three rates). Nonetheless, it may helpetoark
on these preliminary results.

The helical residues show larger deviations fromegxnent than the values shown in

Table 1 for the case of no local motions. Possidesons for this in addition to the ones stated
above (results too premature and deficienciesesthuctures) are that the probabilities for the
various orientations may not be uniform, and thatgolid state NMR-derived local motion
parameters are not unique, with some spread ihdbefit values to the solid state data.

The U23 and U25 simulations exhibit greater degregiin both relaxation times and the
NOEs. Given the relatively unconstrained motiongeeted of the bulge residues, it is likely
that this is signaling the need for a differentlextage rate among some or all of the
conformations of these residues. When the oriemtatof the U23 and U25 were plotted for the
structures, it was noticed that they both expl@darge portion of the unit sphere (see Figures
4 and 5, for the distributions of U23 and U25 CaHhit vectors, respectively) except for a few
non-committal clusterings. Therefore, it would biicllt and even incorrect to surmise a
simpler jump model set until the distribution canfbrther explored. If further studies do not
reveal any significant correlation between the Ealggle jumps of the helices and the
orientations of the bulge residues, then we mighaltle to treat the motion as an independent,
nearly free diffusion process. In any case, tha daems to indicate that more rapid jumps are
required for the bulge residues as evinced byaitgel NOEs, which are sensitive to faster
rates. As stated above, future work will attemptaaelate the U23 orientation to frames

attached to both A22 and A27 to check for solidestaodel-motivated correlations.
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4. Discussion

The methodology presented here is a work in pssgridowever, it is hoped that the
basic framework is sound, and that this protocalde a small step forward in the simulation
of large scale motions in biological molecules amgral, and in nucleic acids in particular. The
algorithm could potentially allow modelers to sinameously simulate the dynamics of multiple
residues in various structural contexts, such asahtelomains, loop regions and single-stranded
regions. This would represent utilization of theesipecificity of NMR data to describe full-
molecule restructurings. Moreover, the use of epengimized structures may enable modelers
to bypass the difficulties of long-time moleculandmics.

Many reasonable modifications to the simulatiorespnted here may be proposed and
easily implemented. Firstly, one may choose to waeyequilibrium probability distributions of
the structures based on their inter-domain orienisf to see if there are preferred
conformations. Secondly, the number of points aliwvegrajectory may be increased, albeit at
the cost of computational time. Finally, a largamber of energy-minimized structures can be
incorporated into the analysis and the trajectasteserved here can be corroborated or deemed
incorrect.

Prior to settling on the method described heremcansidered other methods of
distilling motional information from the energy-nmmzed structures. A description of these is
presented below both for completeness, and ins@se future value may be derived from the
work.

1. Solid-state NMR REDOR constraints:REDOR (Rotational Echo Double Resonance) is a
means of measuring the dipolar coupling strengtivéen hetero-nuclei, whereupon the

average distance between the two spins may beeadfeFfwo such measurements were
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made on solid-state TAR samples: (a) betweEl at the 2’ position of U23 and®& label
at the 5’ position of A27, yielding an average aliste of 10.3 &”; and (b) between aF

label at the 5 position of U42 aftP label at the 5’ position of C39, yielding an age
distance of 10.9 &% These values would potentially allow us to filbert some of the
structures from the entire collection. While thpsavide very stringent constraints (the
error bars on both the measurements are on the @@#), it must be borne in mind that
the samples in both cases were lyophilized, isulte were for the unhydrated case. We the
loosened the restrictions on the distances by aligyor the molecule to toggle between the
unbound distances and those in the TAR-Tat pepided complex, where measurements
yielded values of (a) 6.6 A and (b) 6.8 A, respaii. This choice of allowed parameter
space followed from arguments that the free TARatwle dynamically exchanges
between the unbound conformation and a bindingpteeeconformation (the so-called
“conformational capture” mechanisth}®> However, even this was considered to be
potentially too restrictive given that the samphese lyophilized and did not represent
sufficiently the full range of motion that would beailable to the molecule in solution.

. Solid-state jump models:Previous work on solid-state samples in our grioap suggested
various dynamic models for specific residiés TAR. Given the physical intuition gained
from solid-state conditions, we have carried ontudations to see if the solution NMR data
could also be fit by the same models incorporatéal $olution structures, with overall
rotational diffusion add€d*?* The work in these two references was performed wi
structures that were modified from the lowest ep@ilylR structure (PDB: 1ANB by the
alteration of multiple parameters, including difestand amount of bending of the upper

helix relative to the lower helix, twist of the ugphelix about its own axis of symmetry,
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and hydrodynamic parameters. However, the modi@ingirocess was rudimentary in that
the bulge was kept fixed in a single conformatiod aome steric clashes with the upper
helix were allowed as the bend and twist were datie the current work, it is our intention
to utilize the energy minimized structures to pmbpaccount for the alteration of bulge
conformation coincident with changes in the reltivientation of the upper helix and
lower helix. Therefore, in order to test the valdif solid-state models for bulge residues
using the 500 lowest energy structures, we apphiegphysical arguments gleaned from the
solid-state modeling process to filter out struetumMore specifically, we considered the
U23 bulge residue in conjunction with theU38 upipelical residue as follows: Olsen et al
found a best-fit model for U23 (deuterium labeléthe C6-H6 site) where the residue
experienced a slower 24° jump between two-sitesrate of 6.7x10s, in addition to a
faster (18° s%) rotation of +11° around the glycosidic bond, dnel two sites of the slower
“hop” were interpreted as (a) a stacking confororatvith A22 in the lower helix; and (b) a
base-triple formed with the A27-U38 base pair. WWkzed this information by sifting
through the structures for the two cases wherthjelative orientation of the U23 base
normal and the A22 base normal was less than S thencentroid-to-centroid distances
between the two is 4.5 A, to represent the base-stacking scenarb(tanthe relative
orientation of the U23 base normal and the A27 basmal was within 50°, with the
distance between the U23 O4 and A27 N6 atoms, hasvbetween the U23 N3 and A27
N7 atoms being allowed to vary by up to 8 A momntthe hydrogen bonding distance of 3
A established for a Hoogsteen-edge paiffiidp represent the U23-A27-U38 base triple
formation. Furthermore, as the solid-state modeddipted a slower two-site jump

(1.38x16 sY) for the U38 residue in the upper helix, in orttesimultaneously represent
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the motion of both residues, we attempted to fimal pairs of stacking-base-triple
conformations for U23 each of the conformation&)88 (which were separated by a 9°
bend and 15° twist in the upper helix orientatidhile we had to stretch the limits of the
definitions of stacking and base-triple interacsiam order to find four such structures, in
the end this method was shelved on account ofdime £oncerns as for the REDOR case:
in a solid-state sample, the packing of the mokui close proximity may have an impact
on both the range and rate of the dynamics, edpefoalarge-scale motions. This by no
means invalidates the use of solid-state NMR terinfotions, as local, small-scale motions
occurring in rate regimes invisible to solution NNMfay be unhindered by inter-molecular
interactions and so show up faithfully in solidtetAIMR data. However, the proposed
motions here involve the bulk motion of a largetjor of the molecule and so could be
impacted by nearest neighbour interactions. Unélftdelity of large-scale motional
parameters derived from solid-state NMR can begmam a solution NMR context, it is
difficult to warrant their use as filters.

