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Abstrakt

Delta podjednotka je soucdsti enzymu RNA polymerasy vyhradné¢ Gram pozitivnich
bakterii. Je to postradatelnd ¢dst RNA polymerasy, nicméné je potfebna pro preziti bunék
v kompetitivnim prostifedi. Delta podjednotka je ¢astené neuspofddany protein, ktery
se skldda ze dvou domén. N-termindlni doména je strukturovand, zatimco C-termindlni
doména je vnitfné neusporddand. C-termindlni doména obsahuje mnohondsobné repetice
negativné nabitych zbytkil kyseliny glutamové a asparagové, které na polypeptidovém fe-
tézci generuji elektrostatickou repulzi. C-termindlni doména také obsahuje konzervovany
usek s pozitivné nabitymi zbytky lyzinu, takzvany lyzinovy trakt. Pfedchozi studie delta
podjednotky odhalily pfechodny elektrostaticky kontakt mezi pozitivné nabitym lyzino-
vym traktem a negativné nabitymi zbytky v C-termindlni doméné.

V této diplomové praci se zabyvame popisem role elektrostatickych interakci v kon-
formac¢nim chovani delta podjednotky. Za ic¢elem pozorovani vlivu elektrostatickym inter-
akci byl lyzinovy trakt zaménén za negativné nabité zbytky kyseliny glutamové. Pfipadné
zmény v konformac¢nim chovéni delta podjednotky byly pozorovany za pouZiti nukledrni
magnetické rezonance. Mezi sledované parametry patfily chemické posuny, zbytkové di-
poléarni interakce, zrychleni relaxace v diisledku paramagnetické interakce (paramagnetic
relaxation enhancement) a relaxacni rychlosti.

Vysledky analyzy potvrdily, Ze elektrostatické interakce jsou zdrojem caste¢ného
usporddani v C-termindlni doméné a fidi jeji konformacni chovédni. Navic také zpro-
sttedkovavaji mezidoménovy kontakt mezi negativné nabitym C-termindlnim fetézcem a
specifickymi oblastmi v usporddané N-termindlni doméné. Bylo zjisténo, Ze elektrostatické
interakce v neusporddané doméné jsou nezbytné pro spravné konformacni chovani celého
proteinu delta podjednotky.






Abstract

The O subunit is a unique part of RNA polymerase of Gram positive bacteria. It is a
dispensable subunit of RNA polymerase, however the d subunit is required for fitness of the
cells in the competitive environment. The 0 subunit is a partially disordered protein, which
comprises two domains. The N-terminal domain is well folded, whereas the C-terminal
domain is intrinsically disordered. The C-terminal domain contains multiple repetitions of
negatively charged glutamic and aspartic acid residues, generating electrostatic repulsion
in the polypeptide chain. Additionally, the conserved lysine stretch with positive charge
is present in the C-terminal domain. Previous structural studies of the § subunit revealed
transient electrostatic interactions between the lysine stretch and the negatively charged
residues in the C-terminal domain.

In my diploma thesis I focused on description of the role of these electrostatic in-
teraction in the conformational behaviour of the & subunit. In order to investigate the
impact of electrostatic interactions, the positively charged lysine stretch was replaced by
negatively charged glutamate residues. The potential changes in the conformational beha-
viour were monitored by nuclear magnetic resonance. The observed structural parameters
were chemical shifts, residual dipolar coupling, paramagnetic relaxation enhancement and
relaxation rates.

Our investigation confirmed that electrostatic interactions are the source of the partial
ordering in the C-terminal domain and govern its conformational behaviour. Moreover the
electrostatic interactions in the flexible C-terminal domain mediate the interdomain contact
of the negatively charged C-terminal tail with specific regions in the well folded N-terminal
domain. These results revealed that the electrostatic interactions in the disordered domain
are crucial for the proper conformational behaviour of the whole 6 subunit.
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Introduction

Intrinsically disordered proteins (IDPs) have come in the forefront of researchers’ interests
few decades ago, when the structure-function paradigm was called into question. IDPs do
not adopt any stable tertiary structure, however their structural plasticity is associated with
a wide variety of biological functions, which are inaccessible for well ordered proteins.
The abundance of IDPs within proteoms of all organisms documents their importance
and remarkable efforts were made in order to develop novel approaches for structural
characterization of IDPs. The structural investigation of IDPs might help not only in the
understanding of the functionality of proteins in regulatory networks, but also in designing
new drugs [1]. Nuclear magnetic resonance is a well-suited experimental technique for the
investigation of IDPs with atomic resolution.

The protein of interest in the presented diploma thesis is the § subunit of the bacterial
enzyme RNA polymerase. The 0 subunit s a partially unstructured protein, comprising well
folded N-terminal domain and intrinsically disordered C-terminal domain. This protein is
found exclusively in Gram positive bacteria and although it is a dispensable part of RNA
polymerase, the § subunit is essential for the fitness of cells in competitive environment [2].
The presence of the & subunit enhances transcription specificity and efficiency of RNA
polymerase recycling.

The structure of the J subunit has been previously studied in our laboratory. The
structure of the well folded N-terminal domain was determined by Veronika Papouskova
in 2010 [3]. The N-terminal domain comprises four alpha helices and a beta sheet. Af-
terwards the structure of the C-terminal domain was characterized [4]. The sequence of
C-terminal domain contains multiple repetitions of the negatively charged glutamic and
aspartic acid residues, which results in electrostatic repulsion and extended structure. Addi-
tionally, the lysine stretch with a positive charge is present in the sequence of the C-terminal
domain. The electrostatic attraction mediates the intradomain contact between the lysine
stretch and the negatively charged C-terminal tail. The flexibility of the polypeptide chain
in the C-terminal domain is not uniform and exhibits increased rigidity in the region of
the lysine stretch and its vicinity. These results promoted the potential importance of the
electrostatic interactions on the conformational behaviour of the C-terminal domain.

Within the framework of my bachelor thesis the influence of the electrostatic interacti-
ons was probed by increasing the salt concentration from the 10 mM sodium chloride, used
for the structure determination, to the final concentration of 200 mM sodium chloride. The
salt ions were supposed to weaken the electrostatic attraction between the lysine stretch
and the negatively charged C-terminal tail and potential changes in the structural behaviour
were searched for using nuclear magnetic resonance. The effect of the increased salt on
the chemical shifts and residual dipolar coupling was not significant. Thus we decided to

—Xix—



XX Introduction

investigate the electrostatic interactions in a more controlled manner.

Therefore the mutation was introduced to the lysine stretch and the positively charged
lysines were replaced by the glutamic acid residues with negative charge. The potential
differences in the conformational behaviour caused by the disruption of electrostatic inter-
actions were monitored by various structural parameters obtained using nuclear magnetic
resonance, such as chemical shifts, residual dipolar coupling, paramagnetic relaxation
enhancement and relaxation rates.



Chapter 1

Theory

1.1 Delta subunit of RNA polymerase of Bacillus subtilis

1.1.1 RNA polymerase

Bacillus subtilis 1s a well studied model organism, which belongs to the industrially and
medically important strain of Firmicutes. It is a Gram positive low G+4C bacterium.

DNA-dependent RNA polymerase (RNAP) is a multi-subunit protein complex funda-
mental for gene expression. This enzyme catalyses the essential process of transcription,
where genetic information from the DNA template is converted into RNA. RNAP is con-
trolled by a wide scale of transcription factors. Specificity and precise regulation of the
RNAP activity play a crucial role in the control of gene expression. Therefore efficient
function of RNAP is necessary for organisms to adapt their environment [5]. Transcription
consists of three phases: initiation, elongation and termination.

During initiation, RNAP recognises the DNA promoter sequence, binds to double-
stranded DNA (dsDNA) and the closed dSDNA-RNAP complex is created. Subsequently,
the open complex is formed by unwinding double-stranded DNA to single-stranded DNA.
The open complex is able to synthesize RNA. During the elongation phase, the synthesis
of RNA continues. Termination of transcription is catalysed by a specific termination
sequence or p factor, the RNA transcript is released and RNAP recycles.

The bacterial RNAP core consists of five indispensable subunits - dimer o, 8, B’ and
@. The RNAP core enables elongation and termination. The process of initiation requires
forming of RNAP holoenzyme by association of the core with an additional ¢ subunit.
The o subunit enables recognition of a promoter sequence on DNA and therefore reduces
unspecific binding of RNAP. The o and ® subunits maintain assembly and stability of the
RNAP core [6, 7]. The B, B’ subunits form the active center of the enzyme, carry out the
interaction of RNAP with the DNA template, formation of the transcription bubble and
NTP binding to RNAP [8].

Composition of the RNAP core is identical in all prokaryotic organisms and the structure
of the active site in the core is conserved in both bacterial and eukaryotic organisms [9].
However, RNAP of Gram positive bacteria differs in the presence of two additional
subunits: € and 0 subunits.

