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Abstract

About50 years ageven before NMR was reattydetermine sticture of proteis, it could
unveil asurprising motion iraromatic sidechain(Wuthrich & Wagner, 1975yom 1DH
spectra With decades of developmemiIMR is now the most powerful technique for
studying atomic resolutiodynamicsin proteinsat biological conditions, even sidelive
cells. Although NMR offrs relaxatiorbased methaxito determine motiomn the entire
dynamics timescale spectrum, a@ter characterization of the supga dynamics
(4 ns40pus) was not possible due to technical limitasoBynamicsfrom this timescale
window is indicated to plag decisive role in molecularecognition and binding events.
By combining he advancement imardware with smart design of puls®grans, we have
developed a higipower RD(relaxation dispersionnethod, wich can accurately detect
dynamics in this previously inaccessible window.

By applyingthisnewly developed higpowerR; ,RD, a hidden supfg. motionwas found
in the first loop of the welknown proteinGB3. From the timescale of motion measured at
several supercooled temperagjithe activation energy for theop-motion was estimated
to be 65.&J mot!. Arrhenius extrapolation showed tithe loop moves with a timescale
of ~400 ns at physiological temperature of B08Analyzingthe 640membered ERMD
(EnsembleRestraineeMolecularDynamics)RDC ensemblewe found elevated dynamics
from higher fluctuationof backbone atomas well as lowesupraz order parameters
Y "Y 7Y intheregionwhere RD is detectethterestingly, the newly observed
supraz. motion takes place in a region, whibimds to antibodies. This hints to a link of
the observed motion with the antityoecognition of GB3.

After unveiling a functional backbone motiam GB3, in chapter2 we have studiethe
dynamicsof methyl groups irthe sidechainsof ubiquitin, with a new type of RD method;
13C ExtremeCPMG (ECPMG), developed in our grouplhis nethodcan cover the
detectable timescale range of batimventional CPMGnd R: ; E-CPMG reportedthe
same tmescale and amplitude of motion, whietas previously found fromRy,
measurementsith much longemeasurements tim8imilarity in timescale and activation
energy of the detected sidhain motion with previously founblacklmnedynamicshints
towards a common mechanism. This hypothess proven by the absence of the side
chain motion in twdalifferentsingle point mutarst(E24AandG53A), which were designed
and tested for the quenching of backbone dynamics.

In chapter3, we have extended the-EPMG approachto a nucleusH) with higher
gyromagnetic ratio, where we could generate highdreld with less appliedRF power.

We found and corrected a linear decay in R&fifes, arising from the phasgcle, which

is widely ugd even in conventional CPMG measuremdussng thisapproachwe could
detect the peptid#ip induced breathing motion in twicas manyresiduesin ubiquitin
compared ta previous report. In addition, weould directlydetectthe large amplitude
pincermode motiorfor the first time in segments whett@e existence of supfa: motion

was predicted from both RDC and MD simulations. This newly detected motion was
alreadypredictedto contribue to the conformational adaption power of ubiquitin while
binding to other proteins
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Finally, in chapter4, we found a very fast (4 pusymamicsat 263K in an intrinsically
disorderedprotein p53TAD, in residues which are found to be in helical conformation in
abound complexSo far, this is the fastest detected motion with RD. Htiedl propensity
was alsopredictedin the same strelc of residues from SSP (secondary structural
propensity)scorecalculationwith the experimental chemical shifts thie free protein A
great reduction in exchange rate (~100 times) was found when the proline eggltI€
terminal of the helixvas remweed. In addition tdhat, more residues, including some from

a second helixwere found to undergo conformatiahexchange. A doubling in helical
propensity was found in this mutant (P27A) from SSP score calculations. In two other
mutants (W23A; F19A and @BA; F19A; P27A) where the hydrophobic residues with
aromatic sidechainswere removed, no conformational exchange was detectedeThe
finding suggests that the Rabserved 4 us motion could originate from fast foldathe
transiently formed helix whicls assisted by theydrophobic core in the center.

In this thesis, byapplying high-power RO functionally relevantsupraz motion is
discovered in botbackboneand sidechairs of well-foldedand disordered protesnThese
findingshelped inunderstanoshgmolecular recognition and faley processsin thestudied
proteins
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1 Introduction

Physics began with a big bang about 14 billion years ago. 300,000 years later the universe
become cool enough to let the chemistry happen by allowingndrgingof neutrors,
protors and electrog, forming atoms and then molecul&snally, about3.8 billion years

ago on our planet earth biology startith the formationof living organismsTheCell is

the fundamental building block of alichexisting lifeform(Alberts et al., 2015)n earth

Cells are nothing bua suspension of biomoleculegparated by lipid bilayers frothe
environmentPawson, 1995; Voet & Voet, 200Qjhvestigaton of the interplay of these

tiny biomolecules at various levels of functional and structural organizatibe key to
understand any life proceddavingalink to all biologicalactions proteins are one of the
most versatile biomolecudehat exist in cells.They perform a diverse array of functions

like cargo trafficking, cell signaling, immune response, cell adhesion, enzymatic functions
and many morgVoet & Voet, 2000)

1.1Characterization dProteins

1.1.1Protein Structure

Thousands oftomsare connected in alefined spatial arrangemerb constitutethe
structure of proteinsin a basic level, all protein molecules are polypeptide chains
corsisting of mainly twenty different kinds €famino acidswhich arearranged following

the primary sequenceéSecondary structures in proteins are formed by intramolecular
interaction (hydrogen bongsalt bridgeestc) between amino acids, which are distiom

one another in the primary sequenthese structural elements can be characterized by
their characteristic dihedral angles (Balasubramanian & Ramakrishnan, 1972;
Ramakrishnan & Ramachandran, 196B) the rext level of complexity, theettiary
structure in proteinss createdby interactions of sidehains from different secondary
structural elements, generating motifs and cavities for molecular recognition processes.

Several protein chains or suburstn te packed together tmakethe protein structure of
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highest complexity, kown as thejuaternarystructure. Finding the spatial arrangement of
atoms ina protein is the basic critemn to understand its functiorAlthough there are
techniques likeX-ray crydallography and cry@lectron microscopy (cry&M) for
obtaining atomigesolution structuiof proteins, nuclear magnetiesonance (NMR) is

the onlytechniquethat can provide the sanmaomic resolution irsolutionand at near
physiological conditionsAlthough in practice NMR measurements aftenperformed in
conditions not identical to inside a cell, if needed it can be tuned to biologically relevant
environmers. In special cases, measurements casopeeven in living mammalian cells
causingalmog nodisturbance tahe process under investigatigSakakibara et al., 2009;
Theillet et al., 2016)The isotopic labeling required for NMR study can be considered as
minimally invasiveas possibleln addition tostudying rigid globular proteins, NMR is
equally powerful for the investigatieof intrinsically disordered proteins (IDRsyhich is

not possibldy X-ray crystallography and cry@M. The structure of protease inhibitor |IA

is the first structure deterined by solution NMR that came in 198&illiamson, Havel,

& Wauthrich, 1985) Following this NMR has provided atomic resolution structure of many
macromolecularcomplexes, whichthave playeda crucial role in understandingnany

biological processes.

1.1.2Protein Dynamics

Elements of life are marked by changes over tiam@ proteins are no exceptiorhe
spatial arrangement of atoms in the praiestructure deschange over timdn addition

to the struatre of proteirs, knowledge about these structural changes are crucial to
understandits function. Biological processsin any organism are exquisitely mediated by
changes in protein structure occurring on a wide range of timescales. Perturbation in
amplitude andor frequency of these conformational fluctuations could gty lead to
deadly diseases. In addition to thetionswithin onestable equilibrium structure, proteins
undergo conformational exchanges between two or more equilibrium structuese Th
exchange processes in proteins provide them the necessary shape and form asfired

a particular function for example cargo traffickingignal transductiorand numerous
enzymatic activitieYHammesSchiffer & Benkovic, 2006; Tang & Kaneko, 20214
special class of conformational transitions are found ktasled allosteric proteins.
Substrate binding to one subunit of these multiunit proteins triggers a conformational

change that alters the substraténdgy of the other subunits, thereby sharpening the
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switching respose of these proteins. Dynamiest only play an important role in the
native state of proteins for regulating their functions, the motional preferences of the
polypeptide chain also infences the diding trajectory (Fossat, Garcia, Barrick,
Roumestand, & Royer, 2016; Pawson, 1995)

Nuclearmagneticresonance (NMR) is the only technique that can that can capture protein
dynamics with atomic resation in biobgical ambienceAlthoughstructural ensembles are
well characterized by molecular dynamsosiulatiors, the kinetics of their interconversion

is still very difficult to acesscomputationally.The real strength of NMR comes from its
capabiliy of characterizinga wide range of timescales of motion and detecting lowly

populated functional states. This is described in the follos#agions of this chapter.

1.2NMR for Protein Dynamics

1.2.1Basic Concepts of NMR

All NMR active nucleihave anuclear spirangular momentum, whose magnitude is given

by the equation

~

€@ U 00 p h PP

wherel is the is the spin angular momentum quantum nurabei is thereducedPlanck

constantThe zcomponent 0§®is

'O 04 h P&
whered istheazimuthal quantum number which can assume valuéslofl , € l.+]1,
-1. If we restrictourselvego only commonly used nuclei in protein NMB4( N and®®N)
(Cavanagh, Fairbrother, Palmer, Rance, & Skelton, 2@@¥)value of spin quantum
numberl is ¥2. This gives two possible orientations of the nuclear spin; parallel and anti
parallel b the external magnet fieldhesestatesof different orientations are termed as
Ustate (& pfc¢) and b-state (& pXc), respectively. Magnetic momen{§l,)

corresponding to these two orientations are given by:

A D oY)
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A 'O [udh p&

where[ is the gyromagnetic ratio of the nueateof interest. Energies for these two

orientations are given by

0 -ur 6 h p&d

where( is the externaimagnetic fieldalongthe z-directionand is the reduced Planck
constantAccording tothe Boltzmann distribution, the relative populations of these two

statesin thermal equilibim are expressed as following

G ar 6

p B h P&

C
"l ko)

Wherel denotes the number of spins in the spin statéN is thetotal number of spins,
kp is the Boltzmann constant, and T is the temperature under considefagoresuling

bulk magnetization ) alongz direction is given by the following equation:

o . - o e
) ra a v v 00 p STy o=

From equation 1.7 is it clear that the bulk magnetization depends on the three factors; the
external magnetic field( ), the measurement temperatufg¢ £nd the gyromagnetic rat

of the nucleiHence forH nuclei at room temperatyrenly one in 1&spins contributes to

the detected NMR signal, making it a very insensitive techriquepared to othdypes

of spectroscopyThe relative energy difference betwee populated sttes can be used

to calculate th@recessionfrequency (Larmor Fequency)alongz-axis:

wO

T 5 e P&

Resonance occurswhamR F  p u | —s—pis appdied srthogonal tihe zaxis (xy plane)

andthe bulk magnetizatiors transferredo the x-y plane.
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1.2.2NMR Relaxation

Relaxation is the phenomenon where the bulk magnetizédiotis to goback to its
equilibrium value.Time dependent oscillating local magnetic feetiteate relaxation in
NMR. Theseoscillating magnetic fieldgenerated by the Brownianation, aredistributed
over all frequencies. The probability of a motion to occurcartainfrequency igivenby

the spectral density function:

, T
U] % pl—’r P&
wheret is the rotational correlation tim&elaxation rates are described by a sum of
Lorentzian functions at the respective Eigen frequencies ofspine system and the
corresponding interaction strength of the relaxation mechanidrare are different
pathways throughvhich non-equilibrium magnetization decays. Longitudinal relaxation

(R.) describes thdecay ohonequilibriumspin populations andansverse relaxatiomRf)
describes the dephasing of bulk magnetization in the transverse plane. Among all sources
of relaxation, chemical exchange is the most relevant one for the scope of this dissertation

and is described below.

1.2.3Chemical Exchange

Chemicé exchange igliscussedhere from the equations derived frd@avanagh et al.,
2007) and the figurel.l is adaptedfrom the PhD thesis of Dr. Sebastian Frischkorn
Chemical exchangesdcribes the modulation tife chemical shift ofa nuclear spirwhich
is involvedin a time dependent exchange procéssvo-state exchanges represented by
AR
kpa 1.10

where kag and kea are the forward and the reverse rates for the exchange process
respectively. The McConnel equation describing the effect of the exchandkeeon
transverse relaxatias

'Q')H(‘) WY 00 oh oD p

(@0]

where M*(t) is the time dependent transvensagnetizationq , RandK arechemical shift,

relaxation and exchange matrices respectifidigconnell, 1958) These are related as
. . . w o) ko) .
W Y v 0 o " 0 h PP ¢
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Figure 1.1: Effect of chemical exchange on the NMResonance The populations of
both statesreequal § =1 ) in (af); in (g]) pa=4 1 . Adifference in chemical shift of
200 Hz was kept between A andIBwas assmed that both the states has same intrinsic
transverse relaxation ratel0(s?). Considered xchange rates ares? (a, g), 20 st (b, h),

200 st (c, i), 900 st(d, j), 2000 &' (e, k) and10000s(f, I) for both equal and skewed

population

where} is the transverse relaxationraedq i1 s t he ¢ hemi thatboths hi f t .
the states havithe same transverse relaxation rat®s;,(="Y ; =Y ), theeigenvaluesd )

of the rate matrix simplifyo
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W W pu ~ - ~ P <, i J
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are the observed transverse relaxation rate and chemical shift respekiiveliss + ksa)
i's the rate wiftheeckemioahshify differandadtwegntwo statesin the

first exchange regimédy> > ¥ Jphe population weighted transverse relaxation Féte)

and chemical shiftém) are given by

m o3 N 3 P @

Yi N YR oY P X
The effect ofexchange phenomenon on NMR sigisadescribed in figure.1. When both
the states are equally populated andexahange is presertyo peaks appear at their own
chemical shifts with linewidth as expected from thetrinsic transverse relaxation rates.
When the exchange rate is smaller than the chemical shift differlkee < ¥ ;gslow
exchangejhe exchange process will contribui,j in the relaxation process in addition
to the intrinsic transverse relaxation rat@sqd following the equation

Yi  Ys onQ pD W
The exchange contribution is maximum at the intermediate exchagiae Q

w1 . In thisconditionthe peaknay bebroadened beyond detectidhwe keep increasing
the exchangeates, after this point it enters thestexchange regimekéx> ¥Qp where a
single peak is observed at a population weighted chemical\stnén the exchange rate is
much faster than the chemical shift differendex & >, the effective transverse
relaxationrate is given by

Yh Yh % PP W
assuming both the states haaene Rovalue It can be seen from equation 1.19 tiat

has a quadratic dependence on the chemical shift differences between the states (in Hz).

Due to this, it iasier to detect any exchange process at highfezl& Also, the chemical
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shift variancer§ 1 w1 ) gets scaleavith kex befare contributing toY , , which makes

it difficult to detect exchange process at higher temperature where higher exchange rate is

expected.

1.3Protein Dynamics from NMRTheTimescale
Spectrum

st 7.(-4ns) ~40 ps

. I = = A
rm, nemor VO UPTATe] Mg R, Bt negine
ps ns Mus ms S >
_________ RDC
| vibration | L Loop motion
. Ligandbinding |
| Side-chain rotation and reorientation _'_'_'_'_'f_é_isizh'g'f_i'q'f_é_féé'g '''''''''''

Figure 1.2: NMR detected protein dynamics timescale spgam. A Wide range of
timescales of motion appearing in protere shown together with the NMR based
techniques that can detékabse motions. The hilgn supraz wondow of protein dynamics

is highlighted in magenta.