. Torsion-angle binning and coincidenceln our continuing efforts to simplify the
dynamics fitting problem, we tried to search fomotdences in sets of torsion angles for
U23, C24 and U25 (the bulge residues) among tletsties so as to identify possible
preferred conformations of these residues. Howesece the 7-torsion angle backbone

“Suite”l?’o

only accounts for the local orientation of the lidame, in order to establish
repeated global conformations of a residue reldtvée rest of the molecule, we also
considered the non-hydrogen atom root-mean-squie@dtions (RMSD) between each

pair of structures for the entire bulge. The crétérave usually been set at a match of 5 or

more out of the 7 backbone torsion angles, andMBRbetween bulges af2.5 A.
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Attempts at establishing such fixed conformaticstates did not produce clusters for C24
or U25. Interestingly, there does seem to be aginguof structures that exhibit similarity

in 5 or even 6 out of the 7 torsion angles for UBBiile establishing a single such
conformation is interesting in light of the stadkiand base-triple interpretations based on
solid-state data, we are also curious to understandorrelation of these structures with the
motion of the upper helix relative to the lowerikeThis is related to the correlation studies
of U23 and U25 described under the Results section.

. Solution Residual Dipolar Coupling (RDC) constrains: A molecule in a sufficiently

dilute solution will undergo unhindered, isotropierall rotational diffusion. From the
perspective of an NMR experiment, this means thairiteractions between spins or
between a spin and its environment are averagedtiome scale corresponding to the
characteristic time of diffusion. Thus, any experiththat seeks to determine the strength of
a particular interaction would need to be sensiiiveme scales shorter than the diffusion
time scale. Alternately, it is possible to pargidlinder the rotation of the molecule by
preferentially aligning it, using either its own gmetic susceptibilit§}*** or an aligning
medium, and then measure the residual interacfionterest that results from incomplete
averaging over orientations. Aligning media usadfics purpose include liquid crystalline
medid>? Pf1 filamentous bacteriophdg@ stressed polyacrylamide g€fsand

PEG/Hexanol mixturé&® among others. In order to support the choicesafteset of
structures to be used for the multi-site jump satiahs, we are using experimental RDCs
measured {Bardaro et al, unpublished data}in aetgiof aligning media in conjunction

with the predictive program PALE3. Currently, we are only considering the data from

PEG/Hexanol as this uncharged media aligns thegedadRNA only through steric

187



hindrance of the overall rotation. This simplerecdses not require a proper
characterization of the RNA charge density, as @ required for charged alignment
media (a case which PALES has been extended te)s@xtension to the charged media

data may be considered in the future. In what vadld provide a quick summary of the
procedure being used: The Saupe matrix or alignteasorA; = g<cosfi COS¢, > —%5” ,

is a function of the orientations of the molecuaordinate frame relative to the magnetic

field axis, where theosé, 's are the direction cosines of the magnetid fgis in the

molecular frame, averaged over the allowed solgleaspace for the molecule in the
presence of the aligning medium. The purely stegrsion of PALES calculates the
alignment tensor of the molecule by the samplingaftiple allowed orientations in the
presence of a flat (infinitely large) obstructidine alignment tensor

eigenvalue{;AKX, A, Azz}are then used in conjunction with directional mfation for a

particular bond relative to the alignment tensangpal axis frame (PAS). It is important to
note that the bond in this case is assumed toaltie stlative to the molecular frame. Bond
motion will be considered subsequently as an awecoagr several static conformations.

The resulting RDC is given by the

_Viyj,uoh
8rrr?

ij eff

expressiom, (6,¢) = (A, sin? 6cog @+ A, sin’ 8sin® g+ A, cos’ 0),

with y; representing the gyromagnetic ratio of the atorpecges. The RDCs can be

computed by this method for multiple bonds in salvegsidues. Finally, to include the
possibility of dynamics, we use the weighted averaigthe RDCs of each conformer

NConformers

RDC,..., = Z p,RDC where the individual RDCs are measured on a tirakesauch

i=1
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longer than any dynamic time scales in the prol{l#mch motivates the use of the
equilibrium probabilities of the conformers in thleove formula). In this way, it is possible
to check to see if a given jump model is consistétit observed RDCs to within the
experimental error. Moreover, the problem may beited to find the best-fit equilibrium
probabilities given experimental RDCs, assumingcti@ce of conformers and their RDCs
are believed to be physically representative. Blo#ise methods may as yet prove to be

useful and will be considered in the future.

5. Conclusions

We have presented a potential means of utiliziregggrrminimized structures of RNA as
representatives of the conformational landscapgbeomolecule, and have tested the validity of
such a model against solution relaxation timesN@é&s. The results have proven promising
for fitting the data for helical residues in botbras, but the model does need further
modification in order to describe the motion of thdge residues. The answer may lie in the
inclusion of additional, independent motions fog thulge residues. The procedure attempts to
incorporate the motions of various parts of theeuole into a unified trajectory, with the hope
of building an intuition of the conformational rangf the structural motif using the properties

of the energy-minimized structures in concert veixperimental data.
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Appendix VI.A: Mathematica code for the jump rate parameter search

algorithm using the energy-minimized structures

/[Parameters of the jump matrix for each of the §ives (all have equally weighted base-
libration or glycosidic rotations)

pluU = 0.5;

p2U =1-0.5;

ru38 = 2.15*10"8;

JumpU38 = 4;

ru40 = 1.2*10"8;
JumpU40 = 7.5;

ru42 = 1.2*10"8;
JumpU42 = 7.5;

ru25 = 10"10;
JumpuU25 = 11;

ru23 = 10"10;
JumpuU23 = 11;

kkkkkkkkkkkkkkkhkkkhkkkhkkkhkkhkkhkkkhkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkk

//Gauss-Laguerreintegration:

/INumber of roots calculated

n=250;

/[Array of roots
t=Array[N[Root[LaguerreL[n,Xx],#]]&,n]

/ICoefficients in the summation
newmod = Table[(Exp[t[[K]]]*[[K]D/(((n+1)*LaguereL[(n+1),t[[K]]])"2), {k,1,n}]

//Size of the time step used in the discretized riateg
delT = 10"-9;

/INMR parameters

vC = 6.728*10"7; lyromagnetic ratio of Carbon-13

yH = 2.675*10"8; Ml5yromagnetic ratio of Hydrogen

rCH = 1.1*107-10; KLarbon-hydrogen bond length for an aromatic carladom
So = 212*107-6; /Chemical shift anisotropy (CSA) for a uridine basebon atom
/IMagnetic field strength