_J]_



2 Chapter 1. Theory

1.1.2 Delta subunit

The accesory d subunit is a protein encoded by the rpoE gene in Gram-positive bacteria.
Sequence of the 6 subunit includes 173 amino acids and the protein molecular mass is
20.4 kDa. The 0 subunit is a highly acidic protein with the isoelectric point of 3.6 [10].

The 6 subunit contains two distinct regions — structured N-terminal domain (NTD) and
flexible C-terminal domain (CTD).

N-terminal domain

The NTD provides binding to the RNAP core in vivo, however the binding site is
unknown [11]. The amino acid sequence of NTD is displayed in grey in Figure 1.1, it
contains 82 amino acids and the charge distribution in this region is uniform. Conserved
regions are present in NTD, which indicates importance of this region [12].

GIKQYSQEELKEMALVEIAH ELFEEHKKPVPFQELLNEIA
SLLGVKKEELGDRIAQFYTD LNIDGRFLALSDQTWGLRSW
YPYDQLDEETQPTVKAKKKK AKKAVEEDLDLDEFEEIDED
DLDLDEVEEELDLEADDFDE EDLDEDDDDLEIEEDIIDED
DEDYDDEEEEIK

Figure 1.1: Amino acid sequence of the 6 subunit from Bacillus subtilis. Grey colour
represents the structured N-terminal part. Letters in black, red and blue mark uncharged,
negatively charged and positively charged amino acid residues in the C-terminal part,
respectively.

The structure of the ordered N-terminal part was solved using both X-ray [13] and
NMR [14]. The N-terminal domain consists of four alpha helices (helix I, I, III, IV created
by residues Q8-K12, L16-—H27, F33--L44, G52--N63, respectively) and antiparallel beta
sheet, formed by three beta strands (residues V31--P32, F68--A70, T75-—L78) [14, 4].
The structure, shown in Figure 1.2, was published by Papouskova et. al in 2010. The
PDB code is 2KRC [14]. The arrangement of NTD is structurally and sequentially similar
to the winged helix-turn-helix (WHTH) domain in the ASXL protein, which belongs to
the HARE-HTH family (HB1, ASXL, Restriction Endonuclease proteins). Based on the
functions of proteins included in this family, HARE-HTH might be a potential DNA-
binding domain [15]. Resemblance of 6 with HARE-HTH suggests the ability of 6 NTD
interact not only with RNAP, but also with modified DNA sequences [16].

C-terminal domain

The unstructured C-terminal part contains 92 amino acid residues. The amino acid
sequence includes stretches of glutamate and aspartate residues, represented by red colour
in Figure 1.1. Glutamic and aspartic acid side chains carry negative charge. Repetitive
acidic residues generate an extremely acidic C-terminal tail, which acts as a polyanion.
The acidic nature provides CTD the ability to displace nucleic acid bound to RNAP in a
binary complex [10].

CTD is highly flexible and does not adopt any 3D structure. However, the chain does
not behave as a random coil. The electrostatic repulsion of repetitive negative charges
in CTD results in formation of an extended tail with 30% propensity for beta secondary
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Figure 1.2: The structure of 8 N-terminal domain (PDB ID: 2KRC).



4 Chapter 1. Theory

structures. Also the flexibility of C-terminal tail is not uniform along the polypeptidic
chain. The region with the lysin stretch, shown in blue in Figure 1.1, is significantly more
rigid than the rest of the tail [4].

Transient long-range contacts of CTD both with well-ordered NTD and itself were
observed. The intradomain interaction is caused by an electrostatic attraction between
the positively charged lysin stretch (residues K96-K104) and the negatively charged
C-terminal tail (residues E114-D171). Balance between the electrostatic attraction and
repulsion governs the conformational behaviour of CTD. The interdomain interaction was
identified with helix 1V, loop L71-Q74 and the first strand of the beta-sheet [4]. Contacts
between the domains might indicate influence of CTD on folding of NTD [16].

Function of 0 subunit

The & subunit is a dispensable part of RNAP and cells are viable after its deletion
[17]. However, 0 is required for the proper transcriptional function of RNAP, it maintains
RNAP specificity and increases efficiency of the transcription machinery.

0 plays an important role in initiation of transcription. It suppresses binding of RNAP
at non-promoter DNA sequences, decreases RNAP-DNA open complex stability at weak
promoters and thus supports transcription from preferred and strong promoters [18, 19].
Rapid and specific gene regulation by & provides cells ability to adapt and survive in
changing environment [2].

Animpact of 6 on virulence of Gram positive pathogenic bacteria such as Streptococcus
agalactiae, Streptococcus aureus was observed. The absence of the d subunit negatively
affects the virulence, decreases the ability to survive in human blood and the resistance
against leukocytes [20, 12].

Processes following termination of transcription are also influenced by the é subunit.
NTD bound to RNAP presents its C-terminal tail, which competes with nucleic acid for the
RNAP binding. It facilitates efficient RNAP release and recycling after transcription and
increases the overall RNAP activity in multi-round transcription [10]. Despite the intensive
studies of the & subunit, the molecular mechanism of its function is still unknown.

The O subunit, containing the unstructured region in C-terminal domain, belongs to
the group of intrinsically disordered proteins. The specific characteristics of this group are
discussed in the following section.

1.2 Intrinsically disordered proteins

The structure-function paradigm was called into question few decades ago, after disco-
vering proteins lacking stable tertiary structure, but still performing biological functions.
These proteins are termed intrinsically disordered proteins (IDPs) [21]. IDPs exhibit very
dynamic nature and high flexibility, characterised by heterogeneous conformational en-
sembles. The polypeptide chain does not adopt any stable structure, however it forms
residual secondary structure motifs or transient long-range contacts [22].

The intrinsic disorder might resemble denatured state of well-structured proteins or
random coils, however the disorder is encoded in the amino acid sequence. IDPs contain
large amount of disorder-promoting amino acids: Ala, Arg, Gly, Gln, Ser, Glu, Lys and
Pro. Occurrence of these residues gives rise to low overall hydrophobicity and hight net
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charge of IDPs. The low content of hydrophobic amino acids causes failure of adopting
compact structure and the hight net charge leads to repulsion [21, 23].

IDPs are very abundant in living cells. The abundance of IDPs in bacteria and archea
is predicted to 16-45% and 26-51%, respectively. Eukaryotic proteins are predicted to
contain 25-30% of IDPs and 52-67% of proteins including disordered region [24, 25].

High occurrence of IDPs in organisms indicates their important function in fundamen-
tal cellular processes. Pliability of these proteins provides increased interaction surface
area and conformational flexibility. IDPs are able to interact with many different binding
partners. The interaction is often followed by a disorder-to-order transition and binding to
another binding partner with a high specificity and low affinity [22]. The aforementioned
properties are crucial for proper function of IDPs in cells. These proteins play a key role in
signaling and regulation pathways, cell cycle control or cellular organisation [26, 27, 28].

The improper behaviour of IDPs is associated with diverse neurodegenerative diseases,
such as Alzheimer’s disease, Down’s syndrome, Parkinson’s disease or prion diseases
[29, 30, 31]. Moreover, the misbehaviour of IDPs is connected to cancer [32, 33].

The investigation of biophysical properties of IDPs is possible using numerous spectro-
scopic methods such as single molecule Forster resonance energy transfer (smFRET) [34],
small angle X-ray scattering (SAXS) [35] or fluorescence correlation spectroscopy (FCS)
[36]. The most convenient and universal method for observing structural parameters of
IDPs is nuclear magnetic resonance spectroscopy (NMR) [37].

1.3 Structural characterization of IDPs using NMR

Nuclear magnetic resonance spectroscopy is an experimental method which provides
information about both structure and dynamics in biomolecules at atomic resolution. The
development of high-field NMR technology and using recombinant proteins containing
13C and N isotopes enabled highly automated procedures of structural investigation of
well-ordered proteins.

However, the well-established methods used to study folded proteins can not be applied
in the case of IDPs. The highly flexible nature and conformational plasticity of IDPs lead
to extensive signal-overlap and high chemical shift degeneracy of the observed nuclei in
spectra. Moreover, exposure of the protein backbone to the solvent enables significant 'HN
chemical exchange with water. Higher chemical exchange rates cause peak broadening and
reducing '"HN dispersion, thus using the common 'H-direct detection with high sensitivity
results in crowded spectra with low noise-to-signal ratio.