To be dle to carry out their funns proteins carry a precise and regdi amount of

rigidity and flexibility as designed by nature. Proteins should be flexible enough to allow
product release and substrate binding; at the samettimeshould also be able to retain

the overall threelimensional foldi Ev ol ut i onary perfecto ubiquit
adesired amount of structural dynamics, which made this protein as rigid as necessary and
as flexible as required to provide the wide range of recognition capghiitge et al.,

2008) As depicted in figure 1.2, dynamics wihargerange of lifetimegpicoseconds to
secondsgre present in proteins. The bond vibrasiandthermal fluctuations occur in the
faster end of the spectrum andrédifetimes of picoseconds twanosecondd$kotation of

methyl groups in the sidehairs of amino acids also have this order of lifetimé&&ereas,

the lid opening for nucleotide binding in adenylkieasewas found to be dependent on

the collective domai motion which appearn the psms timescalgWolf-Watz et al.,

2004)
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Although other methalexist for studying protein dynamicg-rauenfelder & Wolynes,
1985; Kolano, Helbing, Kozinski, Sander, & Hamm, 2Q08YIR has the uniqueapability

of studying proteimotiorsin their mtive environmentwith its intrinsic atomic resolutian

In NMR, rotational tumbling otheprotein and other internal dynamics cause relaxation of
nuclear magnetizatioNMR uses this relaxation phenomenon to study meiioboththe

fast andheslowend of the timescale spectrum. In the previous decades, 1$pdio order
parameter§’Y ) (Lipari & Szabo, 1982a, 1982jerived fromRy, Rz, and NOE values are
extensively ued to characterize motion fastinan the rotational tumbling of proteins,
termed as the suk motion. These dynamics appear at the fastem§)send of the
timescale spectrum. Slower internal motions in proteins, which have lifetime theger
rotational tumbling timeX) do not aféct the LipardSabo order parameteAthough these
fast local fluctuations in proteins contribute through entropy in binding events, the
amplitude of movement is much smaller than what is expected in molecular recognition
processs(Marlow, Dogan, Frederick, Valentine, & Wand, 2010; Yang, Mok, FormanKay,
Farrow, & Kay, 1997)In the slower enaf the spectrum, protein dynamics with lifetime
higherthan 10 milliseconds can be studied directly from NMR spectra becthay results

in peaksplitting. Exchange spectroscopy (EXSY) can track motions with lifegiaf60ms

to seconds, which was used to fith@ aromatic ringlip in BPTI (Meier & Ernst, 1979)
Slow turn-over eventgHaupt et al., 2011and folding process(Zeeb & Balbach, 2004)
are monitored by redadlme NMR where thelynamicshappens so slowly that it spaover
several FIDsThedamk 06 or Ainvisibled minor ppyypul at |
Chemical Exchange Saturationansfer (CEST) and Darkstate Exchangeediated
Saturation Transfer (DEST) experimenBoth of these meth@dare extensions of the
rotatingframe relaxation dispersi@pproach{R: ;RD), which is discussed in tli@llowing
section.CrossCorrelated RelaxatioifReif, Hennig & Griesinger, 1997and Residual
Dipolar Coupling(Lange et al., 2008; Meiler, Prompers, Peti, Griesinger, & Bruschweiler,
2001; Peti, Meiler, Bruschweiler, & Griesinger, 20@2n sense motions occurriog a
large timescale window from yBs covering both the suk andthe supraz window of

the timescalespectrumBiologically significant process like protein foldimgdmolecular
recognitioncannotbe accessed by conventional sglrelaxation methodsY ) (Neira
2013; Robustelli, Piana, & Shaw, 2020he experimental desigthat givesthe most
detailed information abouhe supraz. protein motiols are relaxation dispersion (RD)

experiments.
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1.4 Relaxation Dispersion

The timedependent fluctuations of chemicalifshoriginating from conformational
exchange can b&source of additnal transverse relaxatigexplained in section 1.4.1
This additional exchange contribution detected bythe relaxation dispersion (RD)
method. NMR based RI3 capable of giving caial information about the timescale of
exchange,the chemical shift difference betweeesxchanging conformers and their
populations. This helps kinetic, structural and thermodynamic understanding of the
processeing monitoredBan, Smith, de Groot, Griesinger, & Lee, 201here are two
ways of quenching thehemicalexchange contributionRy) to the effective transverse
relaxation(Rzef) Which adds to théntrinsic transverse relaxation rate.() originaing
purelyfrom molecular tumbling.

Y Yr Y pR T
These ardgransverse rotating fram&y() and CarPurcell-MeiboomGill (CPMG) based
relaxation dispersiorBoth these techniques are particularly useful infés¢ exchange
regime kex> > ¥)gowhere a single resonance is observed at a population averaged
chemical shift 6both the exchanging partners. Both of these RD mestbad be used to
characterize lowly populated excited stgtesrzhnev et al., 2004s well aground states
(Ban et al., 20119f protein conformations.

1.4.1Ry, Relaxation Dispersion

In the R: ,experiment the magnetization is locked in the rotating frame with a radio
frequency spidock (Cavanagh et al., 2007)The relaxation rate constamtf this
magnetizationis measured withta varying amplitude and offset of the sgotk. The
effective field makes an angle with tBefield (z-axis), which is given by

— 0AT 2

P& P

where¢ “ ° is the nutation frequency of the applied sjaok B: field, and is the offset
between the NMR peak under consideration and the carrier frequency of theckpBoth
R: andR contributeto theR: jvalue dependingnthe tilt angle & andarecalculated with
the following equation:

Y Ywe+— Yy | Qe P& ¢
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In the case of onesonancéy the tilt angleis “ _, which eliminates the Rlependencge

C
hence thé&knowledge ofR: is no longer required for the analysis. Although this approach
makes the analysis simpler, it increases the measurement tina@ bsder of magnitude,
since aseparatset of orresonanc®; ;experiments has to be nsemed for each peak.

The offresonance version of thexperimengains anadvantage due @higher effective

field, given by

7 SE: PR O

This permits detection of faster trans. The exchange contributido off-resonanc® ,is
given by
N1 N ow T
y n n oi 08 T
P T

wherew] is the chemical shift difference betarethe exchanging conformers ahd is

the timescale of the exchange process which can be obtained from fitting the RD profile
with equation 1.22

1.4.2CPMGRelaxation Dispersion

In the constant tim&€PMG (CT-CPMG) (Ban, Sabo, Griesinger, & Lee, 2013; Carr &
Purcell, 1954; Cavanagh et al., 2007; Loria, Rance, & Palmer, 1999; Meiboom & Gill,
1958)RD experimentghe transverseffective relaxation rate is measured vagpin-echo
sequence containing a series X pulseswith some inter-pulse delay £p). The
spinecho sequence cawgsdephasing of the spins and the amount of dephasing is
proportional to the total CPMG delajidpme). When chemical exchange is present, the net
magnetization is not refocusecausing a broadening itne observed lines. Wh an
increasing number of 18@ulses in the fixed CPMG delay the infrise gap decreases.
This gives less tim thechemical shifts ofheexchanging partners to mwhichreduce
the dephasing of magnetizatiandleadsto sharper ling This quenhing of dephasing of
transverse magnetization &t e is performed with several intgulse gp) delays,
generating different CPMG frequencies, which produce the RD profile.

, P

Tt

In thefastexchange limit (the topic of this thesis) the RD profile is fitted wittstimplified

pg v

Luz-Meiboom mode(Luz & Meiboom, 1963ps described by the followireguation
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Yh Yi —mg— P —OAT&— h P& ¢
where, n N w] isthepopulation weighted chemical shift variance (CSV) and

is the chemicalltgft difference between the exchanging conformers.

1.4.3Need for Speed: £PMG

As described in the previous sections, in bG@RMG and R , relaxation dispersion
experiments, exchange contributid®, to effective transverse relaxation ratB®s ) is
quariified, which provide kinetic, thermodynamic and structural parameters of the motion
under investigatioiBan et al., 2017; Neudecker, Lundstrom, & Kay, 2009; A. G. Palmer,
Kroenke, & Loria, 2001) In R:;based RDexperiments, the additional exchange
contribution is quenched by applying a sppok of variable radio frequency (RF) field
strength. However, it is very difficult to precisely implement a-$pak with weaker field
strength (< 2 kHz) due to the high@asial inhomogeneity of thB, field andnonlinearity

of the amplifiers. In addition, & weaker RF fieldR: contributes more t&; ;thanR e,
particularly for the resonances appearing far from the RF carrier offssediheesonance
residues displays more pseudispersion effects on the RD profiles originating from
dipole-dipole (DD) and chemical shift anisotropysscorrebtedrelaxation (CCR)These
limitations demandr: ,to be recorded at near -ve@sonance conditions that requires the
measurement to be repeated at several narrow sampling offset for specific resonances. This
needs prior knowledge about the residues, whih likely to undergo conformational
exchange. On the other hand, CPNé&sed RD experiments are commonly usexttoeve
guenching of exchange contributsat lower refocusing frequenciéshima, 2012; Ishima

& Torchia, 2003) This RD data is then combined with Rex values obtained with higher
spinlock fields inR; ;to extract the kinetic parametéBan, Mazur, et al., 2013; Hansen,
Vallurupalli, & Kay, 2008) In addition to the necessity of setting up two different sets of
experiments, this approach is disadvantageoadaldissimilar heating effect§he entire
applicable range of both conventional CPMG Bagcan be covered by slowly decreasing
the interpulse delay between the Pgfulses in the CPMG block to an extreme where there
is no delay window. We have recgnthtroduced this windowless approach of CPMG as
ExtremeCPMG (ECPMG) on the backbone amithN nuclei oftheprotein gpW to study

its fast folding with 6.4 kHz maximum refocusing frequer{®eddy et al., 2018)in
different chaptes of this thesisE-CPMG is performed on all of the three commonly used
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nuclei in biemolecular NMR N, *C and!H) and the benefits are explained in the

corresponding chapter.

1.5The Current State of our Arfhesis Outline

6.4 kHz
Supra-7,

15N
7, (~4 ns) 25 ps
16 kHz
13c
10 ps
40 kHz

2.5 ps

Figure 1.3 The gradual progress of high power RD experimentand narrowing of

the unobservable timescale windowThe supraz window of thedynamics timescale
spectrum (figure 1.1 shown, where the green areas indicatdithescalewindow that

is already madeadectable by high power RD and the gray regiane still undetectable.
Narrowing of the undetectable window is evident at nuclei with higher gyromagnetic ratio
(9), due to ifieldgher avail able B

From figure 1.2 it can be seen that NMR offeseral relaxation based method to
characterize motion in every timescale from picoseconds to seddredaindow between

the rotatioml correlation time of standard size it (~ 4 ns; ~ 8 kDa) and 40 usésmed

as the suprac window. Over the years ancreasing number of experimental evidence are
being accumulated where conformational sampling occurring in the-supiadow has
been demonstrated to play a crucial role for bimolecular fun@@an et al., 201; Lange

et al., 2008; Zhang, Stelzer, Fisher, &KBashimi, 2007)For example, a direct connection
between the internal motion of ubiquitin and its binding affinity to other proteins is proven

both experimentally and from molecular dynamics simulat{dishielssens et al., 2014;
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Smith et al., 2016)The only method that can hinttaeexistence of motiom this window

is RDC(Lange et al., 2008)AlthoughRDC can tellthe presence of elevated dynamics in
the supraz: window, it was not possible to ascertain the kinetics, which is possible by
measuring relaxation dispersion (R[@xperiments In spite of the wide rangef
applicability of RD until very recently it couldoh study motions wih timescales faster
than 40 pdecause of technical limitationBo detect a motion iR ;RD, spinlocks with
Bi-fields comparable to the frequency (inverse of lifetime)tleé motion is necessary.
Whereas for CPMG RD, the frequency wifotion should match with the repetition
frequency of the 18pulses. This brought the limitation to RD method. Until recently in
15N the maximum achievabl®; field was only 1 kHz, making detection of motion faster
than 40 psimpossible. Combining the delopment in the hardware of praband
amplifiers with more significant design of acquisition scheme for better heat dissipation,
we could apply 6.5 kHz d; field in bothRy ,(Ban et al., 2012and ECPMG (Reddy et

al., 2018) This enabled us to detect motion as fast as 25 ps. For achieving Bidtedd

with less input power, wgraduallymoved tonudei with higher gyromagnetic rati@n

the 13C andH channel, we could achieve 16 kHz and 40 IBdield, respectively with
muchless applied power than AN nuclei. With this developmentwe could extend the
RD-detectable widow to singledigit microsecond for botR; ;and CPMGaIn this thesis,
thenewly developed high power RD technique is applied to several folded and intrinsically
disordered proteins where we found hidden functional motions that helped in understanding
molecular recognition and foldingvents In the conclusiorand outlooksection of this
thesis,| have briefly mentioned about owngoing effort to make the entiresupraz

detectabldy performing RD experiments in nonconventional NMR probes.

28



2 Antibody Recognition is Linked
with Conformaional Exchangen
ProteinGB3

2.1Introduction

As described in the previous chaptenletular recognition events greatly on spatial
and temporal changes@fizyme conformation®an, Sabo, et al., 2013; A. Galger, 3rd,
2004; A. G. Palmer, 3rd & Massi, 2006pver the yearsan increasing number of
experimentakvidencs are beingaccumulated where conformational sampling occurring
in the suprazc window (from molecular tumbling timez - 40 pus)has beemlemonstrated

to playacrucialrole for bimolecular functior{Ban et al., 2011; Lange et al., 2008; Zhang
et al., 2007)For example, direct connectin between the internal motion of ubiquitin and
its binding affinity to other protas is proven both experimentally and from molecular
dynamics simulation@Michielssens et al., 2014; Smith et al., 2018}this dhapter | have
describedthe link betweensuprazc dynamics and antibody recognitiaof the third
immunoglobulin (IgG) binding domain of protein G (GBBEing a part bprotein G, GB3
playsanimportant role in antibody bindingnd immunoprecipitatio(Derrick & Wigley,
1994) Because of ittong-term stability at higher concentratipB3 is routinely being
investigated by NMR from both structural and kinetic aspacseveral decades series

of previous investigatins from residual dipolar coupling (RDC) and exact NOE (eNOE)
measurement have indicatid presence of suptz dynamics in the loop region between
t he f i r st-stramd df GB3Sabo et dl., 2014; VogekKazemi, Guntert, & Riek,
2012; Yao, Vogeli, Torchia, & Bax, 20Q8Although these studies could hiat the
presence of elevated dynamia the loop, it was not possible to ascertain khestics,
which is possible by measuring relaxation dispergiBD). In spite of the wide range
applicability of RDuntil very recently it could not study motisrwith timescales faster

than 40us, because of technical limitationdere wehaveappliedhigh-power rotating
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frame relaxationR: ) dispersion to capturthe so far undetected suggamotion inthe

protein GB3

2.2Results anddiscussion

Accessible Timescale (Js)
~10 5 ~ 109
A a9 |

40

Previously
inaccessible
timescale window1

50 150 250 50 150 250

E K13
30 ~
262 K
20 M 265 K
% 269K
275K

50 150 250

w,, [10°rad-s”]
Figure 2.1:Relaxation dispersion(RD) found in GB3 for the first time by high power
R1, Previously undetected loop dynama®measuredt fourdifferent temperatures. At
eachtemperaturethe global fitting of RD profileso a single lifetime is shown with curves
of gray, red, green and blue color at 275, 269, 265 and 262 K respediivelraded area
in each plot indicatethe previously inacessible timescale window, which was made

detectable by use of highspinlock power in theR; ;measurements.
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As discussed in the previous chappresentlywe ansafelyapply highRF powerwhich
is sufficient to characterize dynamics with single digit microsecond lifdfregihar et al.,
2016) To probethe loop dynamics of GB3, for the first time we have combinexhigh

power!H Ry ,relaxation dispersion method wisipercooleavater.

High power RD was first applied to the backbone amide nitrogen natléi7r5 K
temperature througton-resonanceR; , relaxation dispersion measurengnivhere a
maximum 6 kHz of RF powesould be appliedThis study did not show any measurable
exchange contribution to relaxatiovhich led to flat dispersion proféefor all observed
residues. This suggesteither tle chemical shift variance (CSV) aimide®N for the
conformational ensembles itoo small to be detected by RD dhne timescale of
interconversion between tisenformerss too fag (< 25 us) to be captured withiHz RF
power.For achieving higheB; field with lessinput power,we moved to aucleuswith
higher gyromagnetic ratidOn theH channel, we could achieve 25 kiz field with
twelve times less applied poweran in'°N nuclei. Thisincrease in achievable RF power
extended the detectaliiemescde window by an order ahagnitudeln the offresonance
H Ry ;experimentmaximum effective, field of 272000 rads* cannow detect dynamics
as fast as 3.7 pus. ®high power offresonancéH R; ,wasthenapplied tabackbone amide
protons of GB3 prain at 275 Kon a perdeterated sample to reduce pseutigpersion
effects caused by crosslaxation(Eichmuller & Skrynnikov, 2005)Use ofperdeuteration
also decreasgthe transverse relaxation rates of backb@amide protog) which makes

detection of small exchange contribution to relaxation much easier.

In total five residues showed relaxation dispersion in this measurement. TheofREsp
are shown in figure 2.1 for residues G9 (A), K10 (B), T11 (C), IORanhd K13 (E). All
five RD profiles at 275 K could be fitted to a single global timescale of 9.4 pswith
equation2.2, which is explained ithe materials and method®ctionof this chapterThe
global fitting at 275 K is shown asgray curve inigure 2.1.The detection of such fast
motion was possible only because we could achieveashigih spinlock fieldn *H nuclei
Interestinglythesdive residuesappeain thesame setch (913) andarelocated in the first
loop betweerthefirstandse ond b st (figure@.2(A)j. To@&tBe activation
energybarrier for the deteettmotion by Arrheniusfitting we need to study the dynamics

at other temperatuse
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Figure 2.2: Spatial and temporal distribution of the observed supraz motion in GB3.
(A) The residues showing supgadynamics are showm orange in the RDC refined
crystal structure of GB3PDB ID: 20ED. (B) Natural logarithm of the global motion
obtained from RD measuremenssplotted against thenverse of temperature (@) for
Arrhenius analysis. From the fitting of this datahe Arrheniusmodel(equation2.3), the

activation energwas found to be 6564.7 kJmol™.