Bfield = 11.74;
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/[Larmor frequencies of Carbon-13 and Hydrogen

wC =yC*Bfield

wH = yH*Bfield

mval =wC -wH;

pval =wC + wH,;

co2 = (2/15)*6c"2)* ©«C"2;

d2 = (0.1*10"-14)*((1.05451*10"-34yH* yC /[rCH"3)"2;

//Same functions as in Appendix IV.A

sig[{Dx_, Dy_, Dz_}] = Dx"*2 + Dy"2 + Dz"2 - (Dx*Dy+ Dy*Dz + Dz*Dx);

num2[{Dx_, Dy _, Dz_}] =0.5*((Dx + Dy - 2*Dz) + 2*Sqd][sig[{Dx, Dy, Dz}]]);

num3[{Dx_, Dy _, Dz_}] =0.5*((Dx + Dy - 2*Dz) - 2*Sq[sig[{Dx, Dy, Dz}]]);

den2[{Dx_, Dy _, Dz_}] =Sqrt[2*sig[{Dx, Dy, Dz}] + Srt[sig[{Dx, Dy, Dz}]]*(Dx + Dy -
2*Dz)];

den3[{Dx_, Dy _, Dz_}] =Sqrt[2*sig[{Dx, Dy, Dz}] - rt[sig[{Dx, Dy, Dz}]]*(Dx + Dy -
2*Dz)];

fla [{Dx_, Dy_, Dz_}] = {{-(27(-0.5)), 0, 0, 0, 2/40.5)}, {0.25*Sqrt[6]*(Dx - Dy)/den2[{Dx,
Dy, Dz}],0,num2[{Dx, Dy, Dz}]/den2[{Dx, Dy, Dz}],0,0.25*Sqrt[6]*(Dx - Dy)/den2[{Dx, Dy,
Dz}]},{0.25*Sqrt[6]*(Dx - Dy)/den3[{Dx, Dy, Dz}],0,num3[{Dx, Dy, Dz}}/den3[{Dx, Dy,
Dz}],0, 0.25*Sqrt[6]*(Dx - Dy)/den3[{Dx, Dy, Dz}]}{0,2"(-0.5), 0, 27(-0.5),0},{0,-( 2"*(-
0.5)), 0, (2*(-0.5)),0}};

g[{Dx_, Dy_, Dz_}] = {4*Dz + Dx + Dy, 2*(Dx + Dy +Dz) + 2*Sqrt[sig[{Dx, Dy, Dz}]],
2*(Dx + Dy + Dz) - 2*Sqrt[sig[{Dx, Dy, Dz}]],Dz + 4Dx + Dy,Dz + Dx + 4*Dy },

//Reading in the U38 C6-H6 bond orientations for all 500 energy-minimized structures from a
file; the samefileinput is repeated for all five sites, but they are not shown here for brevity

U38bond = OpenRead["C:\\Documents and SettingsbbydDesktop\\LSM Transfer
files\WU38C6H6.txt"];

u38all = {};

num = 500;

For[i = 0, i < num, i++;
If[Mod[i,100]==0, Print[i]];
U38C6H6 = Read[U38bond];
AppendTo[U38all, U3BC6H6];

]
Close[U38bond];
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pequil = {};
flaAll = {};
gAll = {};
DiffAll = {};
U38angAll = {};
U25angAll = {};
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U23angAll = {};
U40angAll = {};
U42angAll = {};

/[Labels (1 through 500, as defined by FARFAR) ofithstructures chosen for the simulation:
there are 76 angle bins, 3 bins and either one or twobins
structures = {{{339},{200, 5},{46,73}},{{467, 278},{316,338},{7,198}} {{75,
136},{329,48},{183,
178}},{{151,343},{201,352},{284,130}},{{166,458},{4 69,202} ,{396}},{{341,386},{344,335}
{438,172}},{{156,281},{499,354},{168,347}}};
dimstr = Dimensions[structures]
numstr = 0;
//Automated counting of the number of structurefiéndhosen set
For[i = 0, i<dimstr[[1]], i++;
For[j = 0, j < dimstr[[2]],j++;
numstr += Length[structures[i,j]]];
I
]

numstr

/IThe following are a set of structures that conmeath structure in the set of 40 with all nearest
neighbour structures: so, for example, friilif8]] is the structure that is connected with
structure 2 in the list by Ajump in the forward direction along the list, wibnuna[[35]] is

the structure connected to structure 35 in the back direction along the list. These vectors
are set up in order to help build the jump matretween states for a given structure list.

fnumg = Table[0, {k, numstr}];
bnums = Table[0, {k, numstr}];
fnumy = Table[0, {k, numstr}];
bnumy = Table[0, {k, numstr}];
fnumo = Table[0, {k, numstr}];
bnunu = Table[0, {k, numstr}];
count =0;

For[i = 0, i < dimstr[[1]], i++;

For[j = 0, j < dimstr[[2]], j++;

For[k = 0,k<Length[structures[i,j]]], k++;

count++;

Ifli+1 < dimstr[[1]],

next = structures|[i+1,j]];

If[lLength[next]== Length[structures[[i,j]]],fnuns[[count]] = next[[K]],
If[Length[next] > Length[structures[[i,j]]],fuma[[count]] = next[[1]],
If{k>Length[next],fnuns[[count]] = O,fnunB[[count]]= next[[K]] ]

]

I

I

Ifi-1 >1,
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prev = structures|[i-1,j]];

If[Length[prev]== Length[structures]]i,j]]],bnum[[count]] = preV[[K]],
If[Length[prev] > Length[structures([i,j]]], uma[[count]] = prev[[1]],
If(k>Length[prev],bnum([count]] = 0,bnuns[[count]]= preV[[K]] ]

]

I

I;

Ifj+1 < dimstr[[2]],

next = structuresl[i,j+1]];

If[lLength[next]-= Length[structures][i,j]]],fnum([count]] = next[[K]],
If[lLength[next] > Length[structures[[i,j]]],funo|[count]] = next[[1]],
If[k>Length[next],fnum[[count]] = O,fnumx[[count]]= next[[K]] ]

I;

I;

Iffj-1 =1,

prev = structuresl][i,j-1]];

If[Length[prev]== Length[structures]][i,j]]],bnum[[count]] = preV[[K]],
If[Length[prev] > Length[structures][i,j]]], mumx[[count]] = prev[[1]],
If[k>Length[prev],bnum|[[count]] = O,bnuna:[[count]]= prev([[Kk]] ]

]

]1;

Iffk+1 <Length[structuresi,l]l,
fnumy[[count]] = structures[i,j,k+1]];

I;

Iflk-1 =1,
bnuny[[count]] = structures|][i,j,k-1]];

I;
l;

]
fnumg
bnums
fnumo
bnumx
fnumy
bnumy

fnuny [[6]]

/IConstructing the list of equilibrium probabilitiesy this case, the probabilities are set to be
uniform in the sense of: probability = (Numbergdbins x Number o& bins in the givey bin x
Number ofy bins in the giverm bin)*

pequil = {};

For[i =0,i< dlmstr[[l]], i++;
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For[j = 0, j < dimstr[[2]], j++;

For[k = 0,k<Length[structures[[i,j]]], k++;

pr = plU*(dimstr[[1]]*dimstr[[2]]*Length[structues][i,j]]D"-1;
AppendTo[pequil, pr];

pr = p2U*(dimstr[[1]]*dimstr[[2]]*Length[structues][i,j]]D"-1;
AppendTo[pequil, pr];

].