Therefore, the structural characterization of IDPs by NMR requires novel approaches.
Very high resolution in spectra is necessary in order to avoid spectral overlaps. Improved
resolution is accomplished by increasing spectra dimensions to 4D, 5D or even 7D. Recor-
ding this kind of spectra demands using sparse sampling with regards to reduction of the
time of measurement. The problems with low 'H dispersion and peak broadening due to
the amide proton chemical exchange are solved by employing !3C-direct detection expe-
riments. The development of innovative methodology and instrumentation has promoted
NMR the only experimental technique for obtaining high resolution structural information
about IDPs.
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IDPs do not adopt a unique structure corresponding to the lowest energy conformation,
but their “’structure” is represented by an ensemble of various conformations. Therefore,
determination of a single unique structure for IDPs is not possible. However, the structural
constraints characterizing an ensemble of states can be obtained. Residual secondary
structure, transient long-range contacts and regions of restricted or enhanced mobility can
be detected by various NMR techniques and it can be used for structural characterization
of IDPs [38].

1.3.1 Chemical shift

Chemical shifts are highly sensitive probes for detecting residual secondary structure in
proteins [39, 40]. This structural parameter can be easily obtained directly from assigned
spectra of the protein.

Resonance frequencies of nuclei with non-zero spin numbers in strong magnetic fields
are measured in NMR experiments. The resonance frequency of the measured nucleus
depends on the applied external magnetic field Bg, magnetogyric ratio of the nucleus y and
chemical shift §, which describes shielding caused by the local environment of nucleus.

o =—Y(14+6)By (1.1)

The chemical shift is given by difference of resonance frequencies of the sample and of a
reference compound. Widely used reference compounds are 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) in biochemistry or tetremethylsilane (TMS) in chemistry. The chemical
shift is expressed in parts per million (ppm), which is convenient for its independence on

the applied magnetic field.
S— Wsample — Wreference

(1.2)

reference

Obtained chemical shifts are very sensitive to the local environment and molecular
structure. Therefore the secondary structure propensities can be extracted from deviations
of chemical shifts from their random coil values. Random coil shifts are resonance frequen-
cies referring to completely unstructured proteins. The difference between observed and
random coil chemical shifts is termed as the secondary chemical shift AS.

Ad = 50bserved - 5random coil (1-3)

It is important to use reliable random coil shifts calibrated with respect to the used pH
and temperature [41]. Secondary chemical shifts obtained for various types of nuclei can
be combined and used for a more precise calculation of transient secondary structure
propensity. Sophisticated methods for determination of secondary structure in IDPs from
various secondary chemical shifts with respect to the primary structure were developed
[39].

1.3.2 Paramagnetic relaxation enhancement

Measurement of paramagnetic relaxation enhancement provides useful information about
transient long-range order in IDPs. Paramagnetic relaxation enhancement (PRE) arises



Chapter 1. Theory 7

from the dipole-dipole interaction between the electron spin from the paramagnetic center
and the spin of the reporting nucleus. The nuclei in proximity of the electron spin experience
rapid relaxation, resulting in line broadening in NMR spectra. The PRE effect is very strong
due to the high magnetic moment of unpaired electron, generating great local magnetic
field [42]. Therefore the measurement of PRE is often employed in order to map distant
transient contacts in range from 1 to 2.5 nm.

The PRE measurement requires paramagnetic labelling, typically thiol-reactive nitro-
xide compounds are inserted in the protein as paramagnetic spin labels . These labels are
attached through disulfidic bonds to the single cysteine residue, which is introduced by
site-directed mutation at specified position in the protein sequence. Remaining cysteine
residues are removed from the protein [43].

The spin label affects both transverse and longitudinal relaxation rates of the nuclei
close in space. The lifetime of excited states in the affected nuclei is decreased and
the peak intensities in NMR spectra are lowered. Ten to fifteen residues neighbouring
the spin label experience the line broadening, nuclei further in the sequence exhibiting
the line broadening indicate the long-range contact. The transient long-range contact is
revealed by the comparison of peak intensities between the paramagnetic and reference
spectra (Ipara /l4ia). The distance ris between the paramagnetic label and the nuclei can be
calculated from the increased transverse relaxation rate RSARA according to the Solomon-

Bloembergen equation:
K 31,
= 47,4+ ——— 1.4
s |:R2PARA( + 1—|—(1)12Tg):| ( )

where 7 is correlation time, @y is the Larmor frequency of the nuclei and K is expressed
as:

( )yzgg 2S(S+1) (1.5)

where L is the permeability of the vacuum, g, is the g-factor of the electron, tp is the
Bohr magneton and S is the total electron spin quantum number.

1.3.3 Residual dipolar coupling

Residual dipolar couplings (RDCs) represent another useful probe for detection of transient
secondary structure and description of the conformational behaviour of IDPs. RDC origi-
nates from interaction between two magnetic dipoles close in space, this effect is called
dipole-dipole interaction. The interaction contains information about mutual distances of
observed nuclei and orientation of the vector connecting the two spins with respect to the
external field. The dipole-dipole interaction in isotropic environment is averaged to zero
due to the Brownian motion. Therefore, the sample needs to be transferred into an anisotro-
pic environment, where the symmetry of molecular tumbling is broken and the resonance
splitting caused by dipolar interaction appears in addition to the scalar coupling. RDCs are
then obtained as the difference between scalar coupling in isotropic and apparent coupling
in anisotropic environment. The value of RDC D;; is dependent on the distance r between
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nuclei i and j, characterized by gyromagnetic ratios ¥ and ¥;, and on the orientation of the
internuclear vector with respect to the static magnetic field as follows:

v h 29 _
Dij:_}/yj ,LL()<3c0s 0 1> (1.6)

8m2r3 2

where 7 is reduced Planck constant, i is the permeability in vacuum, 6 is the angle
between the inter-spin vector and the external magnetic field, and the angular parentheses
express an average over exchanging conformations [44].

The anisotropic environment can be generated by various orienting media as phospho-
lipid bicells, filamentous phages, purple membrane fragments or stretched polyacrylamide
gels [45, 46].

The RDC values of IDPs are usually lower than values of well folded proteins due to
weaker alignment of flexible regions [47]. The type of transient secondary structure can
be detected from preferred alignment of molecules. NH-bond vectors are typically aligned
parallel or orthogonal in helical or extended secondary structure, respectively, which results
in a positive or negative values of RDCs [48, 47]. Additionally, combination of different
type of couplings along protein backbone, such as RDC of 13C%* and 'H®* and of carbonyl
13C and N in the peptide bond, reveals transient long-range order in IDPs [49, 43]. The
direct interpretation of RDCs is not straightforward, therefore computational methods for
obtaining long-range and local structure features from RDCs in combination with other
experimental data were developed [44].

1.3.4 Conversion of experimental data to structural parameters

In the analysis of the data from & subunit the software A Selection Tool for Ensem-
ble Representation Of Intrinsically Disordered States (ASTEROIDS) was used [50]. The
ASTEROIDS combines the various experimental data in order to create ensemble of the
structures, which describes the conformational behaviour of the intrinsically disordered
protein. The information about the global structural features is extracted from the Small
Angle X-ray Scattering (SAXS) and Paramagnetic Relaxation Enhancement (PRE), whe-
reas the information about the local conformation is encoded in the chemical shifts [51, 49].
The RDCs report on both local and global arrangement [52]. The ASTEROIDS analysis
converts the diverse experimental data to structural parameters, which define the average
representative ensemble and provide the interpretation of the obtained data.

Initially an ensemble representing all possible states is generated on the basis of
the protein sequence using statistical random coil sampling from the flexible-meccano
approach. In this step pool containing tens thousands of different structures is produced.
Then the experimental observables are calculated for each of these structures. Next, a
smaller set of hundreds of structures is selected on the basis of the experimental data.
The generated structures from the large pool are iteratively exchanged with the smaller
ensemble in order to obtain a set of structures with the averaged predicted observables
corresponding to the experimental data. This ensemble of hundreds structures represents
conformational space populated by the protein. The structural parameters extracted from
the representative ensemble provide meaningful description of IDPs behaviour [50].
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1.4 Protein dynamics

The IDPs are typically very flexible and their structure can be described by a high number
of inter-converting states. The mobility of proteins is not uniform and usually different
degrees of flexibility can be distinguished in various regions. Regions with restricted or
enhanced mobility are usually connected with important biological function, such as target
recognition or binding. Therefore the description of motional properties of IDPs is another
desirable feature, which is used for biological function recognition.

NMR spectroscopy is well suited for monitoring protein dynamics at atomic level
because molecular motion can be described by the NMR relaxations. The relaxation is a
phenomenon when nuclei excited by a radiofrequency pulse return to their thermal equilib-
rium distribution. The process of relaxations is mediated by random fluctuating magnetic
fields arising from internuclear motions and molecular tumbling [53]. The main sources
of the fluctuating fields in biomolecules are dipole-dipole interactions and chemical shift
anisotropy (CSA). The return of the spin to the equilibrium is a result of longitudinal
relaxation 77. The longitudinal relaxation, also called spin-lattice relaxation, is a process
of recovering o and B spin states in the thermal equilibrium through energy transfer
to neighbouring nuclei. The transverse relaxation (spin-spin relaxation) is also mediated
by random fluctuating fields and represents the loss of coherence of magnetization. The
longitudinal and transverse relaxations can be described by longitudinal and transverse
relaxation rates R; and R», respectively. Additionally, the correlation of distinct fluctuati-
ons such as dipole-dipole, dipole-CSA or CSA-CSA can be observed. The interference
between two different relaxation mechanism is described by cross-correlated longitudi-
nal and transverse relaxation rates I'y and I', [54]. The relaxation rates are related to
dynamic properties of individual nuclei and report on sampling of different conformati-
ons [55]. Another useful parameter characterizing dynamics is heteronuclear steady state
NOE enhancement (ssNOE). The exchange of z-magnetisation between nucleus in thermal
equilibrium and saturated nucleus coupled by dipolar interaction takes place during the
measurement of ssSNOE [56]. The ssNOE values are typically used as a good indicators of
flexibility of the polypeptide chain.