Sincethe timescale of the detectddop dynamics is already at the faster edgehef
detection limit,at highettemperaturgetheloop motion will bemuchfaster andyo beyond
the detection limitHence the only watp study theemperature dependence of thetion
was to go down in temperature from 275 KQR which isvery close to freezing
temperatureof water. To stop the sample from freezimge have used finm capillaries
(details are in materials and method of this chaptedhtsmeasurements of dynamics at
lower temperatur@Mills & Szyperski, 2002; Swensgp Jansson, & Bergman, 20086) this
experimental designye could reach temperatgras low as 262 K-{1° C) where the
samplecould still be kept inliquid state.The loop dynamics was measures at three
additional lower temperatureshere only the samestretch of five residues showed
relaxation dispersion as shown in figure 2.1. Like at 275 K, at each temperature all five
residues could be fitted to a single global timescalel®6+ 0.8, 28.5+1.1 and
35.9+ 1.3us at B9, 265 and 262 K respectivelill fitted parameters from global and
individual fitting are shown in table 2.These temperature dependent lifetimes vieea
fitted to a Arrheniustype equation to obtain the activation energy barrierttierloop

motion.
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Table 2.1: Exchange lifeties (), chemical shift variancei ) and intrinsic transverse
relaxation ratesRyp), obtained from fitting the relaxation dispersion curves in figure 2.1 is

shown here forboth global and individual fitting. The fitting was dowih equation2.2

as plained inthe material and methods section of this chapter.

T K] residue G9 K10 T11 | L2 | K13
Uy [ps] 35.9+1.3

262 | Oex[10°racks?] | 735+18 | 603 +17 | 472 +23 | 1706 + 63| 309 + 12
R0 [s7] 22.7+0.2| 31.9+0.2| 59.6 + 0.2| 42.3 + 0.5 20.6 +0.1
Uy [us] 285+1.1

265 | Uex[10°rack.s?] | 605+17 | 670 +24 | 287 +22 | 1770 +49| 310 +12
R0 [s7] 20.9+0.1| 28.0 +0.2| 53.5+0.2| 40.3+0.3| 18.8 +0.1
Gx [us] 15.6 + 0.8

269 | Uex[10°rack.s?] | 488 +28 | 542 +29 | 258 +23 | 1238 + 64| 209 + 16
Rz [s7] 18.1+0.2| 24.6 +0.2| 44.1 +0.2| 34.1 + 0.4 16.5 + 0.2
Uy [ps] 9.0+ 0.4

275 | Oex[10°racks?] | 357 +45 | 625+52 | 139 +55 | 1342 + 97| 255+ 32
Rz [s7] 15.4 + 0.3 19.9 + 0.2| 33.7 + 0.4| 26.9 + 0.4 13.6 + 0.2

T K] residie G9 K10 T11 L12 K13

Uy [us] 343+1.2|489+35/31.2+3.1| 354+1.6|36.4+2.3

262 | Uex[10°racks? | 756 +15| 521 +15| 517 +43| 1720+ 66| 307 + 14
R0 [s7] 226+0.1/ 32.6+0.2| 59.3+0.3| 45.2+0.5| 20.6+0.1
Gx [ps] 27.8+07|33.9+21|169+3.1| 28.3+1.3|27.7+1.7

265 | Oex[10°racks?] | 616 +14 | 598 +26 | 460 +92 | 1780+ 54 | 317 + 14
Rz [s7] 20.8+0.1| 28.5+0.2| 52.6 +0.5| 40.2+0.4| 18.7+0.1
Gy [ps] 15.7+1.2| 21.4+21| 6.8+1.6| 153+1.0|14.1+1.8

269 | Oex[10°rack.s?] | 484 +39 | 405+ 35| 784 +224| 1263 +89| 233 +35
Rz [s7] 18.2+0.2| 25.3+0.2| 42.2+0.7| 34.0+0.4| 16.4+0.2
Gx [us] 76+21|125+1.9/53+106| 87+04 | 75+1.8

275 | Uex[10°rack.s?] | 451 + 152| 422 +72 | 328 + 166| 1404 + 107| 327 + 112
R20 [s7] 15.1+0.6/ 20.7+0.3/ 33.1+0.7| 26.7+0.4| 13.4+0.4

Although with high power RD we are measuring conformational exchange of a continuum
of states, here we are assumiingt all interconversions occur with same aatiion energy
barrier and attempt frequency. Thetivation energ was found to be 6564.7 kJmol*

and the extrapolated exchange timescald@physiological temperaturef 310K was

371+ 115 ns. The high amount of uncertaimtythe extrapolated tigscale ixoming from
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Figure 2.3:Elevated Supra-z dynamics found in GB3 from RDC ensemblePreviously
measured RDC data sef¥ao et al.,, 2008)were used to generate the ERMD
(EnsembleRestraineeMolecularDynamics)ensemble containgi640 membergA) The
ensemble is represented as tube, where the mean positimatkbbneC Uatoms represent

the axis of the tube and the square fluctuataftheCU at oms ar e shown
the tubeThe additional amount of supgamobility in addition tothe Lipari-Sabo model

Y Y TY) is represented bihe intensity of magnta colorin the tubesurface

B) Y values are plottedalong the sequencef GB3 The residues that shown

relaxation dipersion are represented by boxed region nafd shaded area in (B)

the narrow range of tempure (262275 K) where the exchange process was detectable.
The lifetime at the physiological temperaturesigl far from being in the RD detectable
window ard could be accessed only by studyitigg motion at severasupercooled

conditions and subsequeextrapolation.

Although RDC cannot provide details abthetimescale of motion, it is sensitive to labn
vector fluctuatios occurring ina wide range of timescale (f8s), which includes the
suprazc window (Ban, Sabo, et al., 2013; Fenwick et al., 2011; Lange et al., 2008; Sabo et
al., 2014) Since LipariSabo order parametgfy gives information about sty motion
(faster tharzc), uprazc order parameter’Y , calculated by normalizing RDC derived
order parametersY ) with "Y , will emphasize thadditional amounmobility in the

supraze window. 'Y, calculated fom previously reported’  (Sabo et al., 2014nd
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Y (Hall & Fushman, 2003df GB3, is plotted in figure 2.3(B) along the sequenitas

evident from the plot that among aktsidues, the fitdH-turn region of GB3 shows elevated

supraze mobility with L12 being the most dynamic one. The shaded region ipldte

indicaies the residues that showed relaxation dispersiohackbone amide protoR;

relaxation dispersion measurements at variengperaturg and they coincide with the

residues with highest supea mobility indicated by lower'Y values. The ERMD
(EnsembleRestraineeMolecularDynamics) ensemble containing 640 members,
calculated from previously published RDC datts $¥ao et al., 2008js shown in figure

2.3 (A) in tube fashionThe axis of the tube indicat¢ he mean backbone CU
all 640 members andtteequar e fluctuations of the CU at
represented by the thickness of the tdlie boxed region dhe proteirdenotes the stretch

of residues with RD detectable conformatl exchange. The tuleecolored with magenta

according to theuprazc order parameters of each residue. Lower \s&abfieY are

Fab (antibody) -

Figure 2.4: Antibody recognition in linked with supra-zc loop motion. Crystal structure

of GB3 in complexwith a Fab fragment (MOPC21) is shown (PDB id: 11GC), where GB3

is presented in blue and the Fab fragment is shown in gray. The residues showing relaxation
dispersion are coloreid orange . Selectedoortion of the complexs enlargedo show the
binding egion of GB3.The ladius of magenta spheres represents the number of contacts

(within 5 A) of thebinding partneto GB3 backbone amide protons.
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indicated by a more intense color. From both color intensity and the tube thickness, it
evident that the samegion of GB3 displays lowesuprazc order parameters and higher
fluctuation of the ensemble members. This region again coincides with residues where
relaxation dispersion was observed as indicated by the dotted box in figure ZBGAE

known to playan important role in antibody (immunoglobulin) binding of protein G.
Throughthe GB3 domainprotein G binds to several antibod{@orck & Kronvall, 1984)

one of which ispresentedn figure 2.4. The crystal structure tfe Fragment antigen
binding (Fab) regiorof MOPC21 antibody in complex with GB3 is shown (PDB ID:
1IGC), where Fab is presented in gray and GBBaswnin blue. The structuref the whole
complexis enlargedto highlight the part of GB3 that takeart in binding.The residues
where exchange caitiutionsto relaxation was detected are colored in orange. The number
of contactswithin 5 A of everybackbone amide proton of GB3 to the antibody fragment
was calculatedwhich is represented bl radius of magenta spheres in figure Erém

this confact map it is evident that mainly two regsoaf GB3 arenvolved in recognizing

theFabant i body
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Figure 2.5Comparison of experimental and predicted chemical shift variance (CSV

CSV variance of the 64thembered ERMD ensemble was calculated after chemical shift

prediction of the ensemble members with both SHIFTX and SPARMA correlation plot
of experimental and predicted CSV are made at 262 K (purple), 265 K (green), 28 K (r
and 275 K (gray).
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b-strand, and the€€ e r mi nal +halix. terastinglyt i feve résidues from this
b-turn region relaxation dispersion was detected. We did not observe any detectable RD
from the C-termina o f t-hieli. This could be due to the lower value ofighted
chemical shift variance or this segment of GB3 could be moving at a faster lifetime, which
is still beyond the detection limit (~4 ps) of RDhemical shift variancéCSV) of both
amide'H and®®N nuclei were calculated for the 64@embered ERMD esemble using an
N-site jump mode(Ban et al., 2011Both SHIFTX(Neal, Nip, Zhang, & Wishart, 2003)

and SPARTA(Shen & Bax, 2007)vere usedor chemical shift predictionSince thefirst

loop of GB3 moves with a timescalghich isimpossible to detect with the applicable RF
power in**>N nuclei, experimental CSV was not available for compari§ogure2.5 shove

the comparison dbackbone amide proton experimental and predicted CSVs. For the CSV
calculated with SHIFTX no correlation was observed (figure 2.5 (A)). For the predicted
CSV calculated from chemical shifts from SPARTWe relative sizes matchvith
experimentally obtained CS\¢éxceptfor L12. The anide proton of L12 showalarge CSV

in the RD measurement, which could be due to thedtion and breaking of hydrogen
bonds with G9 carbonyl oxygen. Inaccuracy in the chemical shift prediction of
hydrogenbondedprotons(Fu, Case, & Baum, 2015puld led to lower predicted CSV of

L12 a all four temperatureg\fter removing L12 correlation coefficients of 0.74, 0.91, 0.94
and 0.88 were obtained at 262 K, 265 K, 269 K andk #&spectively.

2.3Conclusion

By using high power spiock in off-resonance amide protdf ,relaxation dispersion
measuremestwe could extend the R@etectable window to singléigit microsecond.
Using this high power RD we found suggamotion in a stretch five residues belonging to
the first loop region of GB3 From the ERMD ensemble, calated from previously
measured RDC, we found elevated fluctuationthis loop compared to the rest of the
protein. By calculating supiz: order parameter by scaling RDC order paransetéh °Y |
enhanceduprazc mobility could be detected ithe same region. By combining the high
power RD withthe supercooledechnique, & could study the loop motion aeveral
temperature The Arrhenius fitting of the global timescaledifferent temperature shew
that the activation energyarrier for the loop motionin GB3 is 65.6+ 4.7 kJmol™.

Interestingly, his energy barrier is even higher than what is found for the pefipde
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motion @8.4+ 0.5 kJ mot) in ubiquitin that originesthrough rearrangement of hydrogen
bonds (chapter 4)This suggets that the loop motion in GB3 may also involve similar
high-energyprocesss Indeedduring the interconversion of ERM&hsemblenembers of
GB3, we could observeormation and breakingf hydrogenbond between amide proton
of L12 and carbonyl oxygen of GFhe observedoop motion was extrapolated to be
371+ 115 ns at physiologicaémperature, whicks still far away fronrecentlyextended
detectable timescale window. Interestinghe newly observed sup motion takes place

in aregion, whichbinds to antibodies. This hints to a link of the observed motion with the
antibody recognition of GB3We believe that in future this combination of high power RD
and supercooledconditiors together with RDC will b able to find functional supiz

dynamics in many more biomolecules, which will help to understand their functions.

2.4Materials and Mthods

2.4.1Sample Preparation
For the high power backbone amiteRyy me a s u t°N:labekn pesdeuterated GB3

protein wasexpressed irEscherichia coliwhich were adapted to a 100%@ Toronto
minimal mediumsupplemented with Bglucose as &he carbon source andN-NH4Cl as
thenitrogen source. The protein sample was then purified as described(torenborn

et al.,, 1991)NMR measurements were performed on a 2.8 mM protein sample in a 50 mM
sodium phosphate buffer of pH 6.5 containit@ mM NaCl and 0.05 %a&lium azide.

10% D20 was added before the NMR measuremeXitsRD experiments at different
temperatures ranging from 262 to 275 K were carried out in capilafriesnm diameter

to achievesupercooleaonditions.25 pl of GB3 sample was transferred ek capillary
(Wilmad, Buena, New Jerspysing a Hamilton syringe. Twelve such capillaries were then
placed in a standard 5 mm NMR tube, which was used for all measurements described in

this chapter.

2.4.2NMR Experiments

All NMR measurements were performedaiBruker Avance lll spectrometer operating at
'H Larmor Frequency of 600 MHz (14.1).1Backbone amide protoR;, measurements
were performedat 262 K, 265 K, 269 K an@75 K. For reaching theupercooled
conditions the sample temperature was lowered slowly (0.5 K / min) to avoid freezing of

38



the liquid sample. A high VT gas flow of 1070 liter/hour was used foregunty better
dissipation of heat generated by high power RF puldeavy ceramic spinner (sample

holder) was necessary to avevdbbling ofthesample by the high gas flow rate.

Each two dimensional plancorresponding to a particular sppack powe and delay was
recordedvith 64 complex points in the indirect dimensitnx= 31ms) and 512 complex
points in the direct dimensiot hax= 65.5ms);4 scans were performed for each FID. The
recycle delay (g was set t@ seconddor better heatidsipation ando protect the integrity

of the probe and amplifiersThe pulse program for efesonancdlkl ] measur ement
written following the work published previous(feichmuller & Skrynnikov, 2005and
provided in the appendixThe spinlock power was varied between 1 kldad 25 kHz
during the measementto obtain effective transverse relaxation rates at different &#. fi
The average tilt angle waspt at 35.3(0 & £ pj V¢ ) to minimize the pseado-dispersion
effects caused by NOE and ROE transfers. This was achieved by choosing profoakspin
carrier offset relative to the centeframide region (8 ppm). The efésonance approach
helped us to achieve higher maximum effective RF field of 2D2,@d/'s, which can detect
single digit microsecond motion (3.4 p#ll the spins under investigation were aligned
with the offresonance spitock field by applying adiabatic RF pulse of 100 kHz sweep
width phase and amplitude modulati&ffective transerse relaxation rates at each spin
lock power was measures by varying the dpok delay from 2 ms to 125 m§o achieve
homogeneous heat distribution all measurements pefermed in interleaved fashion.

2.4.3Data Analysis

The scan interleaved RD data vdasded and then cadded using a hordguilt pearl script

to generate multiple .ser files corresponding to everylsgi power and delay. The raw

data was then processed with NMRp{pelaglio et al., 199bsoftware. All processed 2D
planes were loaded to ComputfEided Resonance Assignment (CARA) as .ft2 format and

the intensities were extracted with a peak tolerance of 10% in both dimensions to take care
of minor peak shiftsAt every spinlock powerR; ,values were obtained by fitting the peak
intensities from spectra corresponding to dpuok delay of 2, 45, 90 and 126s with the
following equation

O 0OQwny o 8 P
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The uncertmties of fittedR; ;values were obtained from resals of the four fitted points.
Effective Ry, values and effective spiock power were then calculated following a
previously described methq&ichmuller & Skrymikov, 2005) RD profilesmeasured at
all four temperaturewere ftted to the following equation

Yy f 8 &
e " o 1 3 S

Where—if the tilt angk of every spins appearing at a particular resonance frequency,

is the population weighted chemical shift varianice,is the lifetime of exchange process
and] is the effective spitock field. The fitting was done using the NMmize
function in Mathematica software. Uncertainties of the fitted parameters were obtained by
Monte Carlo method with 500 run¥. and values werdocal to each residues even
when all residues were fitted to a single global lifetime valua particular temperature.