];’

]
Sum[pequil[[i]],{i,2*numstr}];
/[Final adjustments to the structure vectors descriibove, to allow them to help build the jump
matrix
For[no=0, no<numstr,no++;
count = 0;
ff3=0;
fbg = 0;
ffoo = 0;
fbo = 0;
ffy =0;
foy =0;
Forl[i = 0, i < dimstr[[1]], i++;
For[j = 0, j < dimstr[[2]], j++;
For[k = 0,k<Length[structures[[i,j]]], k++;
count++;

If[(fnump[[no]] =structures[i,j,K]])&&(ff 3 = 0), fnumB[[no]] = count; fi3++];
If[(bnuma[[no]] ==structures][i,j,K]])&&(fb3 == 0), bnuns[[no]] = count; fh3++];
If[(fnuma[[no]] ==structures|[i,j,k]]) &&(ffa == 0), fnunmx[[no]] = count; flo++];
If[(bnumx[[no]] ==structures(]i,j,k]]) &&(fba == 0), bnuna[[no]] = count; flx++];
If[(fnumy[[no]] =structures[i,j,K]])&&(ffy = 0), fnumy[[no]] = count; ffy++];
If[(bnumy[[no]] ==structures([i,j, K]])&&(fby == 0), bnumy[[no]] = count; fby++];
I;
I;
I;
]
fnumgs
bnuma
fnumo
bnunu
fnumy
bnumy
fnuny [[6]]
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/[Example of the calculations carried out using the atomic coordinate PDB filefor a single
structure

(*Structure 339%)
sval = 339; Btructure label

fname = "C:\\Documents and Settings\\Drobny\Degkic5M Transfer files\FARFAR_";
fname = fname<> ToString[sval]<>"_A2_3.res";
inphnmr = OpenRead[fname];

Find[inphnmr, "Anisotropic rotational diffusion™];
section = Read[inphnmr];

difflist = {};

For[i=0,i <15, i++;

AppendToldifflist, Read[inphnmr, Number]];

]

Close[inphnmr];

//Reading in the diffusion eigenvalues and eigenveetod assigning them to their Cartseian
counterparts

Diff = {difflist[[2]], difflist[[7]],difflist[[12]] };
D2vec = {-difflist[[8]],-difflist[[9]],-difflist[[1 O]]}
D1vec = {-difflist[[3]],-difflist[[4]],-difflist[[5 1]}
D3vec = {difflist[[13]],difflist[[14]],difflist[[15 ]]}
D1vec /= Norm[D1lvec];

D2vec /= Norm[D2vec];

D3vec /= Norm[D3vec];

Dxvec = D2vec;

Dyvec = D1lvec;

Dzvec = D3vec;

Dzvec.Cross[Dxvec, Dyvec]

Diffinp = {Diff[[2]], Diff[[1]], Diff[[3]]};

/[Creating lists of the eigenvalues and eigenveateeded by the general rate theory for all the
structures (repeated here to represent the twamalenotion sites)

AppendTo[DiffAll,Diffinp];

AppendTolflaAll, fla[Diffinp]];

AppendTo[gAll,g[Diffinp]];

AppendTo[DiffAll, Diffinp];

AppendTolflaAll, fla[Diffinp]];

AppendTo[gAll,g[Diffinp]];

/ICalculations for the U38 site

(*  U38 ")
sitep=U38all[[sval]];
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/linstead of importing pre-calculated internal motiornentations, the program calculates the
orientations in situ, using the U38 C6-H6 bond friira PDB file as the intermediate orientation
between the two jump-sites. As can be seen, fdreleal residues, the internal motion of the
base is treated as a “base-libration”, i.e. a rotat about the base normal

sitelp = RotationMatrix[JumpU38 Degree, U38nornsaifl]]].sitep;

site2p = RotationMatrix[-JumpU38 Degree, U38norisathl]]].sitep;

sitelp /= Norm[sitelp];

sitel = {sitelp.Dxvec, sitelp.Dyvec, sitelp.Dzvec};
sitel /= Norm[sitel];

/[Calculation of spherical angles for each orientatio
(*Site 1*)

U38th = ArcCosl-site1[[3]] ];

U38ph= ArcTan[sitel[[2]]/site1[[1]] ];
(180/Pi)*U38th

(180/Pi)*U38ph

AppendTo[U38angAll, {U38th, U38ph}];

site2p /= Norm[site2p];

site2 = {site2p.Dxvec, site2p.Dyvec, site2p.Dzvec};
site2 /= Norm[site2];

(*Site 1*)

U38th = ArcCosl-site2[[3]] ];

U38ph= ArcTan[site2[[2]]/site2[[1]] ];
(180/Pi)*U38th

(180/Pi)*U38ph

AppendTo[U38angAll, {U38th, U38ph}];

/[Same as for U38, with the exception that the irstlermotion for U25 and U23 is a rotation of
the base around the glycosidic bond

(* u25 *)

siteU25p=U25all[[sval]];

siteU251p = RotationMatrix[JumpU25 Degree, U25gkide[[sval]]].siteU25p;

siteU252p = RotationMatrix[-JumpU25 Degree, U25ghidic[[sval]]].siteU25p;

siteU251p /= Norm[siteU251p];

siteU251 = {siteU251p.Dxvec, siteU251p.Dyvec, sizéllp.Dzvec};
siteU251 /= Norm[siteU251];

(*Site 1*)

U25th = ArcCosl-siteU251[[3]] ];

U25ph= ArcTan[siteU251[[2]]/siteU251[[1]] ];

(180/Pi)*U25th

(180/Pi)*U25ph

AppendTo[U25angAll, {U25th, U25ph}];

siteU252p /= Norm[siteU252p];

siteU252 = {siteU252p.Dxvec, siteU252p.Dyvec, sitgdlp.Dzvec};
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siteU252 /= Norm[siteU252];

(*Site 1*)

U25th = ArcCosl-siteU252[[3]] ];

U25ph= ArcTan[siteU252[[2]]/siteU252[[1]] ];
(180/Pi)*U25th

(180/Pi)*U25ph

AppendTo[U25angAll, {U25th, U25ph}];