Relaxation rates report on various molecular motions, occurring on ps—ns time scale
for fast motions and on ps—ms time scale for conformational exchanges. The separation of
internal motions from the rotational diffusion is not feasible in case of the IDPs, therefore
the spectral density function mapping (SDFM) is the only approach how to describe the
effect of molecular motions on the relaxation rates [57].

Spectral density function J(®) is Fourier transform of the correlation function G(7).
The correlation function is function of correlation time(s) 7. and describes the time de-
pendence of random motion. Analogously to the processing of free induction decay, the
Fourier transform of the correlation function provides the function dependent on frequency
J(w). The spectral density function reports on the frequency distribution of the molecular
motion, thus it is used for interpretation of the dynamic behaviour of proteins. The linear
combination of the spectral density functions at discrete frequencies determines the rela-
xation rates. The spectral density values are calculated by the substitution of relaxation
rates Ry, Ry, ssNOE expressed as a ratio of peak intensities in the steady-state (/i) and
reference (Ir) spectra, I'y and I';, rescaled to the same units as the spectral density values,
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in the set of equations:

(2Ry —Ry)/d* = 2& +8bJ(0) + 127%(wy) (1.7)

Ry /d* = 6bJ(wn) +2J% (0 — on) + 1279 (04 + o) (1.8)
%(%-1)131/012: —2J%(wy — on) + 1279 (o + on) (1.9)
bT/(ped) = 2b(47°4)(0) + 37 (an))/p (1.10)

T, /(pcd) = 12bJ°(wn) /p (1.11)

where b =1+ c?/d?, d = —pohmw/ (1672 V/5), ¢ = WBoAN/(3V/S5), 1 and W
are the magnetogyric ratios of 'H and >N respectively, ryy is the 'H - PN internuclear
distance, U is the permeability of vacuum, h is the Planck’s constant, Ay is the anisotropy
of the >N chemical shift tensor, p = (3cos? 0:.a—1)/2, 6.4 is the angle between the
'H->N bond and the symmetry axis of the !N chemical shift tensor, and By is the
external magnetic field induction. The J9¢ () and J°(®) functions are the auto-correlation
spectral density functions and J° is the cross-correlation spectral density function, & =
Rex/d? is the contribution of slow exchange and J(®) = (JY (@) + c2J*(w)/d? /b). The
spectral density functions J49, J°¢ and J°¢ can be substituted by a single function J(w) for
isotropically moving molecules. With the knowledge of relaxation rates then the spectral
density functions values at five distinct frequencies J(0), J(on), J(@g), J(@n + o) and
J(on — o) are calculated from the set of five linear combinations (Equations 1.7,1.8,
1.9, 1.10, 1.11) [58]. This approach is not convenient from the experimental point of
view, therefore the high-frequency spectral density functions J%(wy), J9%(wn + @) and
JY(wn — wy) are replaced by a single spectral density function J9(g). This reduction
is applicable due to the high value of @y in comparison to the value of wy. Afterwards
various combination of different relaxation rates can be used for interpretation of dynamic
behaviour of proteins using reduced spectral density function mapping [58]:

(2Ry — Ry)/d* = 2& +8bJ(0) + 12J% (ey) (1.12)

Ry /d* = 6bJ(wN) + 14J%(ey) (1.13)

m(IS—S—l)Rl/dz:10Jdd(€[_[) (1.14)
™ ref
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1.5 Aim of thesis

The main aim of the thesis was to investigate the role of electrostatic interactions in
structural behaviour of the 6 subunit of RNA polymerase from Bacillus subtilis. Structure
of the § subunit was previously studied in our laboratory in detail [4, 13, 14]. Various NMR
experiments provided a clear evidence of the intramolecular contacts in the 0 subunit and
of the partial ordering in the unstructured CTD [4]. The presence of the highly conserved
lysine stretch in the negatively charged CTD suggests that the well-balanced interplay
between the attractive and repulsive interactions in CTD govern the motional properties
and influence the global structure of the § subunit. On the basis of these assumptions we
decided to investigate the impact of the electrostatic interactions.

Initially we investigated the electrostatic interactions by increasing the salt concent-
ration from 10 mM to 200 mM NaCl in the sample. The ions of sodium chloride were
supposed to weaken the electrostatic attraction between the lysine stretch and the nega-
tively charged C-terminal tail. However the chemical shift analysis and residual dipolar
coupling analysis revealed that the impact of increasing salt concentration on the structure
is rather small. Therefore we decided to replace the positively charged lysine stretch by
glutamate residues in order to examine the influence of the electrostatic interactions in a
more controlled manner.

The mutation of the lysine stretch was introduced to the § subunit. The substitution of
the positively charged lysines for the negatively charged glutamates was expected to disrupt
the electrostatic interaction and the potential changes in the structure were monitored
using nuclear magnetic resonance. Various observables from the NMR experiments were
measured and compared with the previously measured data from the § wild type in order
to reveal the influence of electrostatic interactions on conformational behaviour of the &
subunit. The secondary structure propensity of the 6 mutant was probed by a chemical shift
analysis. The long-range order was inspected using the residual dipolar coupling and the
paramagnetic relaxation enhancement. Also 9N relaxation experiments were employed in
order to characterize the motional properties of the 6KE mutant.
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Materials and Methods

2.1 Protein sample expression and purification

The expression and purification protocol was adapted from the Laboratory of Microbial
Genetics and Gene Expression of Libor Krisny at the Institute of Microbiology at the
Czech Academy of Sciences. Nowadays, the procedure is established in the laboratory of
Protein Structure and Dynamics at CEITEC, Masaryk University.

The 6 subunit was prepared both in a wild type form (0 WT) and two mutated forms. The
first mutation was introduced to lysine stretch (96 KAKKKKAKK 104), where positively
charged lysine residues were substituted by negatively charged glutamic acid residues (96
EAEEEEAEE 104) (6KE). The influence of this mutation was supposed to reveal the
impact of electrostatic interactions on conformational behaviour of the protein. The other
mutant includes the previously mentioned mutation with an additional one-point mutation
inL132 for C132 (6KE-L132C). This site-directed mutation was required for paramagnetic
resonance enhancement labelling.

The amino acid sequences of the KE and 6 KE-L132C mutants are shown in Figures
2.1 and 2.2, respectively.

GIKQYSQEELKEMALVEIAH ELFEEHKKPVPFQELLNEIA
SLLGVKKEELGDRIAQFYTD LNIDGRFLALSDQTWGLRSW
YPYDQLDEETQPTVEAEEEE AEEAVEEDLDLDEFEEIDED
DLDLDEVEEELDLEADDFDE EDLDEDDDDLEIEEDIIDED
DEDYDDEEEEIK

Figure 2.1: The sequence of the KE mutant. The color-coding corresponds to that previ-
ously used in Figure 1.1. The region highlighted in green represents the mutation of lysines
for glutamates.

—13-
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GIKQYSQEELKEMALVEIAH ELFEEHKKPVPFQELLNETIA
SLLGVKKEELGDRIAQFYTD LNIDGRFLALSDQTWGLRSW
YPYDQLDEETQPTVEA AEEAVEEDLDLDEFEEIDED
DLDLDEVEEECDLEADDFDE EDLDEDDDDLEIEEDIIDED
WIS

Figure 2.2: The sequence of §KE-L132C mutant. The color-coding corresponds to that
previously used in Figure 2.1. The letter C highlighted in olive represents the mutation of
leucine for cystein.

Competent Escherichia coli cells strain BL21(DE3) transformed with plasmid pET22b
containing the 0 rpoE gene were spread on a Petri dish with ampicilin and cultivated
overnight at 37 °C. One colony was inoculated into 5 ml of the LB medium containing
ampicilin. The inoculum was incubated for 4 hours at 37 °C and 250 rmp. After incubation,
800 ulof the inoculum was transferred into 80 ml of minimal M9 medium and the preculture
was grown overnight.

Next day, the preculture was transferred to 1920 ml of minimal M9 medium and it was
grown at 37 °C and 250 rpm in the incubator. After ODgq reached the value 0.8, protein
expression was induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to the
final concentration at 0.8 mM. The expression lasted 3 hours at the laboratory temperature.