The lifetimest obtained from the above mentioned procedure were used for the

Arrhenius fiting with the following equation

- N~ A

11t I 18 o 8 &
0 v C

Where A is attempt frequenc§) is activation energy and Rtiseuniversal gas constant.
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3 Common Origin of Backbone and
Sidechain dynamic$ound
with'*C E-CPMG

3.1Introduction

3.1.1Sidechairs. PowerfulProbes for Structure and Dynamics

NMR has developednto a very powerfultool for studying functional dynamics of

biomolecules with atomic resolutiost near physiological condition#n the previous
chapter,we have linkeda newly found backbondynamicsin the protein GB3 with its
antibody ecognitionevents Although motionsccurringin bothbackboneand sidechains

of proteinsare proverto playanimportant role irbinding and folding eventératihar et
al., 2016; Reddy et al., 2018; Smith et 2D]16) in high molecular weighproteins and
their complexesit is difficult to observebackbone resonancdseto thar fasttransverse
relaxationrates In such challenging situations, methyl groupshi@side chains of amino
acidsactasprominent pobes forinvestigation oboth structure and dynami€Bugarinov,

Hwang, Ollerenshaw, & Kay, 2008f large moleculesDue to theirhigh abundance and
excellent relaxation properties, methyl groups gaaing sigificance,especially while

measurindarge complexeat very high magnetic fieldSchutz & Sprangers, 2020)

3.1.2Hierarchy ofMotionin Side-chairs from Ry ,RD

Fast local fluctuations arknown to be linkedto relatively slower functional domain
motions, forming a hierarchip thetimescaleof motionsin enzymes, whichs necessary
for their function(HammesSchiffer & Benkovic, 2006; HenzléNildman et al., 2007)
Methyl cortaining sidechains displaynotions in botithe subz (nsps) andthe supraz
(ms-pus) window in previously published workFares et al., 2009; Tzeng & Kalodimos,

2012) A clear understanding ofhe interplay of sidechain motions with different
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timescalesvas obtanedfrom R: ybased relaxation dispersion measurements performed on
sidechain methyl groupéSmith et al., 2015)t wasdemonstratethatubiquitin displays
microsecond motiorby shuffling the populations afheir sidechain otamers, which
interconvert onthe psns timescaleTo know the activabn energy of the observed
sidechain motion and to know the timescale siflechain motion at physiological
temperature it was necessary to follow dyeamicsat severatemperaturesidditionally,

to investigate the origiof the observed sidehain motion it is necessary to perform
relaxation dispersion experiments on several trarta, which are already proposed from
aprevious study of the backbone dynamics of ubigq@Smith et al., 2016)

3.1.3Need for Speed®C E-CPMG

In both CarfPurcell-MeiboomGill (CPMG) and transverse rotating frame relaxati@n)(
relaxation dispersion (R@xperimentsexchange contributiofRgy) to effective transverse
relaxation ratesRe ef) is quantified, which provide kinetic, thermodynamic and structural
parameters of the motion under investiga{iBan et al., 2017; Neudecker et al., 2009; A.
G. Palmeet al., 2001)In Ry based RD experiments, the additional exchange contribution
is quenched by applying spinlock of variable radio frequency (RF) field strength
However, it isvery difficult to preciselyimplementa spinlock with weakerfield strength

(< 2 kHz) due tothe higher spatial inhomogeneity e B; field andnonlinearityof the
amplifiers. In addition, at weaker RF fieldRy contributes more tdR:i, than R e,
particularly fortheresonanceappearing far fronthe RF carrier offset. The offesonance
residwes displays more pseudiispersion effects omthe RD profiles originating from
dipole-dipole (DD) and chemical shift anisotropyrosscorrelatedrelaxation (CCR)
(Reddy et al., 2018)These limitationglemandR: ,to berecordedat near orresonance
conditions thatequires the measurement to be repeatsé\arainarrow sampling offset
for specific resonances. Thmeged prior knowledge about the residues, which are likely to
undergo conformational exchandgen theother hand, CPMG based RD experiments are
commonly used to obtain quenching of exchange contribution at lower refocusing
frequencieglshima, 2012; Ishima & Torchia, 2003}his RD datas thencombined with

the Roert vValues, obtained with higher spitock fields in Ry, to extract the kinetic
parameter¢Ban, Mazur, et al., 2013; Hansen et al., 2008addition tothe necessity of
setting up two differensetsof expeiments, this approach is disadvantageous due to
dissimilar heating effest
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The entire applicable range of both conventional CPMGRandan be covered by slowly
decreasing the intgulse delay between the Pgflilsesn the CPMG block to an extreme
where there is no delay window. We have recently intraditiee windowless approach of
CPMG as Extrem€PMG (ECPMG) onthe backbone amid&N nuclei ofproteingpW

to study its fast folding with 6.4 kHz maximum refocusing frequéRaddy et al., 2018)

In this chapter, we have extended thREEMG approach t&°C nuclei to achieve high&:
field with lower applied power.'*C EECPMG was used to study the temperature
dependene of the sidechain motion in ubiquitinThe sidechain dynamics were also
studied in two different single point mutants of ubiquitin, which are known to quench the
global breathing motion in ubiquitin originated by flippingtb€ peptide bond between
D52 and G53Smith et al., 2016)

3.2Results andiscussion
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Figure 3.1:13C E-CPMG relaxation dispersion in sidechain of ubiquitin and
comparison toR1, (A) Four out of ten dispersion profiles found at 277 K are shown in
colored dots. A flat profile fronthe t methyl carborof L73 is presented with gray dots.
The shaded area indicatdw® previously inaccessiblemescale window of conventional
13Cc-CPMG. All RD profiles were fitted to a single global exchange rate of
15.11+ 0.42kHz. (B) Chemcal shift variance (CSVpbtained from ECPMG RD is
compared with previously reported CSV frétn,measurementSmithet al., 2015)
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To compare with previously reported sideain dynamics of ubiquitin fronRy ,
measurementgSmith et al., 2015)C E-CPMG experimerst were first performed at
277K on selectively**CHD,-labeledubiquitin. The use ofa deuterated background and
selectivel>*CHD; labeling of methyl groups in sidghains produced an AX spin system
instead of AX%, which greatly reduced the complications involved in t#f@ CPMG
measurement&xchange contributioweredetected irl0 out of 33 labelednethyl groups

of ubiquitin at 277K. Four of these RD profiles aralflat profile coming from methyl
group of residue L7areshown in figure 3.1RD profiles wee first fitted individuallyto

the Luz-Meiboom model(Luz & Meiboom, 1963)as described by equation 3.4, which
produced similar exchange rates at all methyl groups showing exchange contitibution
relaxation (figure 3.2 A). AltenRD profileswere then subjected to a global fittjmghich
resultedin a single global exchange rate of 15810.42 kHz 66 = 1.8 s lifetime). This
matches well with the reported exchange lifetime of+t@lpus from previousRy
measurementsnterestngly this timescale also matches closely with the global backbone
dynamics observed previously in ubiquitin (3§ (Smith et al., 2015) This suggestshat

the sidechairsalso take part in the global breathingtion of ubiquitin, which is generated
by a rearrangement ahe hydrogen bonding network In addition to the exchange
frequency, the chemical shift variances obtained for the obsenetdyl groupsalso
matches very well as seen from the correlationipléigure 3.1 (B) A Pearson coefficient

of 0.99 was obtained whethe CPMG andthe R: , derived amplitude of motion were
comparedWith the successful implementatioh BCPMG in*3C nuclei, RD profiles of

all 33 different methyl groups could be measuiredn a single set of experiments at the
same®*C carrier offsetAdditionally, the detectable timescale window of conventional
13C-CPMG is extended by a significant amount, which is represented by the shaded area in
figure 3.1 (A). This was possible duette availability of higheB; field in 13C channel

(16 kHz), which expanded the detectable window e€CBMG that was previously
implemented oR°N nuclei, where maximum achievable refocusing waly 6 kHz.Good
agreement betweeheglobal(green)andtheindividual (red)fitting in indicated by similar
fitted chemical shift variancCSV; U ex) and intrinsic transverse relaxati{Ry,o) rates in
figure 3.2. For both type of fittindigure 3.2 (B) it was observethat theli>-methyl carbon

of residue L5Ghows the most significant exchange contribution (fg2r7) among all 10
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Figure 3.2:Global and individual exchange parameters for ubiquitin sidechain

motion at 277 K. Both global and inglidual fitting parametersobtained by fitting

relaxation dispersin profiles with the Luz-Meiboom modelre plottedin green and red
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methyl groups that showed dispersion. The obtaingd/alue is much smaller compared

to what is expected in a twsiate interotamer model. This lower RD observed CSV was
previouslyexplained with a population shuffling mod&mith et al., 2015)According to

this model the observed global ps motishuffle the populations of rotamers, which

interconvert with a much faster timescale-a$3. This supports the presenceadfierarchy

of timescals, where slowly interconverting macrostates are formed by ragiaijanging

microstatesfFor both L50 and L56, which show the most significant exchange contribution
(fig3.2(B),RD was observed i n one ddocahbeexplained U met |
by a population alternation of eithéransor gaucle* rotamers which are most abundant in

crystal structur¢Shapovalov & Dunbrack, 2011)

L4305, 6 1445,

RZ,eff [8-1]

Figure 3.3:Temperature dependence of sidehain motion in ubiquitin. An exchange
contribution could beletected ative different temperatures ranging between 273 to 292

K. RD profiles of four residues at these temperatures are shown in black dots. The global
fitting of all RD profiles at a particular temperatureatsingle exchange rate is represented

incol ored | ines and the colox scheme is expl a
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Since in the ECPMG approachRD profiles for all resonansean be measured with a
single carrier offset, the observed siein motion could be studied at several
temperature using nuch less measurement time. &ddition, the robustness of the
E-CPMG approach for detecting slow and fast matimade it applicable in both low and
high temperature. Although RD profiles were measured at six different tempsfatone
273 to 29&, no exchange contribution could be detected at R98 his is because the
timescale of the motion at room temperatom@vesout of the detectable window &iC
E-CPMG. Observation of this motion at room temperature bBZPBMG will be
demonstrated in next chapter applying even higher RF field in anotmercleus (*H) with
much higher gyrAeehpfiihe tive temperaturéisedrD profi)es could
be fitted to a single global exchange rate and the fitted rates Were: 0.3, 15.1+ 0.4,
23.4£0.5, 36.9+ 1.1 and 50.& 5.7 kHz at 273, 277, 282, 287 and 202espectively.
The rumber of methyl groups with significant exchange contribution decreases with
increasing temperature. At 292 RD could be observed for only two methyl groupss( @ U
and L5 6)ithat possess higher chemical variances than others (figure 3.2 (B)).

T [K]
301.2 292.4 284.1 276.2
12. } } } 162.8
E,= 5300 = 3.76 klJ/mol
T’ "F= 549 + 093 ps
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Figure 3.4:Arrhenius fitting of global side-chain motion in ubiquitin. Global exchange
rates found irthe sidechans of ubiquitin at different temperatures ranging from 273 to
292 K are shown in black dots. The gray line represtiet fitting to the Arrhenius model
as shown irequation3.1 Obtained activation energies athe extrapolated timescale at

310 K are mentioned in the plot.
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Arrhenius analysis was done with the globathange rate obtained at each temperature
from 273 to 292 K. Figure 3.4 shows the Arrhenius plotrertiee solid line was obtained
from fitting the exchange rates with the following equation

iTa ik 2 Py o

2 Y

An activation energy of 538 3.8 kJ/mol was obtained from the Arrheniusirig. This
matches with the activation energlythe global peptiddlip induced backboneiotion of
ubiquitin. From the fitted parameterghe timescale of the sidghain motion at
physiological temperatur€810K) was exrapolated to b&.5+ 0.9 ps which is also the
timescale of peptidéip induced global motiofioundin thebackboneof ubiqutin (Smith
et al., 2016) These findings suggests that the observeddider motion of ubiquitin is

linked with its backbone dynamics.
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Figure 3.5:Quenching of sidechain motion in single point mutants of uliquitin. *C
E-CPMG relaxation dispersion profiles (RD) measured on methytdcdides of the
wild-type (red), E24A (black) and G53A (green) are shown hetanéhsurements were
done at 27K. The kd lines indicate the global fitting of RD profiles fromwild-type
ubiquitin tothe Luz-Meiboom model as shown in equation 3.4.

In a previous work from our grgu two different single point mutants (E24A and G53A)
weredemonstratetb quench the peptieidip induced global breathing motion in ubiquitin
which resulted ina decreased affinitpf binding with USPZSmith et al., 2016Both the

mutants were shown to hinder the rearrangement of hydrogen bonds, which is necessary
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for the peptiddlip to occur.From the obswed timescale anthe activation energy, now

it is quite clear that the motion the backbone ansidechains of ubiquitin are linked. To
knowif the peptidefip is crucialfor the global sidehain motionwe have applied thEC
E-CPMG method to studyhe sidechain motions in both the mutantRelaxation
dispersion profiles of four methyl group that showegh exchange contribution (figure
3.2 (B)) inthewild-type ubiquitin are compared with the RD measured in both E24A and
G53A mutants in figure 8. From thiscomparisonjt is quite clear thaRD originating
from the sidechain conformational exchange a@bolished in both the mutants. This
indicates thathe peptiddlip happening in the backbone of ubiquitin plays decisive role in

the global sidechain motion of ubiquitin.

3.3Conclusion

In this chapter, the £PMG approach is applied dhe *C nudei of methyl groups to
study theside.chain motion in proteinsSidechain dynamics of ubiquitirs investigated
on a heavily deuterated and selectivéfZHD, labelled methyl groups of leucine,
isoleucine and valineesidues The timescaleand amplitude ofthe observedmotion
matches veryvell with a previous RD measurement basedRopapproach (figure 3.1).
From our3C E-CPMG RD measurement at 2K7the global timescale of motion in side
chairs of ubiquitin is66 + 1.8 us, whereas in the previoRs,study, this was found to be
61+ 1 ps.In boththe cased, h #methyl carbon ofesidue L50 shows the most significant
exchange contribution (O@n?Y). A good correlation is observed (Pearson coefficient
=0.99) for amplitude of motion foall 10 methyl groups. Due to the robusted the
E-CPMG to detect both slow and fast motions,couldstudy the sidehainmotion at low
and high temperatureAdditionally, since theeomplete set oRD measurement could be
performed with a singlearrier offset, the entire experimentas donewith much less
measurement time comparedhe R ,approachFrom theArrhenius analysis of the fitted
global motion at several temperatgjrihe activation energy of the exchange process was
found to be53.0+ 3.8 kJmol?, which matches with what is found for the peptiliie
induced backbone motiom iubiquitin (Chapter 4, figure 4.7from extrapolation of
Arrhenius fitting, for the first time, the timescale of the satd@in motionin ubiquitin at
physiological temperatu@10K) wasfoundto be5.5+ 0.9 us. This is also the timescale
of peptideflip induced global motion in backbone of ubiqui(®mith et al., 2016) The

similarity in timescale, amplitude andctivation energy barrier in both backbone and
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sidechain motionsuggest@a common origin. To téshis common hypothesis, sidbain
dynamics were investigated in two mutants (E24A and G53A) of ubigioth the
mutants areknown to abolishthe petideflip and hence the induceglobal backbone
motion that was found to disrupt binding. AiC E-CPMG RD profiles of wildtype
ubiquitin were suppressedn both the mutast This confirmsthat the peptideflip

happening between D5353 is thesource of the global sidehain motionin ubiquitin.

Appearing inall hydrophobic cores, methyl groups are calicsites to extract key
information abouprotein interior Due to their excellent relaxation properties, sitiain
methylresonances appear sharp and resolved even in large protein complexesgubése
from backbone cannot lmearly observedIn sut casesthe dynamics observeatrough
sidechain can be extrapolatedttee backbone of the same protein due to the \akhave

found througtthis work.

3.4Materials andMethods

3.4.1Sample Preparation

For measuring*C E-CPMG relaxation dispersion experimemtstemperatures ranging
from 273 to 298 K,a N labeledperdeuteratedibiquitin sample wagproduced with
selective®CHD2l abel |l ing in the f{lolldywii eg, mamth Hyb gr o
2-Val. The protein was expressedEscherichia coliwhich were adapted t©00% DO
minimal medium, supplemented withvBlucose as a carbon source ard-NH4Cl asa
nitrogen source. Additionally, the selectiBCHD; labeling was done by adding two
precursors; Xeto-3D,-4-1°C Do-butyrate and &eto-3-methykDs-3-D1-4-1°C D2-butyrate
(Cambridge Isotope Laboratoriem)e hour prior tanduction(Tugarinov, Kanelis, & Kay,
2006) The protein washen purified as described befofeazar, Desjarlais, & Handle
1997) NMR measurements were performed on a 3 mM protein samplB4i0 buffer of
pH 6.5 containing 20 mM sodium phosph&tmM NaCl and 0.05 % sodium azide
standard 3 mm NMR tube was usedtftgmeasurement at all temperatirecluding 273
K.
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3.4.2NMR Experiments

The use of selectivECHD: labelingof methyl groups in sidehairs produced an AX spin
system instead of AX(which greatly reduced the complications involved int#8eCPMG
measurementsAll the NMR measurements were performed in a Brukeance lli
spectrometer operating atH Larmor Frequency of 600 MHz (14.1 T). THE E-CPMG
measurements were performed at3K, 277K, 282K, 287K, 292K and 2B8K.
Measurable exchange contributsamere found at all temperature excap298 K.Each of

the two dimensional plargecorresponding to a particular refocusing frequency was
recorded with 50 complex points in the indirect dimensiamaf = 45 ms) and 1024
complex points in the direct dimensidarax= 143 ms); 8 scans were performeddach

of theFIDs. The recycle delaydf) was set to 3 for better heat dissipation and to protect
the integrity of the probe and amplifie® maintainthe same sample temperature in all
CPMG measurements, a heaimpensation block similar to the CPM@d¢k was used
during the recycle delayThe pulse program used for the measuremieritsis chapters
presented iBruker format inthe Appendix.The constant time CPMG measurements were
performed asa pseude3D experiment in scamterleaved fasbn to spread out and
minimize heating due tdhe RF irradiation. The CPMG block length was kept to 100 ms
and 20 CPMG frequencies were acquired up tmaximum ofl6000 Hz of refocusing

frequencies.