/IThe calculation is repeated for the three otheessibut these are not shown for the sake of
brevity
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//As in Appendix IV.A, the spherical angle-dependauitipliers of the time-dependent
coefficients are defined as functions of the sglaéangles

coeffl[{thetaf , phif_}{thetai_, phii_}] =
0.75*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Sin[2*phif]){Sin[2*phii]);

coeff4[{thetaf , phif_},{thetai_, phii_}] =
0.75*(Sin[2*thetaf])*(Sin[2*thetai])*(Sin[phif])*(Sn[phii]);

coeffS[{thetaf , phif_},{thetai_, phii_}] =
0.75*(Sin[2*thetaf])*(Sin[2*thetai])*(Cos[phif])*(Gs[phii]);

coeff2[{thetaf_, phif_},{thetai_, phii_},inb_, ing = 1.5*flaAll[[inb,2, 1]]*flaAll[[ina,2,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*flaAll[[inb,2,
1]]*flaAll[[ina,2, 3]]*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]*2) - 1) +
(0.5*Sqgrt[1.5])*flaAll[[ina,2, 1]]*flaAll[[inb,2,
3]I*(Sin[thetai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]) - 1) + 0.25*flaAll[[inb,2, 3]]*flaAll[[ina,2,
311*(3*(Cos[thetaf]*2) - 1)*(3*(Cosl[thetai]*2) - 1)

c32[{thetaf_, phif_}{thetai_, phii_},inb_, ina_] 2.5*flaAll[[inb,3, 1]]*flaAll[[ina,2,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*flaAll[[inb,3,
1]]*flaAll[[ina,2, 3]]*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]*2) - 1) +
(0.5*Sgrt[1.5])*flaAll[[ina,2, 1]]*flaAll[[inb,3,
3]I*(Sin[thetai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]) - 1) + 0.25*flaAll[[inb,3, 3]]*flaAll[[ina,2,
3]*(3*(Cos[thetaf]*2) - 1)*(3*(Cos[thetai]*2) - 1)

c23[{thetaf_, phif_}{thetai_, phii_},inb_, ina_] &.5*flaAll[[inb,2, 1]]*flaAll[[ina,3,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*flaAll[[inb,2,
1]]*flaAll[[ina,3, 3]]*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]*2) - 1) +
(0.5*Sqrt[1.5])*flaAll[[ina,3, 1]]*flaAll[[inb,2,
3]I*(Sin[thetai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]") - 1) + 0.25*flaAll[[inb,2, 3]]*flaAll[[ina,3,
3]]*(3*(Cos[thetaf]*2) - 1)*(3*(Cos[thetai]*2) - 1)

coeff3[{thetaf_, phif_},{thetai_, phii_}, inb_, ing = 1.5*flaAll[[inb,3, 1]]*flaAll[[ina,3,
1]]*(Sin[thetaf]*2)*(Sin[thetai]*2)*(Cos[2*phif])*(Cos[2*phii]) + (0.5*Sqrt[1.5])*flaAll[[inb,3,
1]]*flaAll[[ina,3, 3]]*(Sin[thetaf]*2)*(Cos[2*phif])*(3*(Cos[thetai]*2) - 1) +
(0.5*Sqrt[1.5])*flaAll[[ina,3, 1]]*flaAll[[inb,3,
3]I*(Sin[thetai]*2)*(Cos[2*phii])*(3*(Cos[thetaf]") - 1) + 0.25*flaAll[[inb,3, 3]]*flaAll[[ina,3,
3]]*(3*(Cos[thetaf]*2) - 1)*(3*(Cos[thetai]*2) - 1)
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/lIn the following, lists of these multipliers arerfeed for each site; only the case of U38 is

shown here, with the understanding that the santeilzdions are repeated for the other sites as
well

(*U38: *)
U38collist = {};
u38c22list = {};
u38c23list = {};
u38c32list = {};
U38c33list = {};
U38codlist = {};
U38cob5list = {};
For[i = 0, i < Length[DiffAll], i++;
cltemp = {};
c22temp = {};
c32temp = {};
c23temp = {};
c33temp = {};
catemp = {};
cStemp = {};
For[j = 0, j<Length[DiffAll], j++;
AppendTo[cltemp, coeffl[U38angAll[[i]], U38angfil] ] ];
AppendTo[c22temp, coeff2[U38angAll[[i]], U38andijy]], 1,1 ] ];
AppendTo[c32temp, c32[U38angAll[[i]], U38angAlll, 1,1 ] ];
AppendTo[c23temp, c23[U38angAll[[i]], U38angAlll, 1,1 ] ];
AppendTo[c33temp, coeff3[U38angAll[[i]], U38and/jy]], 1,1 ] ];
AppendTo[c4temp, coeff4[U38angAll[[i]], U38angfil] ] ];
AppendTo[c5temp, coeff5[U38angAll[[i]], U38angfil] ] I;
I;
AppendTo[U38collist,cltemp];
AppendTo[U38c22list,c22temp];
AppendTo[U38c32list,c32temp];
AppendTo[U38c23list,c23temp];
AppendTo[U38c33list,c33temp];
AppendTo[U38co4list,c4temp];
AppendTo[U38co5list,c5temp];

]
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//Defining matrices of the eigenvalues of the rotaiadiffusion process (for ease of calculation
of the relaxation times in the final algorithm)

rlaml = Table[0, {k, Length[DiffAll]}, {l,Length[DiffAll]}];

For[i = 0, i < Length[DiffAll], i++;

rlamZ1[[i,i]] = -gAll[[i,1]];

]

rlam4 = Table[0, {k, Length[DiffAll]}, {l,Length[DiffAll]}];

For[i = 0, i < Length[DiffAll], i++;
rlama4{[i,i]] = -gAll[[i,4]];
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]

rlam5 = Table[0, {k, Length[DiffAll]}, {l,Length[DiffAll]}];
For[i = 0, i < Length[DiffAll], i++;

rlam5[[i,i]] = -gAll[[i,5]];

]

rlamcomb = Table[0, {k, 2*Length[DiffAll]}, {l,2*Length[DiffAll]}];
For[i = 0, i < Length[DiffAll], i++;
sum22 = Sum([flaAll[[1,2, K]]*flaAll[[i,2, K]], {k,1,5}];
sum23 = Sum([flaAll[[1,2, K]]*flaAll[[i,3, K]], {k,1,5}];
sum32 = Sum([flaAll[[1,3, k]]*flaAll[[i,2, K]], {k,1,5}];
sum33 = Sum([flaAll[[1,3, K]]*flaAll[[i,3, K]], {k,1,5}];
evalmodff = gAll[[i,2]]*(sum22/2) + gAll[[i,3]]*(sum23"2);
evalmodfs = sum22*gAll[[i,2]]*sum32 + sum23*gAli[3]]*sum33;
evalmodsf = evalmodfs;
evalmodss = gAll[[i,2]]*(sum3272) + gAll[[i,3]]fsum33"2);
rlamcombl[[2*i-1,2*i-1]] = -evalmodff;
rlamcomb|[[2*i-1,2*i]] = -evalmodfs;
rlamcomb|[[2*,2*i-1]] = -evalmodsf;
rlamcombl[[2*i,2*i]] = -evalmodss;