The expression was terminated by cooling the culture on ice for 20 minutes. The
cells were harvested by centrifugation for 15 minutes at 4 °C and 7903 g. The pelet was
resuspended in the lysis buffer (100 mM bis-Tris pH 6, 2mM EDTA pH 8§, 100 mM
NaCl, 0.1 mM DTT, 1 mM B-mercaptoethanol, ImM PMSF) and disrupted by using
ultrasonication. The & subunit, present in the supernatant, was separated from cellular
compartments by centrifugation for 15 minutes at 4 °C and 30000 g.

The protein was purified by anion exchange chromatography in a batch mode using
Whatman DES?2 cellulose. Supernatant was mixed with buffer A (50 mM bis-Tris, pH 6,
100 mM NaCl, 0.1 mM DTT, I mM f-mercaptoethanol, | mM PMSF) and cellulose gel and
the mixture was stirred for 5 hours at 4 °C. Afterwards the mixture was left in a cold room
overnight for sedimentation. The sediment was transferred to the chromatographic column
PolyProp (BioRad) and the protein was eluted by increasing the salt concentration at 4 °C
(range 0.1 mM-0.6 mM NaCl). The presence of protein was analysed by the Bradford
protein assay. Selected fractions were tested by 12% polyacrylamide gel electrophoresis
(SDS-PAGE).

Fractions containing the recombinant protein were isoelectrically precipitated (sodium
acetate, pH 3.6) and centrifuged for 5 minutes at 4 °C and 17000 g. Afterwards, the
precipitate was diluted in the dissolving buffer (50 mM Tris-HCI, pH 8, 0.1 mM NaCl)
and its pH was adjusted to the range 6—7. The diluted protein was transferred to a dialysis
membrane and it was dialysed overnight in dialyses buffer (20 mM sodium phosphate, pH
6.6, 10 mM NaCl).

The last purification step was the ion exchange chromatography performed on a Re-
source Q chromatography column (GE Healthcare). The purified protein was concentrated
by ultrafiltration on a centrifugal membrane with the cut-off 3 kDa. The final concentration
was measured using the Bradford protein assay.
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2.2 Protein sample preparation for NMR measurement

2.2.1 Isotropic samples

The SWT and SKE samples were measured in the phosphate buffer (20 mM, pH 6.6),
containing NaCl (10 mM), NaN3 (0.05%) with an addition of 10% D,O.

2.2.2 Anisotropic sample

Partial alignment of the protein sample was achieved by using a stretched polyacrylamide
gel as an orienting environment. The aqueous stock solution contained acrylamide and N,
N’-methylenebisacrylamide mixed in a ratio 49:1. Polymerization was induced by adding
ammonium persulfate (APS) and tetramethylethylenediamin (TEMED). The final volume
of the 5% stress-oriented polyacrylamide gel was 350 ul. The gel was prepared by mixing
58 ul of stock solution, 3.5 ul of APS, 0.35 ul of TEMED and 287.8 ul of water. The
mixture was transferred into a gel chamber for 4 hours to polymerise. Afterwards the gel
was displaced from the chamber into 500 ml of deionized water. The gel was left in water
overnight in order to remove unreacted chemicals. Subsequently the gel was dried at 38 °C
and the shrank gel was again transferred into the gel chamber and 250 ul of protein sample
was added. The protein solution was soaked into the gel overnight and then it was pushed
into an NMR sample tube. The ability of the medium to align molecules was checked by
measuring the HDO line splitting in a 1D spectrum. The splitting of the SKE sample was
1.15 Hz.

2.2.3 Spin-labelled sample

The paramagnetic relaxation enhancement measurement requires a paramagnetic spin label
present in the protein molecule. The paramagnetic radical (1-oxyl-2,2,5,5-tetramethyl-3-
pyrroline-3-methyl)methanethiosulfonate (MTSL; Toronto Research Chemicals, Inc.) was
applied for observing transient contact of CTD. Also, the analogous diamagnetic com-
pound (1-acetoxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate (MTS;
Toronto Research Chemicals, Inc.) was incorporated into the protein molecule in order to
precisely reference the difference between the samples. These spin labels form covalent
disulfide linkage with cystein in biomolecules.

The protein sample of SKE-L132C, containing a single Cys mutation, was concentrated
and a short fast spinning of sample was applied. The sample volume was divided into two
parts, for labelling with paramagnetic MTSL and analogous diamagnetic MTS labels. In
order to avoid disulfide bridges formation between the mutated cysteins, dithiothreitol
(DTT) was added to the final concentration of 5 mM DTT. The protein sample was
incubated with DTT for 1 hour on ice. After reduction the sample was purified from DTT
by gel filtration on a desalting PD10 column. Concentration of both samples was checked
by measuring absorbance at 280 nm at NanoDrop (Thermo Scientific). The paramagnetic
or diamagnetic labels were added separately to two protein samples in a 10-fold excess
while stirring drop by drop. Labelled protein samples were incubated in a cold room under
stirring for 2 hours. The purification of sample was performed by dialysis in the NMR
buffer while stirring overnight. The final concentration of each labelled protein sample
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was checked by both Bradford protein assay and bicinchoninic acid protein assay (BCA).
The concentrations of diamagnetic and paramagnetic samples were 0.30 mM and 0.27 mM
respectively.

2.3 NMR measurement

The experimental set-up and measurements of spectra were performed by Lukas Zidek,
Milan Zachrdla, Pavel Srb and Jifi Novacek at various spectrometers according to the
given purposes. My main task was the processing and the analysis of the measured spectra.
The reference spectra for SWT were measured and analysed by Veronika Papouskova or
Jifi Pol, unless stated otherwise.

2.3.1 Resonance assignment

Assignment of resonance frequencies of 6KE and dWT was accomplished using 5D
CACONCACO experiment for backbone assignment and 5D HC(CC-TOCSY)CONH
experiment for side-chain assignment [3], [59]. The spectra were measured on Bruker
Avance 600 MHz spectrometer equipped with a cryogenic probehead (5 mm CPQCI
'H-31P/13C/N/D). The experimental set-up including real points, carrier frequencies,
spectral width and number of scans is listed in Tables 2.1, 2.3, 2.2 and 2.4. Temperature
was calibrated to 27°C using neat methanol. Chemical shifts were referenced to DSS.

Table 2.1: Parameters used to record SD CACONCACO spectrum of SWT

Direct dimension Indirect dimensions
3¢ 13ca 15N B 13w
Real points 1024 12004
Scans 8
Spectral width / ppm 40 22771 28.19 1136 2271
Carrier frequency / ppm 175.01 55.01 123.56 175.01 55.01

¢ - number of non-uniformly sampled points in indirect dimensions

Table 2.2: Parameters used to record 5D HC-(CC-TOCSY)CACON spectrum of SWT

Direct dimension Indirect dimension
3¢ 15N Boa  Beali 1l
Real points 1024 12004
Scans 2
Spectral width / ppm 40 28.18 2271 71 7.14
Carrier frequency / ppm 175 123.56 55.01 41.01 4.74

¢ - number of non-uniformly sampled points in indirect dimensions
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Table 2.3: Parameters used to record SD CACONCACO spectrum of 6KE

Direct dimension Indirect dimensions
13cl 13Ca ISN 13cl 13Ca
Real points 1024 1200¢
Scans 8
Spectral width / ppm 40 22771 28.19 1136 22.71
Carrier frequency / ppm 175 55 123,55 175 55

¢ - number of non-uniformly sampled points in indirect dimensions

Table 2.4: Parameters used to record 5D HC-(CC-TOCSY)CACON spectrum of 6KE

Direct dimension Indirect dimension
13 15N 3o 13cali  Iyali
Real points 1024 12004
Scans 2
Spectral width / ppm 40 35.23 2271 7098 7.14
Carrier frequency / ppm 175 123.53 55 4097 4.71

¢ - number of non-uniformly sampled points in indirect dimensions

2.3.2 Residual dipolar couplings

The measurements of  KE RDCs were performed on the Bruker Avance 600 MHz spectro-
meter at 27 °C. Three types of residual dipolar couplings along the peptide backbone were
measured: Dy, chaC/ and 'Dcapge. The Dyy was measured using 3D IPAP HNCO
experiment with sparse sampling [60], 1DCocC/ and ! Dcape using 4D IPAP (HA)CACONH
experiment [61]. The experimental set-up is listed in Tables 2.5 and 2.6. Deuterium line
splitting was 1.15 Hz.