3.4.3Data Analysis

The*C E-CPMG raw data was divided and thenaced using a homeuilt pearl script
to generate multiple .ser files correspondingwerg CPMG frequencyThe timedomain
data was then processed with NMRp{pelaglio et al., 1995)All processed 2D plas
were loadednto ComputeiAided Resonance Assignment (CARB)ogramas .ft2 files
and the intensities were extracted with a peak tolerance%fih(oth dimensions to take
care ofanyminor peak shiftThe extracted intensities were then used to Gkethe'Y j

values at different refocusing frequeswith the following equation
vi Ll o8
30 ©
where,30is the length othe CPMG delay (100 ms)O is the intesity fromthereference

experiment whereghe CPMG block was omittedO in the intensity from CPMG

measurement with a particular CPMG refocusing frequehiog. uncertainty in intensity
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was obtained by repeating three refocusing CPMG frequencig¢beindtandard deviation
was used to calculate the reneansquaredeviation (RMSD) for every peak with the
following equation

3"Y h 'Y A 'Y i 8 0-8)-
Relaxation dispersio profiles were fitted tdhe Luz-Meiboom modelLuz & Meiboom,
1963)as describedly thefollowing equation

! , ™ 0 T’ PN y
Y Y - p —5—OATE— H o8

using the NMinimize functionf Mathematica. Uncertainties of the fitted parameters were
obtained by Mnte Carlo method with 100 runs.
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4 Direct Detection of Pincer Mode
Motion in Ubiquitinby
'H E-CPMG

4.1 Introduction

4.1.1Ubiquitin: The key player in eukaryotic biology

Ubiquitin is a smalglobularprotein consists of 76 amino aciaisd has a molecular weight

of 8.6 kDa This regulatory proteins ubiquitously found irall eukaryoticcells andits

amino acid sequenaemairs unchanged fromnvertebrateworms to humars (Allan &

Phillips, 2017)A Ev ol ut i o nuwbiqutin pglag ratrec@ltrae in manycellular

signaling networg, oneof the most important being the protein degradatidnr ough A Ki s
of d €Bazovit & Klevit, 2006; Harper & Schulman, 2006Being in the heart of

eukaryotic biology ubiquitin is studied routinelginceits discovery about 50 years ago
(Glickman & Ciechanover, 2002; Goldstein et al., 1975; Wilkinson, 2@@5}he mystery

behind its broad range of recognition capability is not fully understood.

To control various cellular processebiquitin binds to an extensiwllection of modular
proteinswith great specificity(Hicke, Schubert, & Hill, 2005; Kliza & Husnjak, 2020)
Knowledge about structure and dynamics of ubiquitin isiattic understand the binding
eventsExceptatthe flexible Gterminal, ubiquitin has a compact, tightly mgdenbonded
structure belongi g t og rt ehsep bf -@rasp fold i§ mame df a mixed fhgtranded
b-sheet, a shortidihelixa nd a  3-helx. While the highiresolution structure of
ubiquitin is well characterized decadago (Vijay-Kumar, Bugg, & Cook, 1987; Vijay
Kumar, Bugg, Wilkinson, & Cook, 1985bj)ts atomic resolution dynamics is constantly
beingdiscoverediuntil todayand a major portion is still undetected.
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4.1.2i B | -spotdn ubiquitin d/namics

Dynamic processsin ubiquitin havebeen studied extensively in atomic detail mostly by
two techniques; NMRspectroscopynd molecular dynamics simulation. A breakthrough
in the field came in 200@.ange et al., 2008yhen a structural ensembléubiquitin was
calculated with constraigs from an extensive seif Residual Dipolar CouplingRDC) (36

NH RDC; 6 HNC , NC RDC and 11 sidehain methyl RD Since RDCs can capture
motion from milliseconds to picosecontise RDC refined ensembiledicated presence of
supraze dynamics inubiquitin, which was not possible to obsemeeviously This study
indicated thathefree ubiquitinensembleovers the heterogeneitydonformations, which
are found in boundcomplexeswith a variety of binding pargrs, pointing to a

conformationakelectiontype binding mechanism

Although RDG canrevealthe presencef motiorsin a wide range of timescaldt cannot
directlyquantify thedynamic process with its exact rate of interconverarmhother kinetic
paametersOver the lastlecadeNMR based relaxation dispersion (RD) experirnséate
developed to ba powerfultool that can determine the specific timescale of motions in
proteins(Ban et al., 2017)However, util very recently, due to technical limitatipRD
could only detect motionsvith lifetime of 40 psor slower(explained in Chapter 1pue
to thislimitation, no RDprofile could be observed f@uprazc motion inubiquitin at room
temperatureOff-resonace 1°N Ry performed atsupercoolectondition (265 K) could
detectthe presenceheof suprazc motion at four different residues of ubiquifidan et al.,
2011) With *H Ry, RD could be observeih more residugsspreading throughut the
structureshowinga commonlifetime of 55 pus(Smith et al., 2016at 277 K This was
attributedto a collective global motiorfhenceforth will be mentioned as peptitip
motion), originating from rearrangement of hydrogen bond netwdde toflipping of the

peptide bondetween D52 and G58 ubiquitin.

The RDC based structural ensemtiiéree ubiquitin(Lange et al., 2008hdicated that the

largest amplitde conformational changes ocasg a pincer likenovement involving the

bbh2 &#@H2 | oops (from here on wanode snotion). | | be
However, these two loops have shoawery smallcontributionto the peptideflip mode

(Smith et al., 2016)This indicated that the pincenode motion could occur in a much
faster rat e pu-s piongMRiadétectabigimesbake wifidow. iinrthils
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chapter | have described how the-EPMG RD approachon backbone amide proton,
enabled us tdetect peptide flip motion imanymore residuewith much less experimental

time andto detect pincemode motiorin ubiquitin directlyfor the very first time.

4.2 Results and Discussions

4.2.1'H E-CPMG: Linear DecayCompensatiorin RD Profiles

E-CPMG is a very useful approatdr simultaneous detdon of fast and slow motiom
biomoleculesWe haveapplied this method ofPN (Reddy et al., 20183nd **C nuclei
(Chapter3) and experienced the benefits ofieasuring a large number of relaxation
dispersion data sein a much shortemeasuremeniime compared to thB; ;approach
This advantage comes from the fact that uniiki; , in E-CPMGthemeasurment ofthe
same experiment at multiple RF carrier ofésemnot recessaryHere we have extended the
limit furtherby goingto a nucleusvith a higher gyromagnetic atio (*H) whereit is easier

to achieve higheB: fields with lessapplied radio frequency power.
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Figure 4.1: Fitting of dispersion profiles with measured R1 as an input parameter.
4 E-CPMG backbone amide proton relaxation dispersion profilsgletted residues of
ubiquitin measured at 260 & 950 MHz (22.3 T)Red dots denote the measufegks
values and black solid lines indicate the fittingetjuation4.4. Some of the flat profiles
from boththe C- and N termini are shown on the right iom corner, wheréhe dashed

black line is the fitting without any exchange ternequatior4.4.
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H E-CPMG relaxation dispersion profiles were measured on backbone amidespfadon
perdeuteratedbiquitin sample where thiabile amde protons werbdackexchangedin
figure 4.1the uncorrected RD profileseasured at 950 MHz (22.3 T) at 26@#e showm
with red dots.The dispersiomrofiles showa fast quench dR ef with increasing CPMG
frequency till~5 kHz andthen a slow decaig seen till thelast point.This second decay

could be interpretetb arise from another exchange process.

Rel. Intensity

0.7+0.1s™"

T, delay [s]
Figure 4.2 Measurementof R1 rates of backbone amide protons in ubiquitin at 26(.
Selected ingrsion profiles measured at 950 MHz (22.3 T) are shown withatsgeehd the
black lines indicate fitting of the data éguation4.5. Residue number and the fittRd

value of each residue is mentioned in the corresponding plot.

A closer look at the data revealed that RD prefiftem all the residues of ubiquitiat
260K shows this slow decaicluding the terminal residuesght bottom corner oFigure
4.1) whererelaxation dispersion is not expectdthis made us realize dh at such low
temperature (268) and highBo field (22.3 T} j¢“ =950 MHz)R. values are much
higher tharR; whichcan induce a linear decaytbeobserved?; effas a function o€PMG

frequency. Thislow decayappeasin the RD profile due to the phase cycle used
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Figure 4.3: Additional decay correctionin relaxation dispersion profiles. Red dots
indicated the measured & from 'H E-CPMG experiments, dashed black &sthow the
linearfitting of data points from 1&Hz onwards. Green dots are the corrected RD profiles,
which are free from the decay coming from the phase c¥¢le solid black line is the
fitting of the corrected RD profile tequatior4.3.

in 180 pulses in the CPMG block (figure 4.8) as introduce@Yig & Zuiderweg, 2004)
The phase cycle is necessary to remove theesfinance effects causey the evolution
of spins out ofx-y planeduring 180 pulses andnter-pulse delays, thereby mixing:
relaxation with R. This results inmultiple large amplitude oscillations in tH& decay
profile, whichcreates complication ithe extraction ofaccurateR. values. Although this
phasecycle removed the offset dependeritom R. ratesthrough an equal balance of
orthogonal angbarallel evolutionit introduces a dependemon the number of 18@ulses,
i.e. the CPMG frequency as

Y Yy Yt h £

Tt

wheret is the length oft8® pulseandt is the delay between 18pulses in CPMG

block. This can be expressed as

57



Y Y t°
C

¢

Y

8
where’ —— is the CPMG frequency

As introduced in chapter Xor two-site exchangdan a fast exchange regimethe
Luz-Meiboom(Luz & Meiboom, 1963)model is described as

OATH— 18]

If we incorporate thdéinearly decaying factor in all the points of dispersmnfiles, the

observedY Yy  willbe

Yio Y 18

If we fit the relaxation dispersigorofileswith this corrected modglhere isanextrafitting
parameter (R compared to the standard Lieiboom model. A combination of many R
and R values can fulfill the fitting criteria and that can restrict the optimization procedure
to a local minimum. To avoid thisbstacle, wénave measured the longitudinal relaxation
rates Ri1) for backbone amide proterof ubiquitin at 26K (figure 4.9 on the same
perdeuterated sample which walso used forall *H E-CPMG measurement3he Ry
measurement was performed using thethod described previouslyMarkus, Dayie,
Matsudaira, & Wagner, 1994%electednversionrecovery profilesrom some residues of
ubiquitin areshown infigure 42 as red dotsThe Ry valueswere obtained by fitting the
data tothefollowing equation

O Op cA@bPYO 8

which is shown as black lisan figure 4.2 The fittedR: values aramentioned inside

correspondingplot.

All residues were found to hawevery low R which can be attributed to the stronggar
field( j¢“ =950.38 MHzBo=22.3 T), slower tumbling at lower temperature (R§0
and perdeuteration ahe potein sample, all of whiclvererequired forthe detection of
fast dynamics by RD measurement. The obtaineddRies were then used as an input

parameter for fitting the dispersion profiles watuatiord.4. Selected dispersiqmofiles
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are showrin figure 4.1where red dots indicate the experimental data pointsheafidted
curvewith equatiord.4is shown as solid black line Obtained lifetimes of the exchange
processarementioned in the corresponding plbt.some residues, onlineardecy was
observedn the entire CPMG frequency ran@aottom right corner of Figure 41This
decay @esnot indicate any exchange process and is coming from the mixRgamdR>
in the CPMG block. The fitting of these residues were dopneemoving the xchange
terms fromequation(4.3), i.e replacingRz eft With Rz 0 which makes it dnearmodelwith
aslope proportional tboth (R-R1) and CPMG frequency

By fitting the data in thismannerwe are removing thadditionaldecay effect in the
dispersionprofile, originating fromthe phase cycle, which has no connectiorthe
undergoing exchange procegdterndively, we candeterminethis additionaldecay by
fitting the lastpart of the dispersion profile where the exchange decay is already completed
to a simpldinearmodel.Subtraction othislineardecay from the original RD data generate
RD profileswith decay originatig only from the quenchingfe@xchange contributi@to
relaxation This corrected datean now be fitteddirectly with the smple Luz-Meiboom
model as irequatiord4.3. This correction procedure and subsequent fitting is demonstrated
in figure 43. The red dots indicatihe measure®,eff valuesat 260 Kand950 MHz, the
dashed black line indicates the additidmadardecay originahg fromthe phaseycle and

the green dots indicate the corrected RD profilee LuzMeiboom modefitted to the
corrected RD profiles arghown assolid black lines and the fitted exchange lifetimes are
mentioned in the correspondimot. The exchangdifetime obtained in this manner
matches(within its uncertainty range) to when experimenRil is used as an input
parameter (figure 4). The small amount of discrepancy can be attributed to the inaccuracy
of measured amide protdt values, which are lawn to have contributifrom solvent
exchanggMarkus et al., 1994; Ulmer, Campbell, & Boyd, 200@9r the analysis of RD
data at highetemperatureshe method of linear correction prior to fitting was followed
Although the consequencetbie use othis phase cycle wagointed ouknown beforegor
single point R measurementYip & Zuiderweg, 2004)this is the first time it ishown in

RD profile.
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4.2.2Peptide flip motiorfoundin more residues

TheH E-CPMG experimerston backbone amide proton$ ubiquitin were measured at
eight different temperatusefrom 260K to 298K at 950 MHz At 260 K a total of 46
residues, distributed throughout the whole proteiow relaxation dispersion whietere

fitted to theLuz-Meiboom model as described@quatiord.3, to extract the timescale and

100 4

Roef [s7']

260K
263K
267K
272K
277K

287K
298K
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Figure 4.4: Temperaturedependence of pefide flip motion in ubiquitin. *H E-CPMG
backbone amide protdRD profiles of four selected residy@ghere detectable motion was
found in allmeasured temperatures from 26@o 298K are shown in colored dot$he
measuremertemperatures are color codadd indicated in the right bottom corner. The
individual fittings areshown in corresponding color in each temperature and the global

fitting is represented by dashed black line.
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amplitude of the undeying motion. Forty of these residueshow similar exhange
lifetimes in individual fitting andireshown & blue dots in figure 4.6. These residagesld

be globally fitted to a single timescale 187.9 + 19.1us indicated as the blue arrow in
figure 4.6.Previouslywe havedentifiedthis timescales a ollective motion originating

from apeptide bond flip between residues D52 and G&&ith et al., 2016)Figure 4.4
shows relaation dispersion profiles of fousuch residues; the green dots indicate the
experimetally measuredY ; values at 26 in a 2 mm capillarytube the solid green

line indicates the individual fitting of each residue and the black dasheddpesentshe
global fitting where all residues were fitted to a single timescale. All dispersiatepf
different temperaturesndividual fitting and global fitting are shown figure A1, and all

the fitted timescalesare shown in table Al ithe appendk. Although this peptiddlip
motion was previously detected by a combinatioff high powerY and CPMG (up

to 2.5kHz CPMG frequency), with the application thie E-CPMG now we could detect
the motion in more than twice the number of residues in much less NMR measurement
time. One of the reaserbehindfinding the peptiddlip motion in moe residues is the
robustness of £EPMG method, which makes it favorable in detecting both slow and fast
motion at low and high temperaturagspectively as described ifReddy et al., 2018)
Another advantage walse use ofisingle capillary instead of multiple capillaries in a 5mm
tube (explained in materialnd methodf this chapter). fiis setup allowed us to reach

2 K lower temperature (26K) compared taheprevious studySmith et al., 2016)ithout
freezing the sample and in addition it allowed better dissipation of RF heating, since the

VT gas now canidectly access the sample tube.