I;

//Defining the jump matrix for the entire 40x40 la#iof structures
ratemat[{13_, ro_, ry_}, rbase_]:= Module[{umat = Table[0, {k, Length[fAll]}{l,
Length[DiffAll]}]

2

For[j = -1, j < Length[DiffAll]-3, j+=2;

umat[[j, j+1]] = rbase*Sqrt[pequil[[j]}/pequili+1]] I;

umat[fj, jIl -= rbase*Sqrt[pequil[[j+1]}/pequi]] I;

umat[j+1, jl] = rbase*Sqrt[pequil[[j+1]//peqliiil] I;

umat[[j+1, j+1]] -= rbase*Sqrt[pequil[[jl}/pedlij+1]] I;

ind3 =2*fnumg|[[(j+1)/2]]-1;
indoc =2*fnumo[(j+1)/2]]-1;
indy =2*fnumy[[(j+1)/2]]-1,;

If[indg + 0O,

umat(fj, incB]] = r3*Sart[pequil[[jll/pequil[[inda]] J;
]umat[ﬂ, il -= B*Sart[pequil[[inds]}/pequil[[i]] I;
iffinda + 0,

umat[[j, inadx]] = ro*Sqrt[pequil[[j])/pequil[[inda]] ];
umat([[j, jl] -= re*Sqrt[pequil[[inda]]/pequil[[j]] 1;

I;

Iflindy # 0O,

umat[[j, indy]] = ry*Sart[pequil[[jJI/pequil[[indy]] ];
umat(fj, jI] -= ry*Sart[pequil[[incy])/pequil[[i]] I;
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I;

ind3 =2*bnumB[[(j+1)/2]]-1;

indoe =2*bnumo[[(j+1)/2]]-1;

indy =2*bnumy[[(j+1)/2]]-1;

Iflind3 + O,

umat[fj, incB]] = r3*Sart[pequil[[j]l/pequil[[inda]] J;
umat(fj, jIl -= m*Sqrt[pequil[[inda]}/pequil[[jl] I;

I;
Iflinda+ O,

umat[[j, inadx]] = ro*Sqrt[pequil[[j])/pequil[[inda]] ];
umatf[j, jI1 -= r*Sqrt[pequil[[indo]}/pequil[[i]] I;

I;
Iflindy + O,

umat[fj, indy]] = ry*Sart[pequil[[jll/pequil[[ind]] J;
umatf[j, jI1 -= ry*Sart[pequil[[indy]}/pequil[[i]] I;

I

I
For[j = 0, j < Length[DiffAll]-2, j+=2;
ind3 =2*fnumg[[j/2]];
indoc =2*fnuma([j/2]];
indy =2*fnumy[[j/2]];

Iflind # 0O,

umat([j, ind3]] = ra*Sqrt[pequil[[j]}/pequil[[indA]] ];
umat([j, jJ] -= B*Sqrt[pequil[[inds]}/pequil[[j] I;

I;

Iflinde # 0O,

umat[[j, indx]] = ro*Sqrt[pequil[[j])/pequil[[inda]] ];
umat([[j, jl] -= re*Sqrt[pequil[[inda]])/pequil[[j]] 1;

I;
Iflindy # 0O,

umat([j, indy]] = ry*Sqrt[pequil[[j]}/pequil[[indv]] ];
umat(fj, jI] -= r*Sart[pequil[[indy]l/pequil[[j]] I;

I;
ind3 =2*bnumg[[j/2]];

indoc =2*bnumu([j/2]];

indy =2*bnumy[[j/2]];

Iflind # 0O,

umat([j, ind3]] = ra*Sqrt[pequil[[j]}/pequil[[indz]] ];
umat([j, jJ] -= B*Sqrt[pequil[[inds]}/pequil[[j] I;

I;
Iffinda+ 0O,

umat[[j, inadx]] = ro*Sqrt[pequil[[j])/pequil[[inda]] ];
umat([j, j]] -= r*Sqrt[pequil[[inda])/pequil[[i]] ];

I;
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Iflindy # O,
umat[[j, indy]] = ry*Sart[pequil[[jJI/pequil[[indy]] ];
umat[fj, jI] -= ry*Sart[pequil[[indy]}/pequilllil] I

l;
umat

]
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[IMCMC parameter search algorithm: search isfor therates of the £, a, y jumps (in logarithm
space)

prevparams = Log[{1.38*1076, 1.38*10"6,1.38*10"6}initial parameter set

sd = {0.5, 0.5, 0.5}; Btandard deviations of parameter-search Gaussians

uprate = 24; Wpper search limit of log of the rates

lorate = 10; ALower search limit of log of the rates

ntrials = 150; Mumber of MCMC iterations

/[Experimental data for U38: the data for U38 alosaused for goodness-of-fit comparisons
Tlexpt = 354,

T2expt = 24.6;

NOEexpt =1.14,

/[Tolerances for the comparison against the experiai@fata (i.e. the standard deviations of the
Gaussian weighted comparisons of the parametrixaion and NOE data to the experimental
data)

sdT = 0.5;

sdNOE =0.1;

//Simulated annealing parameter
simann = 0.9995;
count = 1;

/[Size of the time step used in the Gauss-Laguetegriaion process
delT = 1*107-9;

//Reduced number of roots (relative to the total5f 2alculated above) used in the actual
integration (can vary if needed)
nroots =150;

/[File to write the selected parameter sets

outputfile = "C:\\Documents and Settings\\DrobnydRtop\\LSM Transfer
filesS\LSM_MCMCfit.txt";

output = OpenWrite[outputfile];
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//Beginning of the MCMC iteration loop
For]trial = 0, trial < ntrials, trial++;
Print[trial];
flag = 1,
If[trial == 1, currparams = prevparams,

//Search for the next parameter set, proceed ontifin limits set above

While[flag == 1,
r = RandomReal[NormalDistribution[prevpararmsfjnt]], sd[[count]] ] ];
If[(r < lorate)||(r>uprate),flag = 1, flag scdirrparams[[count]] =r];

I;

count ++;

Iffcount == 4, count = 1];

locrate ={rU38, rU23,rU25, ru40, ru42},

corrvec= {};

/[Calculation of the rate matrix and correlation fuion for the given parameter set:

/literation over the three types of bases: U38; @a8 U25 which are taken to have the same
internal motional parameters; and, U40 and U42, ethare also taken to have the same internal
motional parameters

For[nbases = 0, nbases < 3,nbases++;