Table 2.5: Parameters used to record 3D HNCO IPAP spectrum of §KE
Direct dimension Indirect dimensions

IgN 13 15N
Real points 2048 600
Scans 24
Spectral width / ppm 14 32.89 13.25
Carrier frequency / ppm 4.74 17499 118

2.3.3 Relaxation measurements

The reference relaxation rates of WT were measured and analysed by Pavel Srb in our
laboratory. The spectra of SKE were recorded on the Bruker Avance 600 MHz spectro-
meter at 27 °C. Five 1N relaxation rates were measured: steady state NOE, longitudal
relaxation rate R, transverse relaxation rate R,, cross-correlated transverse relaxation rate
Iy and cross-correlated longitudal relaxation rate I',. Experiments were measured using a
double-labelled sample with non-uniform sampling. The delays 0.3, 0.5, 0.7 s were used
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Table 2.6: Parameters used to record 4D (HA)CACONH spectrum of 0KE

Direct dimension Indirect dimensions
1 HN 13 co 13 C’ 15N
Real points 2048 850
Scans 12
Spectral width / ppm 14 13.25 26.51 32.89
Carrier frequency / ppm 4.74 58.47 175.02 118.06

for measurement of cross-correlated transverse rate I'y, 0.1, 0.15, 0.2, 0.25 s for measure-
ment of cross-correlated longitude rate I';, 0.0448, 0.0672, 0.112, 0.1792, 0.1792, 0.2464,
0.3808, 0.784, 1.232 s for measurement of relaxation rate Ry and delays 0.0288, 0.0576,
0.0864, 0.1152, 0.1728, 0.2592 s for measurement of relaxation rate R,. The experimental
parameters of Ry, Ry, ssNOE and I'y, I'; measurements are listed in Tables 2.7 and 2.8,
respectively.

Table 2.7: Parameters used to record 3D R;, R,, ssNOE HNCO spectra of 6KE
Direct dimension Indirect dimensions

1 HN 13 C’ ISN
Real points 2048 500
Scans 4
Spectral width (ppm) 14.03 2631 13.25
Carrier (ppm) 4.74 175.03 118.07

Table 2.8: Parameters used to record 3D Iy, I, HNCO spectra of SKE
Direct dimension Indirect dimensions

1 HN 13 C’ 15 N
Real points 2048 500
Scans 16
Spectral width (ppm) 14.03 2631  13.25
Carrier (ppm) 4.74 175.03 118.07

2.3.4 Paramagnetic relaxation enhancement

The spectra of 6KE were recorded on Bruker Avance 600 MHz spectrometer at 27 °C.
Measurement of paramagnetic relaxation enhancement included recording of two 'H-1°N
HSQC experiment for paramagnetic and diamagnetic sample. Experimental parameters
are listed in Table 2.9. The recycle delay was set to 5 s.

2.4 Used software

The uniformly sampled NMR data were processed and analysed using programs NMRPipe
and NMRDraw (version 8.9) [62]. The non-uniformly measured NMR data were processed
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Table 2.9: Parameters used to record NH-HSQC spectra of §KE for PRE measurement
Direct dimension Indirect dimensions

IHN 15N
Real points 2048 512
Scans 18
Spectral width (ppm) 13.95 32.89
Carrier (ppm) 4.742 116.334

by softwares reduced and cleaner3d from the package nuft [63]. Program Sparky 3.115 was
used for visualisation, analysis and the assignment of the spectra [64]. The peak heights
for the NOE, relaxation rate and PRE analysis were also measured in the program Sparky.

The secondary structure propensities from secondary chemical shifts were calculated by
the SSP software [39]. The RDC values were validated using program dconv, developed in
our laboratory by Petr Padrta. The processing of relaxation data was performed by program
Relax 4.0.3 and relaxation rates were obtained by the fitting peak intensities to exponential
decay in software Octave [65] using a set of in-house written unix shell scripts, developed
in our laboratory by Pavel Kadefdvek. The error of relaxation rates was estimated by
bootstrap [66]. The reduced spectral density function mapping was also performed using
unix shell scripts, the values were calculated on the basis of equations 1.10,1.11, 1.12, 1.13,
1.14. The visualisation of biomolecule é subunit was done using the program MOLMOL.
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Results and Discussion

3.1 Secondary structure propensity

In order to map transient secondary structure propensities in the flexible C-terminal do-
main, resonance frequency assignment was obtained from NMR spectra. Well-established
assignment procedures failed in the case of the highly flexible 6 subunit with multiple repe-
titions. High degeneracy and multiple overlaps of signals in spectra required measurement
of sparsely sampled spectra with increased resolution.

Backbone assignment was achieved using the >C detected SD CACONCACO expe-
riment. This experiment provides sequential connectivity of nuclei in the backbone. First,
peak picking in the 3D CACON spectrum was performed. The list of resonance frequencies
from the 3D spectrum contained values for N, 13C% and '3C’ from single individual acid
residues. These ”3D coordinates” were subsequently used to process the 5D CACON-
CACO spectrum. In order to spare the disk space, only 2D cross-sections were extracted
from the 5D CACONCACO spectrum based on fixed frequencies from the CACON list of
peaks. The obtained 2D cross-sections included resonance frequencies of '*C* and 13C’
from the preceding amino acid residue. A combination of the 3D CACON spectrum and
cross-sections was utilized to identify sequential connectivity and assign 15N, 13C%, 13¢’
atoms.

The 5D HC(CC-TOCSY)CACON spectrum was acquired for the side chain assign-
ment. The first step of the assignment was identical with the previous procedure, peak
picking was applied to the 3D CACON spectrum and the fixed coordinates were used for
extracting the 2D cross-sections. Peaks in the cross-sections referred to '3C2 and 'H?!i
atoms from the side chain of the given residue. Resonance frequencies of amide hydrogen
atoms were obtained from the 3D HNCO spectrum.

The mentioned strategy enabled the 'HN, PN, 13C% TH*, B3¢/, 13¢B, aliphatic 13C#li
and 'H!! resonance assignment of 84 from 91 residues in the C-terminal domain of KE
and SWT. The experimental set-up was aimed at characterization of the flexible part and
peaks for the structured part did not appear in spectra. The assignment covered 92.30%
sequence of the C-terminal domain. The chemical shift analysis of SWT was successfully
accomplished previously in our laboratory [4]. However, we decided to repeat analysis in
order to achieve a precise reference for comparing SWT and 0KE chemical shifts.

Chemical shifts are influenced by the local environment and carry structure infor-

_2]—
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mation. Deviations of the experimental shifts from the random coil values, so called
secondary chemical shifts (SCS), detect regions with extended or helical structure. Se-
condary chemical shifts in intrinsically disordered regions are typically smaller than shifts
of folded proteins, therefore an accurate calculation of random coil chemical shifts is ne-
cessary. Random coil shifts were calculated for the actual temperature and pH (27°C and
6.6, respectively) and neighbour-correction was applied. The following server was used:
https://spin.niddk.nih.gov/bax/nmrserver/ PoulsenrcCS/. Differences between experi-
mental and random coil shifts for SWT and OKE are plotted in Figure 3.1. C% is the most
sensitive nucleus for the secondary structure determination, however it is not recommended
to use only C%* data in case of IDPs for its unreliability to detect random coils and extended
structures [67, 68]. Extended stretches of SCS with the same sign and similar magnitude
reliably indicate formation of secondary structures. The C* SCS for both SWT and 6KE
indicated presence of extended structure of f strand in C-terminal domain. Analysis of the
PN N, TH*, 3¢’ and 13CB nuclei also confirmed propensity of the C-terminal domain
to form f strand.

Obtained values of secondary chemical shifts for SWT and 0KE are plotted in Figure
3.1. Data for the SWT and SKE are color-coded in blue and red, respectively, this color-
coding is constant within the thesis. The comparison of OWT and 6KE shows significant
changes in the region of mutation (E96-E104). Values of SCS for SWT in region (K96~
K104) indicate random-coil-like behaviour, whereas SCS of 0KE exhibit tendency to form
extended secondary structure. It shows that substitution of the positively charged lysine
stretch by negatively charged glutamic acid residues results in conformational change of
C-terminal domain. This phenomenon confirms the hypothesis that a balanced interplay
between attractive and repulsive electrostatic forces is crucial for proper conformational
behaviour of the C-terminal domain.

The calculated secondary chemical shifts served as an input for the software SSP
(Secondary Structure Prediction) [39]. This program combines information from different
nuclei into a residue specific secondary structure propensity score. The SSP score ranges
from —1 to 1, where 1 or —1 correspond to completely formed o helix or f strand.
According to the SSP documentation, nuclei 13CO‘, TH® and 13CP are the most useful in
case of the IDP analysis. The output of SSP analysis is plotted in Figure 3.2 for both
OWT and 6KE. Resulting SSP scores show 20-30% propensity for the 3 structure. SWT
displays two regions (E96-E104, D126-L132) with the SSP score close to zero, indicating
less than ~10% propensity for any secondary structure. In the contrary, SKE shows
increased SSP scores (~20%) in those regions. The comparison of SWT and 0KE SSP
scores are analogous to the direct SCS comparison and also confirm a significant influence
of the electrostatic interactions on conformational behaviour of the C-terminal domain.