Like at 260K, at every temperature allispersion profileshowing peptiddlip motion

could be fited toasingle global timescal&.he fitted individual and global timescales are
plotted in figure 4.6 in blue colored dots and arrows respectively, affidt¢oimescales

are listed in table A.1 ithe appendk. Residues that dispyed the peptie-flip motion at

260K are coloredn blue in thePDB structure of ubiquitin (LUBIin figure 4.7A). The

size of the blue spheres are proportional to the fitted chemical shift variance which
represents the amplitude of motion. It can bensttom figure 4.7(A) that the residues
showing higher amplitude of motion are in the close vicinity of the peptide bond between
D52 and G53 which flips to generate the overall breathing motion in the whole protein.
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Global exchange timescaeand the Arrheius fitting is shown in figure 4.7(B) and

disaussed in the following section.

4.2.3PincerModeMotion Found inUbiquitin

In addition to the peptidélip motion, theH E-CPMG experimentts260K measured on
backbone amide protons of ubiquitieyealedhe existence of a fastetynamic process
six residues. Relaxation dispersion prafibé these residues are shown in figdrg, where
thegreen dotsndicate the measurdg it at 260K, andthe green solid lingepresenthe

fitted curveto theLuz-Meiboom model as described éguatior4.3.
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Figure 4.5: Relaxation dispersion profiles displaying timescales faster thanthe
peptide-flip . *H E-CPMGRD profiles of all six residues that show the presence of a motion
faste than peptiddlip are shown here wh colored dots. The color code is explained in
theright bottom corneof the figure Individual fitting toequatiord.3 arerepresentedvith

a solidline of corresponding color and the global fitting at each temperature is indésated

adashedlackline.
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Table 4.1: Exchange parameters obtained from fitting dispersion profiles exhibiting
pincer-mode timescale The backbone amidéi E-CPMG profiles, shown in figure 4.5

were fitted tothe Luz-Meiboom model as explained @guatior4.3. Both global (A) and

individual (B) fitted parameters are listbdow.

A

T K] Residue L8 T9 113 D39 N60 E64
Gx [us] 451+11.7

260 | Oex [103ppn?] | 9.30 +0.73| 9.47 + 2.04| 3.04 + 0.54| 7.54 + 0.63| 2.81 +0.79| 5.80 + 0.88
Rz0[s7 405+0.3| 498+04| 37.8+0.3| 33.4+0.3| 53.9+0.3| 405+0.3
Gx [ps] 375+8.3

263 | Oex [103ppn?] | 9.20 +0.87| 9.22+1.97 | 4.25+0.66| 7.58 + 0.58| 4.78 + 0.99| 6.62 + 1.02
Rz2o0[s1] 33.7+0.3| 434+04| 31.4+03| 28.0+0.3| 43.6+0.3| 34.0+0.3
Gx [ups] 30.9+10.1

267 | Oex[103ppn?] | 7.96 + 1.51| 6.35+2.10| 4.24 +1.11| 6.23 £ 0.75| 3.55 + 1.10| 6.29 + 1.55
R20[s7 265+0.4| 37.4+05| 253+04 | 226+0.4| 356+0.4| 27.3+0.4
Gx [us] 21.7+8.4

272 | Oex [103ppn?] | 6.72 +2.37| 4.05 +4.80| 5.38 +2.09| 5.61 + 1.55| 3.01 + 1.66| 6.74 + 2.96
R20[s7 21.2+04| 321+06| 19.6+04 | 17.8+0.3| 28.8+0.3 | 21.4+0.4
Gx [us] 17.0+5.6

277 | Gex[10%ppn?] | 7.80 +4.17 - 6.15 + 3.34 - - 7.01+4.21
Rz0[s7] 16.1 £ 0.7 - 15.5 + 0.6 - - 17.0+0.7

B
TIK] Residue L8 T9 113 D39 N60 E64

Gx [us] 60.6+5.8| 26.7+2.8 |78.1+21.4| 686+7.8 | 56.4+18.1| 51.9+8.2

260 | Oex[10%ppn?] | 7.31+0.61| 15.68 + 1.71| 1.99 + 0.45| 5.41 + 0.53| 2.34 + 0.67| 5.15 + 0.74
Rzo[s1] 40.9+0.3| 48.6+0.4 | 38.0+0.3| 33.9+0.3| 540+0.3| 40.6+0.3
Gx [us] 437+53| 234+3.0 |551+13.8| 613+84 | 39.3+9.3| 385+6.6

263 | Oex[10%ppn?] | 8.03 +0.91| 14.76 + 2.06| 3.06 + 0.69| 5.05 + 0.60| 4.58 + 1.04| 6.46 + 1.06
Rzo[s1] 34.0+0.3| 424404 | 31.6+0.3| 285+0.3| 43.7+0.3| 34.0+0.3
Gx [us] 28.8+5.1| 227+5.1 | 36.5+11.7| 50.3+10.4 | 36.8 + 14.1| 28.3+6.3

267 | Oex[10%ppn?] | 8.51 +1.54| 8.70+2.15| 3.63 + 1.14| 4.07 +0.77| 3.02 + 1.12| 6.86 + 1.58
Rz [s7] 264+04| 370+04 | 254+0.3| 23.0+0.3| 357+03| 27.2+0.4
Gx [us] 221+6.8| 141+7.6 | 24.1+9.1| 30.0£10.6| 28.6+18.9| 19.0+5.9

272 | Gex[103ppn?] | 6.61 +2.23| 6.67 +4.52 | 4.83+1.97| 4.07 + 1.46| 2.29 + 1.56| 7.81 +2.79
Rz [s7] 21.2+05| 31.8+0.7 | 19.7+0.4| 180+04| 289+04| 21.2+05
Gx [us] 16.5+6.2 - 18.9+8.7 - - 16.4 +6.8

277 | Oex [10%ppn?] | 8.10 + 3.69 - 5.47 +2.96 - - 7.32+3.72
Rzo[s7] 16.1 £ 0.6 - 15.6 + 0.6 - - 16.9+ 0.6
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Dashed black lireindicates the global fitting of all six residues to a single lifetime of
45.1+ 11.7 ps.This timescale is more than fotimes faster compared to the peptide flip

motion which has a lifetime df87.9 = 19.1pus atthe same temperatur€his motion with

faster timescaleould be detected at four other higher temperatures up to 277 K. RD

profiles at higher temperatures are gaded in red (26K), blue (267K), magenta (27K)

and yellow (27X). At thesetemperatureghe global timescale of motion was found to be
37.5+£8.3ps, 30.9£ 10.1ps, 21.7+£ 8.4usand 17.0t 5.6 us at 26X, 267 K, 272 K and
277 K respectively Full set of global and individual fitting parameters are displayed in
table 4.1(A) and table 4.1(B)espectively Although our recently developed high power

RD methodis capable of detecting even faster motjdhe amplitude of the RD profiles

(Rex < 3 st) were not high enough for getting any reasonable fit for extraction of exchange

parameterat temperatures higher than 277 Ke exchange contribution to relaxation
(Rex) decreaseat higher temperatutgecause it is scaled by the higher exchange fregquenc
(kex). Despitethis scaling, the peptididip motion could be studied atightresiduesup to
298K, most of which are closer to the B&53 peptide bond, where the peptide bond flip
occurs. This is because the peptide flip motion is originated by ngamenof hydrogen
bonding network in ubiquitinwhich createa bigger difference in chemical shifttheen

the exchanging conformers, leading to higher chemical shift variance.

All residuesshowing thefaster timescales are coloréd red in the PDB tsucture of
ubiquitin in figure 4.7(A).The adius of the red spheres represthigtrelative values of
fitted chemical shift variancdmong these six residusat show fasteimescals, L8 and

T9 possesshigher chemical shift variance, whichcontributesto higher exchange
contribution in the dispersion profiles as shown in figure fitlese two residues happen
to bein the firstloop region of ubiquitin betweethef i r s ands(ebclo}strdndsh b.2 )
Another residue that shows higher exchange contribution to relaxatia®Oiswhichis
alsolocated inaloop region between the thifds t r and ( bBI&l)x. Interestingly h e
in previous stuiggs(Lange et al., 2008; Peters & de Groot, 20d&h loopswere found to
be involved in a higlamplitude pincetike movementfrom a structural ensemble of
ubiquitin refned with a large set of R C Through dihedral angle calculat®rof
trajectories fom one millisecondong MD simulation, D. E. Shaw and coworkers have
computationally observed minstates, whicldiffer in their conformation in both of these

loops(Lindorff-Larsen, Maragakis, Piana, & Shaw, 2QIBynamical content calculation
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from this theoretical work indicated that this observed conformational fluctuation occurs in
thesupraz: window of protein dynamics timescale spectrimom these findings wean
infer thatthe motion with faster timescalebserved direty for the first time throughH

E-CPMG experimers, is coming fromthe pincermode motion.

4.2.4Arrhenius fittingof obtained timescale of motions

'H E-CPMG performed o backbone amide protons of ubiquitin shows two clusters of
timescales at each temperatufdese aregepresentecs blue and redots for residues
showing peptiddlip and pincermode motion respectively in figure 4.6. The globally

fitted timescales at each temperature are shown as arff@esesponding colors.
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Figure 47: Spatial and temporal distribution of peptide-flip and pincer-mode motion.
(A) All residues that displayed peptiflgp and pincermodemotionsare colored irblue
and ed respectively in thestructure of ubiquitin(LUBI). The mdius of the spheres
indicates the amplitude (chemical shift variance}h&f detected motion(B) Arrhenius
fitting is done with the global exchange rates foundliierent temperatures for both
peptide flip (blue) and pincanode motion (red). Colored dots indicated the obthine
global timescaleand the dashed black limepresent thétting to the Arrhenius model as
shown inequatiord.6. Obtaned activation energiesnd timescakeat 298 Karementioned

in corresponding color.
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As expected with increasing temperature bothe peptideflip and the pincermode
dynamics become faster resulting in lower exchange lifetifrfe=logarithm of the global
exchange lifetimes are plottadainst thenverse temperature (yin figure 4.7B8) in blue
and red for peptiddlip and pincermode motionrespectively. Black dashed lines indicates
the Arrhenius fitting of global exchange rates with the following equation
1 - 2 @
It is visible from figure 4.7(Bthatthe slope®f fitted lines are different for the two types
of motions giving different activation energid8.4+ 0.5 kJmol* for the peptide flip and
34+ 1.4 kIJmol? for the pincer mode motion. Due to this difference in skpee
timesales & both types of motions conwdoser to each other at higher temperature. At 260
K the difference is more than a factor of four whereas at 277 K the factor is rediess] to
than three. The peptigdép motion involves breaking, formation, and redistriloutiof
hydrogen bonds in ubiquitin whereastive pincermode motion the loops move without
involvement of any highly energetic processThis could expla the lower activation
energy forthe pincermode motion. For the same reason confornrerslved in pincer
modemovementre expected to differ less in chemical shifnttieose involvedn peptide
flip motion, generating less chemical shift variangSV) and hence less exchange
contribution to relaxationThis could be the reason behind less observed @r the
pincermode motion although it is found to be the highest amplitude motion of ubiquitin in
many previous studigdange et al., 2008; Michielssens et al., 2014, Peters & de Groot,
2012; Smith et al., 20)6Although the peptideflip motion could be detected directit
room temperature with a timede of 11.1+ 4.9 us, the pincemode motion was not
possible to capture at temperasingher than 277 K due tbe lower lifetime andgmaller
chemicalshift changeinvolved in this motion. From Arrhenius fittingf the pincermode
motionthe lifetime at 29& was extrapolated to &9+ 6.9 us, which is twicas fast than

peptideflip motion at this temperature.

4.3Conclusion

The application ofH E-CPMG experinens on backbone amide protenf ubiquitin is
demonstrated in this chapter. We found a linear decay in all RD profiles arisinghieom
phase cycle of 18pulses itheCPMG blockrequired for removing offesonance effects.

The linear decaywas correted with the help of theoreticalinterpretation published
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previously(Yip & Zuiderweg, 2004)and decouplé from the quenching of the exchange
contribution to theelaxationrate.Althoughthe linear decay igresent in almost all CPMG
experimentsat leastis aminor contributionthis is the firsexperimental demonstration of
suchadecay behaviofThis corrections more relevant for CPMG measurements of large
molecules at very high magnetic field due to the greater differenceasfdRR. Applying

this correction methodhé backbone dynamiad ubiquitinwas studiedn eight different
temperaturegangingfrom supe&cooledcondition at 260 K to room temperature (298 K)
This led to thefinding of already observegeptideflip motion in double thenumber of
residueslin addition to that, for theeryfirst time, we culd directly detect the pincenode
motion in ubiqutin throughhigh powerRD experiments, whiciwvaspreviouslypredicted

to exist from both experimental and computational hoés (Lange et al., 2008;
Michielssens et al., 2014; Peters & de Groot, 2012; Piana, lffrdarsen, & Shaw, 2013)

The global timescales of these two types of motion differ significantly at lower temperature
(260 K)but the difference decreases at higher temperdttwen Arrhenius fitting, tiis led

to ahigheractivation energyor the peptde-flip thanthe pincermodemotion Thiscould
beattributed to the involvement hydrogen bond breaking, formation and rearrangesnent

all of which are absent ithe pincermode motionlt hasalreadybeendescribed in many
previousstudies thathe pincermode motion contributeto the conformational adaption
power of ubiquitin while binding to other proteifidichielssens et al., 2014; Peters & de
Groot, 2012) Direct observabn of this motionfinally enlightenst h e #fliploit d i n

ubiquitin dynamics, whiclwill help for abetter undersindirg of binding mechanisms.

4.4 Materials and Mthods

4.4.1Sample Preparation

All NMR experimerts mentioned in this chapter weperformed on a®N labeled
perdeuterated ubiquitisample. The sample wasrposefully not labked with 3C nuclei

to avoid the necessity &iC decoupling, whicttould be arextrasourcefor RF heatingln

addition, the heteronuclear J couplinglléCU and car bony|l carbon to
proton and nitrogen nuclean be a source of artifaéh relaxation dispersion profie!°N

labded pedeuterated ubiquitin sample waspressed irEscherichia colj which were

adapted to a 100%:2D Toronto minmal medium, supplemented with7iQlucose as a

carbon source ant?N-NH4Cl as nitrogen source. The protein sample was purified as
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described before ithe previous chapter. NMR measurements were performed on a 3 mM
protein sample im 20 mM sodium phosphateuffer of pH 6.5 containing 5hM NaCl
and 0.05 % sodium azid&% D,O wasadded before the NMR measurements.

For reachingsupercoolecconditions a new andnore convenient approach was taken.
Instead of transfeing the sample to multiple rhm capillaies and then putting theto a

5 mm tube, the protein sample wdigectly transferred to a single capillary of 2 mm outer
diameter and 1.6 mm inner diamefi@ought from Bruker)The sample could be transferred
using a simple long pipettip and unlike the work described in previous chapters, no
Hamiltonsyringe was necessary which difficult to clean. About 80 ul of sample volume

was needefor achieving good shimming. These capillaries were 10 cm long wdattout

half of thelength of normal NMRube, hence a special sample holder (bruker MATCH
system) was needed to put the sample in magnet. This also ensure the position of capillary
at the center of coil volum&upercooledconditions(up to 260 K)were reached by slowly

decreasing the temperaguf0.5 K / minutegfter inserting the sampieto themagnet

4.4.2NMR Experiments

All NMR experiments described in this chapter were measumeaBruker Avance Ill HD
spectrometer operating atH Larmor Frequencyf 950 MHz (22.3 T), equipped with a

5 mmtriple resonance (HC/N-D) new generation crygenically cooled probesapable of
operating asupercooledemperaturesin in house pulse sequence was used fotHhe-
CPMG measurements which can be found in the appendix. The constant time CPMG
measuremds were performeds pseudo 3D experimearith scan interleaved fashion to
spread out and minimize the heating due to RF irradialiba. CPMG block length was
kept to 20 ms andtotal of 28 CPMG frequencies were acquired up to 35000 Hz. Each two
dimensioml plane corresponding to articularCPMG frequencyereacquired with 64
complex points in the indirect dimensidfinax= 31.62ms)and 512 complex points in the
direct dimensiontf max= 38.5ms); 8 scans were performed for each FID. The recychy del
(d1) was set to 2 for better heat dissipation atwl protect the integrity of the probe and

amplifier.
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4.4.3Data Analysis

The scan interleaved EPMG data vasdivided and then cadded using homebuilt pearl

script to generate multiple .ser files copesding to gery CPMG frequencies. The
time-domain datavas then processed with NMRpi(2elaglio et al., 1995)All processed

2D planes were loaded to Computeded Resonance Assignment (CARA) as fitd

format and the intensities were extracted with a peak tolerance of 10% in both dimensions
to take care of minor peak shiffhe extracted intensities were then used to calc¥ate

values at different refocusing frequencies with the following equation;

. .0
—Q e— T
@go &

Where, w ois the length of CPMG delay (20 msp) is the inensity from reference

Y

experiment, where the CPMG block was omitt&l, in the intensity from CPMG
measurement with a particular CPMG refocusing frequehiog. incertaintyin intensity
was obtained by repeating three refocusing CPMG frequenciebeaindttndard deviation
was used to calculate the raneansquaredeviation (RMSD) for every peak with the

following equation

(plY R Y B Y S TEqJ
Relaxation dispersion profiles were fitted ltoiz-Meiboom model as describedenquation

4.3 using the NMinimize function in Mathematica software. Uncertainties of the fitted

parameters were obtained ®dionte Carlo method with 100 runs.
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5 Rapid Confomational Exchangan
Intrinsically disordereg@53TAD
domain

5.1Introduction

In the previous chapters, | have described detection of several hidden motion in backbone
and sidechain of folded proteins using the recently developed -pmher relaxation

dispesion methodn our group(Ban et al., 2012; Pratihar et al., 2016; Smith et al., 2016)
Unvelling of thekineticshelped us for better understanding of prof@iatein binding and

molecular recognition processda. this chapter,| turn our attention to an intrinsically
disordered protein (IDPAs a chal l engunotibe p&tandcgmpoe
disordered proteins (IDP) or regions (IDR) have emergedkeg player ilmanysignaling

and gene regulan processe@ ompa, 2012)The transcriptioal activation domain (TAD)

in the Nterminal of protein p53 is one such protein with knostructural disorder
(Borcherds et al., 2014)

5.1.1N-terminal TADDomain ofProtein p53

Gaining fame from its tumesuppresi®n role, p53 is one of the most extensively studied
multifunctionalprotein in humangRoyds & lacopetta, 20068)Vhile overexpression of p53
can cause unnecessary apoptosisjerexpressionof this protein may leadotcancer.
MDM2 keestheoptimum balance afellularconcentratiorof p53by binding and marking

it for ubiquitinrmediated degradatiqdebelli, Hooper, Garden, & Pocock, 2012; Vousden
& Lane, 2007) However, undestressed conditions of celldIDM2 does not bind to p53
leading to a buildup of its concentratiarnich cause cell cycle arre¢Borcherds et al.,
2014; Lee et al., 2000Y0 perform as a cellular antagonistpM2 binds to p53 through
its disorderedN-terminal TAD domain(Chi et al., 2005) Hence, understandintipe
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structure and dynamics of the TAD domain is crucialtfaving usefulinsight intothe
binding mechanism.