//[Rate matrix calculation

rmatrix = ratemat[Exp[currparams], locrate[[n&sl§];

rmatcomb = Table[0, {k, 2*Length[DiffAll]}, {I2*Length[DiffAll[}];
Dimensions[rmatcomb];
For[i = 0, i <Length[DiffAll], i++;
For[j = 0, j <Length[DiffAll], j++;
rmatcomb([2*i-1, 2*]-1]] = rmatrix[[i, j]I;
rmatcomb([2*i, 2*]]] = rmatrix[[i,]];
I;
I;
//ISpherical angle multipliers for the given type atbé
[f[nbases-1,
collistl = U38collist;
c22listl = U38c22list;
c32listl = U38c32list;
c23listl = U38c23list;
c33listl = U38c33list;
codlistl = U38co4list;
co5listl = U38coblist;
collist2 = {};
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c22list2 = {};
c32list2 = {};
c23list2 = {};
c33list2 = {};
codlist2 = {};
coblist2 = {},
If[nbases-2,
collistl = U23collist;
c22list1= U23c22list;
c32listl = U23c32list;
c23listl = U23c23list;
c33listl = U23c33list;
co4listl = U23co4list;
coblistl = U23coblist;

collist2 = U25collist;
c22list2 = U25c22list;
c32list2 = U25c32list;
c23list2 = U25c23list;
c33list2 = U25c33list;
codlist2 = U25co4list;
coblist2 = U25co5list,
If[nbases:-3,

collistl = U40collist;
c22listl = U40c22list;
c32listl = U40c32list;
c23listl = U40c23list;
c33listl = U40c33list;
codlistl = U40co4list;
coblistl = U40co5list;

collist2 = U42collist;
c22list2 = U42c22list;
c32list2 = U42c32list;
c23list2 = U42c23list;
c33list2 = U42c33list;
codlist2 = U42codlist;
coblist2 = U42co5list;

]

]
I;
/[Calculation of the correlation function, which pexds similar to the previously commented
code for the general rate theory
evolmatl = rlam1 + rmatrix;
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evolmatcomb = rlamcomb + rmatcomb;
evolmat4 = rlam4 + rmatrix;

evolmat5 = rlam5 + rmatrix;
Clear[rmatrix];

evall = -Eigenvalues[evolmatl];
evecsl = Eigenvectors[evolmatl];
T1lmat = Transpose[evecsl];
Clear[evecsl];

Inv = Inverse[T1mat];

cl[tin_] := Module[{c1lmat = Table[0, {k,Length[BAll]},{l, Length[DiffAll]}]},
For[i = 0, i < Length[DiffAll], i++;
For[j=0, j<Length[DiffAll],j++;
clmat([i,j]] = Sum[T1mat[[i,K]]*Exp[-eval1[]]*tin]*Inv[[k,j]].{k, Length[DiffAll]}];
I;
clmat
I;
corrl[tin_]:=Module[{c1lmat = c1[tin]},corrbased
Sum[Sum[(c1mat([j,k]]*collist1[[j,K]])*pequil[[k]]{k, 1, Length[DiffAll]}], {j, 1,
Length[DiffAll]}] ;
If[lLength[collist2] >0,
corrbase2 = Sum[Sum[(c1mat[[j,K]]*collist2K]])*pequil[[K]],{k, 1, Length[DiffAll[}], {j,
1, Length[DiffAll]}] ,corrbase2 = 0],
{corrbasel, corrbase?}
I;
//Appending the values of the correlation functioaleated for each base at a particular time
step to a list
corrtempl = {};
corrtemp2 = {};
corrduo = {};
For[nr = 0, nr < nroots, nr++;
AppendTo[corrduo, corrl[delT*t[[nr]]] ];
I;
For[nr = 0, nr < nroots, nr++;
AppendTo[corrtempl, corrduo[[nr,1]] ];
AppendTo[corrtemp2, corrduo[[nr,2]] ];
I;
Clear[cl,corrl, evall];
Print["Eval 1"];
evalcomb = -Eigenvalues[evolmatcomb];
evecscomb = Eigenvectors[evolmatcomb];
Tcombmat = Transpose[evecscomb];
Clear[evecscombl];
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Inv = Inverse[Tcombmat];

corrcomb[tin_]:=Module[{ccombmat = Table[0, {R*Length[DiffAll]}{l,
2*Length[DiffAll]}]},
For[i = 0, i < 2*Length[DiffAll], i++;
For[j=0, j<2*Length[DiffAll],j++;
ccombmat[[i,j]] = Sum[Tcombmat([i,K]]*Exp[sx&lcombl[[K]]*tin]*Inv[[k,j]],{K,
2*Length[DiffAll]}];
I

I;

corrbasel = Sum[Sum[(ccombmat[[2*]-1,2*k-1]2@list1[[j,K]] +ccombmat[[2*],2*k-
1]]*c32list1][[j,k]] +ccombmat[[2*}]-1,2*k]]*c23list1][},k]]
+ccombmat[[2*),2*k]]*c33list1[[},K]])*pequil[[K]].{ k, 1, Length[DiffAll]}], {j, 1,
Length[DiffAllJ}];

If[lLength[c22list2] >0,

corrbase2 = Sum[Sum[(ccombmat[[2*}-1,2*k-1JP2list2[[]},k]] +ccombmat[[2*],2*k-
1]]*c32list2[[j,k]] +ccombmat[[2*}]-1,2*k]]*c23list2[[},k]]
+ccombmat[[2*),2*K]]*c33list2[[j,k]])*pequil[[K]].{ k, 1, Length[DiffAll]}], {j, 1,
Length[DiffAll]}],corrbase2 = 0];
{corrbasel, corrbase?}
I;
corrduo ={};
For[nr = 0, nr < nroots, nr++;
AppendTo[corrduo, corrcomb[delT*t[[nr]]] ];
I;
For[nr = 0, nr < nroots, nr++;
corrtempl[[nr]] += corrduo[[nr,1]] ;
corrtemp2[[nr]] += corrduo[[nr,2]] ;

I;

Clear[ccomb,corrcomb, evalcomb];
Print["Evals 2 & 3'];

eval4 = -Eigenvalues[evolmat4];
evecs4 = Eigenvectors[evolmat4];
T4mat = Transpose[evecs4];
Clear[evecs4];

Inv = Inverse[T4mat];
c4[tin_] := Module[{c4mat = Table[0, {k,Length[BAll]},{l, Length[DiffAll]}]},
For[i = 0, i < Length[DiffAll], i++;
For[j=0, j<Length[DiffAll],j++;
camat[[i,j]] = Sum[T4mat([[i,k]]*Exp[-evaldK]]*tin]*Inv[[k,j]].{k, Length[DiffAll]}];
I
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c4mat
I;
corr4[tin_]:=Module[{c4mat = c4[tin]},corrbased

Sum[Sum[(c4mat[[j,k]]*codlist1[[j,K]])*pequil[[K]]{k, 1, Length[DiffAll]}], {j, 1,
Length[DiffAll]}] ;

If[Length[co4list2] >0,

corrbase2 = Sum[Sum[(c4mat[[j,k]]*co4list2K]])*pequil[[k]].{k, 1, Length[DiffAll]}], {j,
1, Length[DiffAll]}] ,corrbase2 = 0];
{corrbasel, corrbase?}