Another parameter related to the transient secondary structure in IDPs is the residual
dipolar coupling. Aligned molecules with restricted motions provide measurable NH dipo-
lar coupling, which is dependent on the type of the secondary structure. Observed values of
IDnh can report on secondary structure because ' Dyy of helices and strand have opposite
sign. Flexible polypeptide chain exhibits decreased magnitude of RDCs due to its dyna-
mic, thus disordered regions can be detected by analysing RDCs. The ' Dny values of both
OKE and 0WT, plotted in Figure 3.3, show dominantly negative values in the C-terminal
domain. The 6KE mutant exhibit increased propensity for formation of beta sheet in the
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Figure 3.1: Secondary chemical shifts of SWT and 0KE in blue and red, respectively. The
grey rectangles mark the region of mutation.
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region of mutation and in its vicinity in comparison to the dWT. This behaviour can be
explained as an electrostatic repulsion between the mutated glutamate residues. Results
of the analysis of both chemical shifts and Dy are in agreement with the fact that the
C-terminal domain forms extended secondary structure, enhanced in the case of mutated
OKE. These results indicate that conformational changes in mutated KE are induced by
disturbing the of electrostatic balance in the C-terminal domain.
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Figure 3.2: Secondary structure propensities for SWT and 6KE in blue and red, respecti-
vely. The grey rectangles mark the region of the mutation.
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Figure 3.3: The obtained Dy values for the SWT and SKE mutant in blue and red,
respectively.
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3.2 Long-range order

The previous studies of the long-range order in the 6 subunit revealed the presence of the
orientational restraints in the CTD and also the intramolecular contacts. The measurements
of the residual dipolar couplings and paramagnetic relaxation enhancement were employed
in order to characterize the transient tertiary structure of the & subunit [4]. The long-
range order is supposed to be caused by the electrostatic interactions in CTD of the o
subunit. The ASTEROIDS analysis for the 6KE mutant, performed by Vojtéch Kuban
in our laboratory, predicted disappearance of the contact between the lysine stretch and
negatively charged CTD as expected. However, the results of the ASTEROIDS analysis
exhibited also disappearance of interdomain contacts. Therefore we decided to remeasure
not only the residual dipolar coupling, but also the paramagnetic relaxation enhancement
for the SKE mutant. The impact of the disruption of these electrostatic interactions on the
long-range order was monitored by the comparison of the residual dipolar coupling and
paramagnetic relaxation enhancement between OWT and the §KE mutant.

3.2.1 Residual dipolar couplings

The RDCs reflect the global conformational behaviour of molecule. Therefore the in-
spection of RDC values is useful for the obtaining potential changes in the long-range
order, caused by the disruption of the electrostatic interaction in the § subunit. The pattern
of RDCs in random polymer chains (e.g. in random-coil polypeptides) can be described
by a cosine hyperbolic function of the residue number (Fig 3.4). Deviations from this
functional dependence indicate the presence of transient contacts of the polypeptide chain,
which restrains the conformational behaviour of the polypeptide chain. The previous RDCs
measurements on 6 WT, performed by Jifi Pol, revealed the orientational restraints in the
region K100-E130. These results were interpreted as electrostatic interactions between the
negatively and positively charged regions of CTD. Therefore the mutation of the lysine
stretch to negatively charged residues was expected to dramatically change the RDCs
profile.

In order to align the molecules with respect to the external field, the protein sample of
OKE was transferred into the stretched 5% polyacrylamide gel. The HDO splitting reached
the value of 1.15 Hz, which is sufficient for obtaining the dipolar coupling in the anisotropic
sample. Three types of RDC were measured, namely ' Dny, ' Deecr and ' Deage, using In-
Phase Anti-Phase (IPAP) experiments. The IPAP is spin-state-separation approach, where
the o and f states of coupled spin are separated in two distinct subspectra. The spectra with
in-phase (IP) and anti-phase (AP) components are measured. Subsequently the addition
and subtraction of IP and AP spectra provides subspectra containing peaks corresponding
to either o or 3 state. The RDC values D were calculated as the difference between
the apparent coupling from anisotropic spectra J' and the scalar coupling from isotropic
spectra J:

D=J—-J (3.1)

Values of 149 ! Dyy couplings were extracted from 3D IPAP HNCO spectra, 63 values
for the structured part and 86 values for the unstructured part. The !Dcecr and !Deapo
values were obtained from a 4D IPAP (HA)CACONH experiment. The experiment pro-
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Figure 3.4: The theoretical RDCs trend for a completely disordered polypeptide chain,
represented by a hyperbolic cosine function.

vides two 2D cross-sections: the 2D spectrum with "N-'H correlation and the spectrum
with 13C%-13C’ correlation. First the peak picking in the 2D '>N-'H spectrum is applied
and assigned resonance frequencies are used for processing 2D '3C%-13C’ spectra. Split-
ting due to the J'cacr and J'cape is visible in the 2D 3C%-13C’ spectrum as displayed
in Figure 3.5. T assigned 164 peaks in the 2D 'N-'H spectrum and 144 peaks in the 2D
Be 3¢’ cross-sections. Due to a lower resolution of certain peaks I was able to extract
only 119 'Dcac and 'Dcape couplings from the spectra, 43 for the structured and 85 for
the unstructured part. The obtained RDC values for 0KE are plotted in Figure 3.6.

The interpretation of RDCs is not as straightforward as in the case of the chemical
shift analysis. Nevertheless, the magnitudes and trends in the RDC coupling values along
the polypeptide chain can provide information about the local fragment geometry and
transient tertiary structure. The magnitude of the RDC coupling values for NTD is higher
than for the flexible domain. The difference in the magnitude between NTD and CTD,
most visible in | Dy coupling values, confirms both the folding of NTD and the flexibility
of CTD in 6KE mutant. The trend of RDCs in the well-folded NTD corresponds to the
OWT secondary structures. The RDC values of NTD were validated using the in-house
written program dconv by comparing the experimental data with the data recalculated from
the SWT structure (PDB ID: 2KRC). The distribution of the data is displayed in Figure
3.7. The experimental ! Dyy coupling values are in agreement with the calculated data, the
experimental data for ! Dcacr and ' Deaye perform slight deviations. These deviations are
possibly due to a lower resolution in the spectra of the structured part. The resemblance
of experimental data from the KE mutant with the recalculated data from SWT indicates
that the structured part of the 0 subunit is well-folded in the presence of lysine stretch
mutation.

The RDC coupling values of CTD only are plotted in Figure 3.8 in order to observe the
trend and to make comparison with §WT. The RDCs form the pattern resembling a cosine
hyperbolic function of the residue number, most apparent in the ! Dcaca coupling values.
Slight deviations of this trend are visible in the region L110-F115, E120-L125 and D150
in the ! Dy coupling values. The ! Dy coupling is sensitive to the local structural effects
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and these effects are most likely the source of the observed deviations. Nevertheless, all
three resulting values of RDCs for 0KE evince the random polymer behaviour lacking
any long-range order in contrast to the data for SWT. The previously observed decrease
in the region K100-E130 in OWT is reduced in the KE mutant. These results indicate
that orientational restraints of the CTD clearly originate from the electrostatic interactions
between the positively charged lysine stretch and the negatively charged region E114—
E171. The disruption of electrostatic interactions in the CTD leads to the disappearance of
the long-range order in the CTD and conformational behaviour of the CTD resembles a
random polymer chain.
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Figure 3.5: Overlaid anisotropic - and f3-state spectra in red and blue, respectively. The
difference between the peaks on the horizontal axis refers to the apparent coupling for C*
and H* nuclei and the difference on the vertical axis refers to the apparent coupling for
C%and C'.
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Data distribution for structures 2krc.pdb,m1-10,r1-81
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Figure 3.7: The distribution of experimental 'Dcape, 'Dng and IDCaC/ values in compa-
rison to the recalculated data from SWT by the software dconv. The pink rectangles in the
background mark the obtained experimental data, whereas the white rectangles represent
the missing experimental data.
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Figure 3.8: The RDC values for CTD of §WT and 6KE in blue and red, respectively. Gray
rectangles mark the region of mutation.

3.2.2 Paramagnetic relaxation enhancement

The effect of paramagnetic relaxation enhancement is mediated by a direct dipole inter-
action between an unpaired electron of the spin label and the nucleus spin. The presence
of the unpaired electron enhances the transverse relaxation rate R, which results in line
broadening observed for nuclei in the proximity of the label. The effect is dependent on
the distance between the observed nuclei and the electron spin, thus PRE is a highly use-
ful probe for observing transient long-range contacts in macromolecules in the range of
1-2.5 nm [69].