Although thisdomain isclaimedto bemostlydisorderedrom severaktudiegBell, Klein,

Muller, Hansen, & Buchner, 2002here are reports wheregsence of transient structural
elements were observed. In a NMR based study, TAD was found to be loosely folded
confaining apreformedhelix and two turn regions. Local helicdtucturewas found in the
stretch of residueB18-L26 whereasesidues betweeM40-W53 were reported to take part

in transientturn formation(Lee et al., 2000)A single tun helix was predicted to exist
residued.22-K24 from a combination of RDC and smalhgle xray scattering AXS)
measurement®lthough these studies suggest that TAD exast a disordered or loosely
structured protein in the unbound state, it was found to contain fully formed secondary
structural elements in its complexes with other proté&esidues 185 of TAD are found

to be ina helix motif in its complex with MDM2(Kussie et al., 1996; Schon, Friedler,
Bycroft, Freund, & Fersht, 2002From thesestudies,it seems that the preexisting
secondary structural propensitiptay an important role in the binding processf TAD
domain.In this scenario, understanding the timescale and amplitude of the conformational
exchange in free p5SBAD domain could give useful insighthis makes it an ideal system

to be studied by ouecently developed high power RD method, which currently can detect

single digit microsecond motion.

5.2Results anddiscussion

5.2.1FastConformationalExchangdg-ound inWild-type p53TAD

The high-power amide*H off-resonancer: ,RD was applied to the wiktype p53-TAD
domain on a perdeuterated sample. No detectable exchange contribution west thend
temperatures betwe@77 and 29&. This suggested, either the chemical shift difference
and/orthepopulation odifferent conformers are too small or #sechang process is faster
thanwhat can be detected liye high power RDmethod € 2.8 us). To test the second
hypothesis we reduced the measurement temperatutiee tsupercooledregime, for
slowing downany fast and undetected dynamics. TRP experimentvas gerformedat
263K in 1 mm capillaries (described materials and method), keeping the sample in liquid
state. At this temperatursix residues displayed significaRies dispersion intheRy ,RD
profiles (figure 5.1). When the RD profiles were fittedlividually with equation 5.2
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(materials and method), lifetimes in the range of 3.4 to 4.4 ps were ohtagiskdown by
the black curve and the mentioned values in the correspondindplot the six residues
could be fitted globally to a single lifetie of 4.15 0.19 ps. The global fitting of all RD

profiles are shown by the green curve in ggloh
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Figure 5.1:Backbone anide proton R1 relaxation dispersion profiles of p53TAD at
263K. The red dots indicated the experimentally meas&eag valuesobtainedfrom
high-power offresonancd?; ;measuremest The black line denotékeindividual fitting
curve foreach residue to equati®.2 and the fitted lifetime obtained from this fitting is
shown in corresponding plot. All six RD profiles could be fitted globally to a single lifetime

of 4.15+ 0.19 ps, which is denoted by the green line.

This is, to our knowledge, the fastestaded motion so far by any NMR RBRPMG and
R: ) measurement. The lifetime of ~ for all six residues suggests that they could be
involved in some global exchange process, whichainedundetectedy RD beforedue

to the limitation in applied®; filed for both CPMG andR; , In addition,this denonstrate

73



é I i lIIH.H,\lllll!ili!'l“.l.l.lt.\.] 11 "q-]-]-ﬂll'\'lq '““"’*'l'lI]l]H I oy |||| w IM

Residue Number

Figure 5.2: Secondary structure propensity (SSP) scores calculated from chemical
shift. SSPscores were calculated ftine wild-type (red), P27A (green), F19A; W23A
(yellow) and P27A; F19A; W23A (gray) mutants @irotein p53TAD from the
expeimentally obtained chemical shifts. Positive values of SSP scores indicate the helical

propensity and the negative valeggest he propestrasdi ty for b
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Figure5.3 Arrhenius fitting of the global lifetimes obtained from R1 ;measurements
on wild-type p53TAD. Global exchange ratefound at different temperatures ranging
from 262 to 265 K are shown inred dots. The grayihe represents the fitting to the
Arrhenius model as shown gquation5.3. Fitted activation energynd the extrapolated

timescaleof motionat298K are mentioned in the plot.
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the necessity of supercooled condition together with thegter RD was ecessary for

detecting the fast exchange process inpaB.

From the experimentally observed chemical shift of C#) @8 amide!H, and amidé®N
secondary structural propensity (SSP) scores were calculated folkhwingrk of(Marsh,

Singh, Jia, & FormaikKay, 2006) This method provides residue specific SSP scores by
combinng all of the abovenentioned chemical shifts which can indicates the presence of
a transient structure in intrinsically disordered proteins. This method of secondary structure
estimation is morereliabletha e por t i ¥, because & Weighseveriiemical shifts

with their accuracy of distinguishing different secondary structures. The calculated SSP
scores for residues of wittype p53TAD is shown in red bars in figure 5.2. Since TAD is
reported to have transient helical structure in free formfalhylformed helix in bound
complexes, we focus towards helical propensities from SSP score. Elevaté¢d38%)
valuescan be seen for residues-280 which indicates estence of helical propensities.
Interestingly the same stretch of residues showaetfigignt exchanges contribution from

the high power RD measurements. This suggests, the exchange process that we have

observed in p58ould be helix formation from randeooil conformations.

To estimate the activation energy barrier for the observed ooatemnal exchangeith
Arrhenius fitting, the RD experiments were perform at different temperatures.
Unfortunately, the faghotion could be detectaxhly atfour temperatures in a very narrow
window from 262 to 265 K. Bellow 262 K the liquid sample wasén and above 266

the lifetime was beyond the detection limit of high povRer, method. At thesefour
temperaturg the same six residues showed detectable exchange contributions and in each
temperatureall RD profiles could be fitted ta single glolal timescale. The observed
lifetimes were 4.7& 0.20, 4.15+ 0.19, 3.76 0.18 and 3.24 0.23 us at 262, 263, 264

and 265K respectively.These lifetimesare plotted in figure 5.3 againste inverse of
temperature (1/T) for Arrhenius analysis. The bllaskindicates the Arrhenius fitting with
equation 5.3An activation energy of2.3+ 14.8 kJ/mol was obtained from the Arrhenius
fitting andthe timescale of the motion etom temperaturg298K) was extrapolated to
be86.2+ 162.0 ns. Narrow range tdmperatures (26265K) at which the motion could

be detected is reflected in the high uncertainty of the extrapolated timescale. Such fast
lifetime (~90 ns) is still at a great distance from the current detection limit of our
high-power RD methodX 2.8 us)
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5.2.2SlowerDynamics in P27AViutant of p53TAD
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Figure 54: 1°N E-CPMG r elaxation dispersion profiles obtained fromP27A mutant of
p53-TAD, measured at 26X. Selected residues from different region of thetg@n
backbone and sidehain aralisplayedhere The ed lines indtates the individual fitting of
experimentallyobtainedR: ff values to thd.uz-Meiboom model as described in equation
5.6. RD profiles from residues in the helix region and the-ciden of W23 were fitted
globally to a single lifethe 0of379.1+ 45.9 s, which is represented by the dashed green
line. Whereas for the residues appearing in the second helical redastedifetime of
103.7+ 12.5 pys wasbserved

The resilual helicityof p53TAD is knownto have significant impaadn its binding affinity
with MDM2 in vitro and in cell§Borcherds et al., 2014 this study, the most preserved
proline residue (P27) between humangfnmouse and chicken was replaced by alanine
This substiition of proline, just outside the binding site (a&B) resulted intenfold
stronger binding wittMiDM2 thatultimatelyhindered cell cycle arrest ability thfe protein
p53. To investigatéhe effect of this mutation on the helical content, we perfor8sH
score calculatiomwith the experimentathemical shifts obtained frothe P27A mutant of
p53TAD. In can be seen from figure 5(@reen barg thatthe SSP scoschave become
twice compared tthe wild-type protein in the first helical region, whicldinates a twofold
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Figure 5.5: Temperature dependence ofdynamics in P27A mutant of p53TAD,
obtained from 15N E-CPMG experiment. Individually fitted lifetime (T ) values from
the fitting of dispersion profile§RD) at 263K (A) and 277 K (B) are shown hereth
black dotsThe global exchange value of the residues in two helical segments are indicated

with blue and red dotted lineNlo residue inurn regiors showed RD at 27K.

increase in helical propensiti@0%). This increased helicity was previously reporied
the abovementioned workBorcherds et al., 2014) r o m Y Agidit®nally, the residues

in the streth of 38-55 also shows increased helical contanthhe mutant

To examine the exchange timesdal¢he P27A mutant®N E-CPMG RD was performed

at 263K, where exchange contribution was seen in total 15 residues. Nine of these RD
profiles are shown ifigure 5.4.A dramatic reduction of ~100 fold in the exchange lifetime
from the residues in the first helical segment was observed in the P27A mutant compared
to the wild type p53rAD. In additionto backbone amid®N, RD was also observed in the

e



241

16 1

24

16 |

Roer [57']

12

8
4

401
32
241

W23_SC

0 10 20 30

0 10 20 30

0 10 20 30

T 546

241

161

W53

M|

16

W53_5C

16 1

0 10 20 30

0 10 20 30

0 10 20 30

E17 40 F19 32 W23_SC
32] 24
24,
. ) . 16 . .
N Ak 2 : 161 e = o : :
0 10 20 30 0O 10 20 30 0 10 20 30
S46 16 | T55 16 W53_SC
’\.‘__J M 8{ ™, e
N 81 v
0,

0 10 20 30

E17

AT

0 10 20 30

546

RS

0 10 20 30

0 10 20 30

0 10 20 30
W53

0 10 20 30
Vepwe [kHzZ]

78

VB

0 10 20 30

0 10 20 30
W53 SC

0 10 20 30

Figure 5.6: 'H E-CPMG RD profiles of P27A mutant of p53TAD at different
temperatures. RD profiles of selected residues fronelix-1 (E17, F19, W23 and W23
sidechain) and helix 2 (S46, W53, T55 and W23 sidechain) are shown here at three
different temperatas, 263X (A), 277K (B) and 29& (C). Individual and global fitting

with Luz-Meiboom model (equation 5.6) are represented with solid red and dotted green
curves respectivelyzull set of residues are shownfigure A5- A7 in the Appendix.
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Figure 5.7. Temperature dependence of dynamics in P27A mutant of p5BAD,
obtained from 'H E-CPMG experiment. Individually fittedlifetime (f )values from the
fitting of dispersion profiles (RD) at 288 (A), 277K (B) and 298 K (C) are shown here
with black ats. The global exchange valtitem the residues secondhelicalsegment is
indicated withred dotted line and the average lifetime of first helical segment is shown

with blue dotted line in each of the three temperatures.
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sidechain indole ring oamino acid W23. RD from théackboneof residues in helkd

and W23 sidechain could be globally fitted to a single lifetime 8f79.1+ 45.9 us as
indicated bythegreen dotted linein RD profiles of figure 5.3. This suggests that theside
chain of W23 movewith thesame timescale as the backbone of this segment and could be
involved in the exchange process. In the P27A muRIDtwasvisible alsoin six residues

in the regiorB8-55, which showed higher helical content in addition to the first helix region.
The global exchange lifetime (~1@@) for this segment was about four times faster than
the first helix. Thiglifference in lifetimas visible in both the appearance of the RD profiles

in figure 5.4 and the fitted lifetimes in figure 5.5 (A). Althoughaahigher temperature
(277 K), RD was detected in more residues in the first helical segment due to higher signal
to noise ratio and sharper lines, no RD Wasd in the predicted second heffigure 5.5

(B)). This could be due to the limited detecttomescale window of"N E-CPMG. All N

RD profiles measured at 268 K, 273 K and 277 K are shown in figur@4Alh the
Appendix along with global and individually fitted lifetimes.

To study the exchange process at higher temperature (especially incthe kelix),*H E-

CPMG RD was employed due to its ability of capturing faster mgtasalready described

in the previous chapters. Frotd E-CPMG, RD could be measuredoin 263K to 298K.

RD profiles athree temperatures are shown in figure 5.6 aatt thdividual lifetime are
plotted in figure 5.7. A clear separation in the timescales could be observed between two
helical segments. At 298 K global timescale of exchange for the two segments were fitted
to be 24.4- 3.1 (helix1) and 15.% 2.3 us. The timescale of motion from these two
segments are closer to each other in higher temperafuoiike in >N RD, with H,
exchange was found in the sideains oftwo tryptophan residue@V23 and W53)For

both of these residues the timescale found in theectiain matches with the corresponding
backbone region as evident in figure 5.7.*MIRD profiles measured at 263 277K and

298K are shown in figure A.5 to A.7 in the Append@lobal exchangéfetimesfound

for these two segments are plotteith inverse of temperatures (1/if) figure 5.8 in blue
(helix-1) and red (helix2). Activation energy found for the exchange process in ieisx

larger thanwhat is found in helix2. It is clear from the plot thatlgbal timescales from
helix-1 and helix2 region approached each other at higher temperature and become
indistinguishable a310K.
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Figure 5.8: Temperature dependence of exchange procesobservedat helix-1 and

helix-2. Lifetimes obtained with global fitting of RD profiles from residyesdcted to be

in helix-1 (blue) ancdhelix-2 (red)conformationsare shown here with colored dots. Dashed

lines of corresponding colors indicated the Arrhenius fitting for both helices with equation

5.3.Fittedactivation energies are shown in the plot vaitinresponding colar

5.2.3Removal ofthe HydrophobicPatch £19, W23 in the Core

of Helix-1

In the binding of p53rAD with MDM2, the hydrophobic patcformed my residue F19
and W23in the center of helikd found to plg important role(Kussie et al., 1996)These

residues were also showed to be preserved across dipemiegBorcherds et al., 2014)

To understand the importance of these residues for the formatibe wahsient helix we

made a mutation replacing both F19 and W23 by alaiiinis. mutant sheed a twofold

decrease in the helical propensitj@5 %)of the residues in first helical region compared

to wild type p53TAD (figure 5.2) Interestingly no exchmge process could be detected in

this mutanfrom RD. In another mutanin addition to the hydrophobic patch, we have also

replaces the proline residue (P27) at thiedninal of the first helixAlthough this mutant

shows similar SSP score as the wildeyprotein, no RD was observed in this mutant
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5.3Conclusion

In this chapter, by using high power ,relaxation dispersion (RD) technique, for the first
time we could observeonformational exchange b3 TAD in its free form. At 263,
theglobaltimescale of motion was found to belHs. This is, to our knowledge the fasted
motion ever detectedby any RD techniqugCPMG andR: ). From the temperature
dependenceof the observed exchange process in the wild type protein at a narrow
temperature window (26265K), the lifetime of exchangeat room temperature was
extrapolated to be ~90 ns. SSP scoreuwtated from the experimental chemical shiéts
thewild type TAD shows elevated helical propensities (~30%) in the region where RD was
observedThis suggests that in free form p5AD could be existing as an ensemble where
the residues in the region N30 find themselves in both helical and random coll
conformations.In the P27A mutant, a reduction of -00 fold in the lifetime of
conformational exchange the helix-1 regionwas foundfrom both'H and*N E-CPMG

RD profiles.In addition to the backine, exchange processvere also detected in the
sidechan of both W23 and W53. The timescsalef motiors observed in the sidehairs
matches with the corresponding backbone regimm helix-1 and helix2, respectively

This links the hydrophobic coltse of the sidehains with the observed global process of
helix formation.A two-fold increase in thielical propensitiesf helix-1 regionwas found

from the SSP scores of this mutant. This proves higher helical content and
conformational exchangen ithe P27Amutant, whichcould led to its stronger binding
affinity for MDM2, as found by ITC measuremeriBorcherds et al., 2014\Ithough in

an ongoingNMR investigation, we have found weaker binding affinifytisis mutant
compared to the wild type, which could be due to the presence of another binding site in
the second helical region of pdAD leading to a different recognition mechanidm

spite of having similar helical content from SS&bre,the triplemutant (F19A, W23A,
P27A)did not show RDSince the chemical shift changes of protons are induced by the
ring current effec of aromatic amino acidthe removal of those might also reduce the
chemical shift variance of the protons such that they aretecibleln the double mutant
(F19A, W2 3 A) both the | ower popul ation of
detection of conformational exchange. In addition to the aboationed factors, in both

the mutant lacking the hydrophokiore the timescale of motrocould be much faster than

the wild type, shifting it to thstill undetectable timescakndow of RD. In summarythis

work demonstrated the importance of both the hydrophobic core in the center of the first
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helix and the proline residue at thet&@miral of this helix. All of these three (F19, W23
and P27) residues are preserved in-pBB across different species, carrying important
role for the function ofhe proteinApplication of thefollowed high power method in other
IDPs could also discover ldén dynamics that may help to gain significant insight into

their mechanism of action.