I

corrduo = {};
For[nr = 0, nr < nroots, nr++;
AppendTo[corrduo, corrd[delT*t[[nr]]] ];

For[nr = 0, nr < nroots, nr++;
corrtempl[[nr]] += corrduo[[nr,1]] ;
corrtemp2[[nr]] += corrduo[[nr,2]] ;
I;

Clear|c4,corr4, evald];

Print["Eval 4"];

eval5 = -Eigenvalues[evolmat5];

evecsb= Eigenvectors[evolmat5];

T5mat = Transpose[evecs5];

Clear[evecs5];

Inv = Inverse[TS5mat];

c5[tin_] := Module[{cbmat = Table[0, {k,LengthfiBAll]},{l, Length[DiffAll]}]},
For[i = 0, i < Length[DiffAll], i++;
For[j=0, j<Length[DiffAll],j++;
cSmat[[i,j]] = Sum[T5mat[[i,K]]*Exp[-evalSK]]*tin]*Inv[[k,j]].{k, Length[DiffAll]}];
I;
I
cSmat
I;
corr5[tin_]:=Module[{c5mat = c5[tin]},corrbased
Sum[Sum[(c5Smat[[j,k]]*co5list1[[j,K]])*pequil[[K]]{k, 1, Length[DiffAll]}], {j, 1,
Length[DiffAll]}] ;
If[lLength[co5list2] >0,
corrbase2 = Sum[Sum[(c5mat[[j,k]]*co5list2K]])*pequil[[k]].{k, 1, Length[DiffAll]}], {j,
1, Length[DiffAll]}] ,corrbase2 = 0];
{corrbasel, corrbase?}

I

206



corrduo = {};
For[nr = 0, nr < nroots, nr++;
AppendTo[corrduo, corr5[delT*t[[nr]]] ];

I;

For[nr = 0, nr < nroots, nr++;
corrtempl[[nr]] += corrduo[[nr,1]] ;
corrtemp2[[nr]] += corrduo[[nr,2]] ;
I
Clear[c5,corr5, eval5];
Print["Eval 5"];
Print[nbases];

AppendTol[corrvec,corrtempl];

If[nbasest 1, AppendTo[corrvec,corrtemp2]];

Clear[evolmatl, evolmatcomb, evolmat4, evolnmrat&frix, rmatcomb,T1mat, Tcombmat,
T4mat, TSmat, evall, evalcomb, eval4, eval5, c1,
ccomb,c4,c5,laml,lamcomb,lam4,lam5,corrl,corrcarnlr4,corr5, corrtempl];

I;

/[End of loop over type of base

/[Calculation of the relevant spectral densities aelkxation times for each of the sites (only
the U38 and U23 cases are shown here for brevity

Allparams = {};

Tltemp = {};

T2temp = {};

NOEtemp ={};

(* U38 %)

Print["U38 relaxation times:"];

JOm =delT*Sum[newmod([i]]*corrvec[[1,i]]*Cos[mvatiel T*t[[i]]], {i,1,nroots}];

JOC =delT*Sum[newmod([i]]*corrvec[[1,i]]*Cog)C*delT*t[[i]]], {i,1,nroots}];

JOp =delT*Sum[newmod][[i]]*corrvec|[1,i]]*Cos[pvatlel T*t[[i]]], {i,1,nroots}];

JO0 =delT*Sum[newmod][[i]]*corrvec[[1,i]], {i,1,rmots}];

JOH =delT*Sum[newmod([i]]*corrvec[[1,i]]*CosjH*del T*[[]]], {i,1,nroots}];

T1 =1000*(d2*(J0m + 3*JOC + 6*J0p) + co2*JOCI/¥Chop;

T2=1000*(0.5*d2*(4*J00 + JOm + 3*JOC + 6*JOH 6+J0p) + (1/6)*co2*(4*J00 + 3*JOC)
)*-1//Chop;

NOE =1 + {H/yC)*d2*(6*J0p - JOm)*T1/1000//Chop;

Print[currparams];

Print[T1];
Print[T2];
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Print[NOE];

AppendTo[T1ltemp, T1];
AppendTo[T2temp, T2];
AppendTo[NOEtemp,NOE];

(* U23 %)

Print["U23 relaxation times:"];

JOm =delT*Sum[newmod([i]]*corrvec][[2,i]]*Cos[mvatiel T*t[[i]]], {i,1,nroots}];
JOC =delT*Sum[newmod([i]]*corrvec][2,i]]*CosjC*delT*{[[i]]], {i,1,nroots}];
JOp =delT*Sum[newmod([i]]*corrvec][[2,i]]*Cos[pvatiel T*t[[i]]], {i,1,nroots}];
JO0 =delT*Sum[newmod([i]]*corrvec][[2,i]], {i,1,roots}];

JOH =delT*Sum[newmod][[i]]*corrvec][[2,i]]*CosjH*del T*t[[i]]], {i,1,nroots}];

T1 =1000*d2*(J0Om + 3*JOC + 6*J0p) + co2*JOCIH/Chop;

T2=1000*(0.5*d2*(4*J00 + JOm + 3*JOC + 6*JOH 6+J0p) + (1/6)*co2*(4*J00 + 3*J0OC)
)*-1//Chop;

NOE = 1 + {H/C)*d2*(6*JOp - JOm)*T1/1000//Chop;

AppendTo[T1ltemp, T1];

AppendTo[T2temp, T2];

AppendTo[NOEtemp,NOE];

Print[currparams];

Print[T1];

Print[T2];

Print[NOE];

Clear[corrvec];
/IMCMC comparison algorithm, for details see commemasle to similar algorithm in Appendix
V.A
If[trial == 1,
Isdprev = -(((T1ltemp[[1]] - T1expt)*2 )/(2*sdTd3)+ ((T2temp[[1]] - T2expt)*2
)/(2*sdT*sdT) ),
Isdcurr = -(((T1temp[[1]] - Tlexpt)*2 )/(2*sdTéI )+ ((T2temp[[1]] - T2expt)*2
)(2*sdT*sdT) );
Iratio = Isdcurr - Isdprev;
If[Iratio > O,
Isdprev = Isdcurr;
prevparams = currparams;
sdT *= simann;
SdNOE *= simann;
AppendTo[Allparams, {Isdcurr,T1temp, T2temp, B ®mMp, Exp[prevparamsl]}];
Write[output, Allparams],
rand2 = RandomReal[UniformDistribution[]];
If[lratio > Log[rand2],
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Isdprev = Isdcurr;

prevparams = currparams;

sdT *= simann;

SdNOE *= simann;

AppendTo[Allparams, {Isdcurr,T1temp, T2tem@BEtemp, Exp[prevparams]}];
Write[output, Allparams]

I

I;

]

(*end of ntrials loop®)];

Close[outputfile];
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk *kkkkkkkkkkkkkk
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