5.4Materials andMethods

5.4.1Sample Preparation
Perdeuterated’N-labeledp53 TAD (1-73) samples werexpressed ifE. coli adapted to

100% DO Torontominimal medium suppleented with B-glucose as the carbon source
and®N-NH4CI as the nitrogen source. RecombinpgB8 TAD waspurified as described
before(Lee et al., 2000NMR experiments were performed on a inM p53 TAD sample

in 50 mM sodiumacetate buffer at pH 6.8ontainings0 mM sodium chlorideand0.03%

sodium azideBackbone amidéH Off-resonanceRy) rel axati &p-RDJi sper s
experiments at tempatures ranging from 262 K to 26K were carried out in capillary

tubesto produce supetooled conditions below the freezing point of water. Each glass
capillary of 1 mm outer diameter (Wilmad, Buena, New Jersey) contained 25ulp#3he

TAD sample and 12 such capillaries were placed inside a 5 mm NMR samplé@hebe.
samplewas purposefully not labeled with'C nuclei to avoid the necessity &iC
decoupling, which could be an extrausce for RF heating. In addition, the heteronuclear

J coupling of CU and carbonyl carbon to th

be a source of artifact in relaxation dispersion profiles.

5.4.2NMR Experiments

AllNMR measurements were performed iBraiker Avance Il HD spectrometer operating
atH Larmor Frequency of 700 MHz (14.1 T) and 950 MHz (22.3 T),. Backbone amide
protonRy measurements were performed at 262 K, 265 K, 269 K and 275 K. For reaching
the supercooledonditions, thesample tempature was lowered slowly (0.5 K / min) to
avoid freezing of the liquid sample. A high VT gas flow of 1070 liter/hour was used for

achieving better dissipation of heat generated by high power RF pulses. Heavy ceramic
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spinner (sample holder) was necessaravoid wobbling of the sample by the high gas

flow rate.

Each two dimensional plane corresponding to a particularlspknpower and delay was
recorded with 64 complex points in the indirect dimensigra(= 31 ms) and 512 complex
points in the dect dimensiontémax= 65.5 ms); 4 scans were performed for each FID. The
recycle delay (g was set to 3 seconds for better heat dissipation and to protect the integrity
of boththe probe and amplifiers. The pulse program forreonancé&kl } me aestur e m
was written following the work published previougBichmuller & Skrynnikov, 2005nd
provided in the appendix. The sgock power was varied between 1 kHz and 25 kHz
during the measurement to obtain effeetiransverse relaxation rates at different RF field.
The average tilt angle was kept at 3%¢8 & & pj V¢ ) to minimize the pseuddispersion
effects caused by NOE and ROE transfers. This was achieved by choosing prejzakspin
carrier offsetrelative to the center of amide region (8 ppm). Theresbnance approach
helped us to achieve higher maximum effective RF field of 350,000 rad/s, which can detect
single digit microsecond motion (3.4 ps). All the spins under investigation were aligned
with the offresonance spitock field by applying adiabatic RF pulse of 100 kHz sweep
width phase and amplitude modulation. Effective transverse relaxation rates at each spin
lock power was measures by varying the dpak delay from 2 ms to 125 ms. Toréeve

homogeneous heat distribution all measurements were performed in interleaved fashion.

5.4.3Data Analysis

The scan interleaved RD data was divided and thexdded using a hordguilt pearl script
to generate multiple .ser files corresponding to evenylggk power and delay. The raw
data was then processed with NMRp{pelaglio et al., 19953oftware. All processed 2D
planes were loaded to ComputeEded Resonance Assignment (CARA) as .ft2 format and
theintensities were extracted with a peak tolerance of 10% in both dimensions to take care
of minor peak shifts. At every spiock powerR: ,values werecalculatedby fitting the
peak intensities from spectra corresponding to-khk delay of 2, 45, 90 anl25 ms with
the following equation

‘© OQwnyY o 8 LD
The uncertainties of fitteR; ,values werestimatedrom residuals of the four fitted points.

Effective Ry, values and effdwve spinlock power were then calculated following a
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previously described methq&ichmuller & Skrynnikov, 2005)RD profiles measured at

all four temperatures were fitted to the following equation

Yy ! 8 &
= Y v
ie— " p t

Where—if the tilt angle of every spins appearing at a particular resonance frequency,

is the population weighted chemical $hvariance;t is the lifetime of exchange process

and is the effective sphhock filed. The fitting was done using thimnLinearModelFit

function in Mathematica software. Uncertainties of the fitted parametersestaratedy

AParemeError o property of t™hand Noaldesweear Mo d

local to each residues even when all residues were fitted to a single global lifetime value at

a particular temperature. The lifetimgs obtained from thabowe-mentionedorocedure

were used for the Arrhenius fitting with the following equation
. N (0] .
|t B

where A is attempt frequenc§ is activation energy and R is the waisal gas constant.

vd

For CPMG RD data analysis, the extracted intensities from different 2D planes were used
to calculateY values at different refocusing frequencies with the following equation;
O

—0 E— g
opg @)

Y
Where, w 0is the length of CPMG delay (20 ms) is the intensity from reference
experiment, where the CPMG block was omitt&l, in the intensity from CPMG
measurement with a partieml CPMG refocusing frequencylhe uncertainties of
intensites were calculatedby repeating three refocusing CPMG frequencies and their
standard deviation was used to calculate thememnsquaredeviation (RMSD) for every

peak with the following equatio

WY i Y Y vd®

Relaxation dispersion profiles were fitted to thez-Meiboom modelLuz & Meiboom,
1963)as described by the followirgguation

, , “ 0 T PN O] .
Y Yi —g— P ——OATE— h L&
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6 Conclusion and Outlook

Aiming at narrowing down the invisible supgawindow of protin dynamicswe have
made significant progressvhich is described in this dissertatiodsing all commonly
observed nucldn proteinNMR (**N, 13C and'H) we have exceeded the existing kinetic
limit of detectionby accessing faster dynamics. This waslenpossiblavith high power
relaxation dispersiofCPMG andR; ) by combining the advancement in hardware with
smart design of pulse progranvghile performing orresonanc®; ,experimentsve have
realizedthe timeconsuming nature of this powerfoiethod, which puts a restrictiamn
measuring RDf only selectedesiduesthatare likely to show conformational exchange.
As asolutionto this problenwe have proposed the robusCPMG approacfwhichoffers
time-efficient detection ofdynamicscovering the timescalindow of both conventional
CPMG andR: , Furthermoe, we have founthe presence of a linear decay in CPMG RD
profiles arising from a very commonly used phase ¢yated proposed a method for

correcting this additional decay.

Applying this newly developedechnique we have found functionally relevantdiien
supraz dynamics inthe backbone and sidehains of three very well studied proteins:
GB3, ubiquitin and p53AD.INnGB3, we f ound a gl oHuajwhiohot i on
is linked to its antibody recognition. In addition to findihginvolvement of moregsidues

of ubiquitin in the peptiddip motion, we havedirectly deteced the highkamplitude
pincermodemotion for the first time This newly deteetd mode of motiorhasalready
beenpredicted tacontribute in the conformational adaption of ubiquitin Hiinding to

other proteinsBy studying the sidechain dynamics in mutants of ubiquitin, we could link

its origin to motion happening ithe backbone. As a consequence of this finding we
proposed the idea of extrapolating the sslain dynamics tdhe backbone in large
macromolecules complexes, where backbone resonances are difficult to observe.
Employing the same highower RD, we found a very fast transient helix formation in the
intrinsically disordered AD domain ofp53. The same stretch of residudsere the helix

is found is knownto be involved in binding with MDM2n tumor suppressioduring

cancer progression
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The invisible supraz window spans acrosfour ordes of magnitude in timescale
(~4ns40ups). The newly founddynamicsmentioned aboveould be discovered by
making one order of magnitudé this window (~ 4us-40 ps) visible. One can imagine
how impactfulthe closingof the whole supra: gap will be. We are already working
towards that goal and made significant progréssachieve this goal we are develogpa
probethatcangenerate 300 kHz ofiBield, which together with the supercooliagproach
can make the entirgipraz window accessibléy directly detectingdynamics as fast as
4 ns. The successfdevelopmenbf this probe will also extend éfnigh-power RD method

to challengingproteins that are stable only at lower concentrations
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7/ Appendix

7.1Figures and ables
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Figure Al: Backbone amidéH E-CPMG RD profiles ofubiquitin, showing peptidelip

timescale at different temperatures. Colored red dots and the solid colored lines indicated
themeasured Rerrand individual fitting curves at 260 K (greeB3 K (red), 267 K (blue),

272 K (magenta), 277 K (orange), 287 K (purple), 292 K(yellow) and 298 K (brown). Black
dashed line represents the globally fitted curves at each temperature.

91



Table A.1l: Individual and global exchange lifetime of peptide fliptiomo at
differenttemperatures.

Res 260 K 263 K 267 K 272K 277 K 287 K 292 K 298 K

Global | 187.9+19.1| 151.5+19.2| 109.1+12.4| 71.7+14.4| 50.3+11.4| 221+6.7] 154%38 | 120427
T14 186.1 +37.2| 152.1 +32.4| 100.5+26.1| 47.3+15.8| 41.5+17.2| 16.2+59 | 121+43 -
L15 183.2+41.4| 137.2+29.5| 81.4+19.1| 55.2+18.4| 48.5+20.2| 29.9+17.2| 16.0+x6.0 -
E18 | 202.3+36.7| 145.5+32.3| 127.4+35.2 - - - - -
T22 205.4 +22.7| 169.7 £+20.9| 117.9+17.2| 93.3+21.7| 72.8+23.8| 19.8+84 - -
123 2139+4.1| 167034 | 1141+3.2| 71.8+x3.0| 49.1+31| 252+3.7| 174+3.1| 122+25
K27 194.0 £ 28.1| 175.6 + 33.8| 118.2 £ 29.6 - - - - -
A28 206.1+5.2| 169.1+51| 115951 | 79.2+6.1 | 526+6.9 | 32.3+x149| 16.7+95 -
K29 189.8 +18.0| 163.7 +17.5| 107.7 £16.5| 74.2+19.6| 67.9+31.0| 22.1+134 - -
130 159.6+7.7| 143.0+73| 984+64 | 67.0+x6.9 | 46.7+£7.6| 23.8+9.0 - -
Q31 184.0+17.4| 179.7 £30.1 - - - - - -
D32 171.5+34.9| 179.4 +45.9| 105.4 +£30.7| 61.3+27.1| 49.6+31.0 - - -
K33 1396 +3.9| 1254+39| 894+36 | 706+x45| 51.2+57 | 25.2+135 - -
E34 137.0+17.7| 1346+20.3| 91.6+21.1| 51.9+19.4| 342+153| 241+136| 169+86| 11.2+3.6
G35 | 2248+17.1| 142.1+13.7| 959+11.8| 63.0+14.7| 46.3+17.7| 29.9+ B.9 - -
Q40 178.8+11.1| 153.4+11.3| 112.7+£12.8| 71.2+19.2 - - - -
Q41 1255+6.1| 106.4+6.0| 86.4+6.9 | 64.2+10.3| 55.8+18.7 - - -
R42 143.8+3.7| 126.6+3.4| 1035+35| 66.9+4.0| 440+£53| 164+4.1 | 199+87 | 14355
L43 - 1438+13| 1057+13| 70.2+14| 50.1+16| 23.0+x1.7| 16.0+1.7| 11.6+1.7
144 2175+ 41.6| 147.8+29.5| 108.6 £27.5| 62.2+20.6| 41.7+18.1| 144+54 | 16.9+7.3| 104+35
F45 158.1+29| 1585+26| 1095+21| 70.3+20| 470+19| 254+35| 153+22 | 122+2.1
A46 1959+8.7| 146.3+x75| 1026+6.7| 66.1+6.4 | 47.7+65| 16.2+29 | 127+25 -
G47 201.0+19.9| 151.9+17.4| 101.4+11.8 - - - - -
K48 186.8 £29.7| 1459 +24.7| 101.9+20.7| 83.6 +28.4| 70.4+36.1| 20.3+11.4| 17.8+11.1 -
Q49 - 139.3+41.4| 975+31.3| 53.0+21.0| 43.8+20.6| 19.7+8.7 | 13.7+5.0 -
L50 186.9+7.8| 155.8+5.8| 108.7+4.4| 73.3+x6.3 | 495+59| 20.1+4.0| 17.3+45| 145+39
E51 179.1+23| 156.8+1.7| 1174+15| 73.1+16| 509+16| 222+15| 152+15| 12.1%1.7
D52 | 208.3+60.6| 133.5+39.1| 110.2 +39.0| 64.4 +29.1| 59.7 + 33.6 - - -
T55 182.0+4.3| 156.1+4.1| 109.0+3.6| 70.3+3.3| 49.0+3.2| 215+26| 144+21| 12.7+24
L56 193.1 +18.4| 157.9+16.5| 108.4 +14.6| 82.2+15.6| 62.0+16.6| 19.2+7.6 | 120+4.2 -
S57 186.7 £31.8| 151.4 +29.0| 101.4£25.9| 57.7+21.9| 51.9+19.9 - - -
D58 1898+7.1| 160.6+69 | 1082+6.4| 78279 | 49.8+79| 174+55| 11.1+39 -
Y59 2425+ 29.6| 146.0+21.4| 115.1+21.7 - - - - -
161 2155+21| 1589+18| 1084+1.7| 754+18 | 553+21 | 229+24 | 188+3.7| 89%+35
Q62 1443 +9.8 | 121.7+10.6| 93.9+125| 76.2+21.3 - - - -
S65 179.8 +41.4| 149.8 +45.7 - - - - - -
H68 196.2+6.2 | 151.4+56| 1109+56| 683+53 | 459+54| 21.5+48| 198+6.2 | 116+29
L69 162.7 £29.7| 138.4 +25.4| 78.7£20.3 - - - - -
V70 220.0+18.8| 178.2+17.2| 109.5+13.2| 60.5+13.7| 37.2+14.3| 159+54 | 17.2+7.8| 12.1+39
L71 206.7 £ 28.1| 159.9 +25.2| 105.8 £22.2| 58.2+19.5| 47.5+22.8 - - -
R72 206.6 +15.2| 162.1 +14.4| 111.6 +13.4| 64.3+£11.6| 50.4+13.3| 17.0+59 | 141+5.2 -
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Figure A2:®N E-CPMG RD profiles of P27A mutant of pSBAD at 268K. Both global

(green) and individual (red) fitting to equation 5.6 are shown here.
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Figure A3:®N E-CPMG RD pofiles of P27A mutant of p53AD at 273K. Both global
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Figure A5:*H E-CPMG RD profiles of P27A mutant of pSBAD at 263K. Individual

fitting to equation 5.6 and the fitted exchange lifetimes are shown here in red.
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Figure A6:H E-CPMG RD profiles of P27A mutant of pSBAD at 277K. Individual

fitting to equation 5.6 is shown here in red.
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Figure continues to next page.
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