The measurement of PRE in proteins requires attachment of a paramagnetic label. The
thiol-reactive methanethiosulfonate spin label (MTSL) proved to be suitable in previous
studies of SWT [70, 4]. The label did not influence the structure of the & subunit and
the PRE effect was observed. The previous PRE analysis of CTD revealed both intra and
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inter-domain interactions in 6 WT. The inter-domain contact, detected in helix IV, loop
L71-Q74 and the first strand of the beta sheet, indicates a possible influence of the CTD
on folding of the well ordered region in the NTD. The other significant interaction was
observed between the lysine stretch (T94-V106) and the negatively charged C-terminal
tail (E114-D171). This interaction is clearly governed by electrostatic attraction.

The influence of electrostatic interactions on global folding of the § subunit was
examined by monitoring long-range contacts of the SKE mutant. The substitution of the
lysine stretch was expected to create highly extended structure without any contacts.

In order to attach the paramagnetic spin label, the site-directed mutation L132C was
introduced to the SKE mutant. The label attached to the L132C mutant revealed the
most visible contact in the previous measurements [4]. The cystein residue provides a
binding site for the paramagnetic (MTSL) and diamagnetic (MTS) label. The label was
placed in the negatively charged C-terminal tail, which mediates interaction with the lysine
stretch. The dipole-dipole interaction between the label and 'H is most sensitive due to
the high magnetogyric constant of proton, thus the 'H-'SN HSQC spectrum was recorded
for both paramagnetic and diamagnetic sample. The spectrum of 0KE-L132C with the
diamagnetic label does not contain any information about possible contacts. However, it
represents the reference for the spectrum of the paramagnetic sample. Comparison of the
the "H-">N HSQC spectrum of diamagnetic SKE-L132C with 'H-'>'N HSQC spectrum
of 6KE confirmed that the structure was not influenced by the attachment of the label.
The number of assigned residues, 148, covers 85.5% of the sequence. Some peaks can
not be included in the analysis because of a poor resolution, resulting in overlaps and
increased peak intensities. An example is presented in Figure 3.9, where the intensity of
the peak D166 is strongly influenced due to the overlap with D140. Although the 2D HSQC
experiment does not provide sufficient resolution to assign all resonance frequencies of the
flexible CTD, it was sufficient for obtaining an overall picture of intramolecular contacts
in the 0KE mutant.

The PRE effect of the paramagnetic moiety in the molecule was measured by comparing
peak intensities (Ipara/ldia) between the spectra in the presence and in the absence of the
paramagnetic spin label. The ratio Iyara/lgia for OKE is plotted in Figure 3.10. Also the PRE
values calculated from ASTEROIDS for the § KE-L132C mutant are plotted in Figure 3.10
(green line), the ASTEROIDS analysis was performed by Vojtéch Kuban. The residues
neighbouring C132 in the sequence are significantly affected by the PRE effect: 10-15
residues up and downstream exhibit line broadening. The deviation of the Ipara/lgia ratio is
decreasing with increasing distance between the given residue and the spin label. The peak
heights of residues far enough from the label are apparently unaffected and show uniform
values. This trend is typical for a random coil behaviour without any transient contact.
The values predicted from ASTEROIDS for the §KE-L132C mutant show the typical
pattern of a random coil without any contact. Potential long-range contacts are revealed by
a decreased peak intensity ratio of residues distant far in the sequence from the spin label.

The obtained PRE values for the §KE mutant show that either the NTD region or CTD
do not exhibit any deviations of peak intensities besides the region of the spin label, except
the region of A70. The PRE data for SWT and 6KE are plotted in Figure 3.11. Whereas
OWT shows a clear pattern of decreased peak intensities in the lysine stretch (K96-K105),
OKE peak intensities in the region of mutation (E96-E105) are unaffected by the presence
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Figure 3.9: Insufficiently resolved peak of D166 in the 'H-'N HSQC spectrum. Two
spectra are overlaid in this picture, red color represents the spectrum with the diamagnetic
label and blue color represents the spectrum with the paramagnetic spin label. The signal
of D140 disappeared under the influence of spin label and it decreases the signal of D166
due to insufficient resolution.
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Figure 3.10: Experimental PREs of the §KE-L132C mutant with the MTSL label attached.
The green line was calculated using the software ASTEROIDS for the §KE-L132C mu-
tant with the MTSL label attached. The red rectangles marks the missing data, the grey
rectangles represents the region of mutation.
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of the spin label. Also the interaction of CTD with the structured part is not apparent in
OKE, both residues in helix IV (E50-T60) and in the first strand of beta sheet (P30-Q34)
show uniform peak intensities. The exception emerges in the region of A70 near the loop
in the structured part, the slight decrease in the intensity ratio is present in the §KE mutant.
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Figure 3.11: Comparison of PREs for KE and 6 WT. Blue and red represents PREs of
OWT and OKE, respectively. The blue rectangles represent the missing data, the grey
rectangles mark the region of mutation in §KE mutant.

The mutation of the lysine stretch affects long-range interactions within CTD. The mu-
tated region (E96-E104) keeps the C-terminal part extended by electrostatic repulsion and
the contact of the negative C-terminal tail with the lysine stretch mediated by electrostatic
attraction completely disappears. Moreover, the mutation of the lysine stretch does affect
not only the electrostatic interaction within CTD, but also the interaction with NTD. The
transient contact in helix IV and with the beta sheet is also suppressed by mutation of the
lysine stretch, as predicted from the ASTEROIDS analysis. The only interdomain contact
in NTD remaining after the disruption of electrostatic interactions was detected in the
region of A70.

The changes displayed in NTD distant more than 80 residues from the region of mu-
tation indicate that the electrostatic interactions play a crucial role in global conformational
behaviour of the d subunit. Although CTD is unstructured, the inspection of electrostatic
interactions using PRE suggests that the structure of the well-ordered NTD of the § su-
bunit is influenced by the electrostatic interactions within CTD. The interdomain contact
between CTD and the specific regions of NTD, helix IV and beta sheet, is mediated by the
electrostatic interaction in CTD. The remaining decrease in the vicinity of A70 might be
explained as a contact of a different kind than electrostatic attraction between the lysine
stretch and the negatively charged C-terminal tail.
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3.3 Dynamics

The studies of dynamic properties are highly useful in order to characterize conformational
behaviour of IDPs. The NMR spectroscopy is able to detect regions of increased or
decreased mobility with a potential biological function.

The previous investigation of dynamic behaviour of the  subunit revealed that fle-
xibility of CTD is not uniform along the polypeptide backbone. Regions with decreased
flexibility corresponding to the lysine stretch were revealed by interpretation of '°N re-
laxation experiments, namely steady-state nuclear Overhauser enhancement (ssNOE) and
relaxation rates Ry, R, Iy and I'; [4]. The NTD exhibited behaviour of a well-ordered
protein with local backbone flexibility in the region of helix IV (E50-T60). In order to
investigate the electrostatic interaction in the 8 subunit, 9N relaxation experiments inclu-
ding ssNOE, Ry, R;, Iy and I, were measured for the SKE mutant and the resulting values
were analysed and compared with previously measured data of OWT [4].

3.3.1 Heteronuclear 'H-""N steady state NOE

Heteronuclear 'H-1°N steady state NOE (ssNOE) is used to characterize the N-H bond
mobility in the polypeptide backbone. The dipolar relaxation mechanism causes the mo-
dulation of peak intensities of coupled nuclei. The 'H-'"N steady state NOE measurement
includes recording of two spectra: saturated one and reference one. The long selective irra-
diation of 'H nuclei is applied in order to saturate the spin population difference between
o ans B states. During the mixing time, 'H nuclei return to the equilibrium and through
longitudinal relaxation mechanism transfer energy to coupled >N nuclei, perturbing their
equilibria [56]. The unsaturated spectrum is used as reference. The values of NOEs are
obtained as ratios of saturated and unsaturated peak intensities (/ss/Ief). The typical NOE
values for rigid residues in a molecule are positive, reaching 0.5-0.8 at 600 MHz. The fast
internal motions result in a decrease in the peak intensity ratio and in negative NOE values.

The 3D ssNOE HNCO spectra with non-uniform sampling were measured on a double
labelled '3C, PN protein sample of SKE mutant. The increased resolution enabled the
assignment of 162 residues, the assignment covered 93.6% of the sequence. The careful
measurement of peak intensities is crucial for the precise analysis [71]. First, the peak list
with exact resonance frequencies of centered peaks was created in the reference spectrum.
The peak list of the reference spectrum was loaded into the saturated spectrum and peak
heights for each spectrum were measured using fixed frequencies. The ratio of peak heights
for saturated and reference spectra is the value of ssNOE. The resulting ssNOEs of 6KE
are plotted in Figure 3.12. The NTD of the KE mutant exhibited positive values in the
range from 0.5 to 0.8. This trend is uniform along the whole polypeptide backbone of the
NTD and it is typical for structured proteins. The slight ssSNOE decrease is observed in
the region F31-L37. The region of F31-L37 corresponds to helix III (residues F33-1.44).
The lowered ssNOEs in the structured part indicates increased flexibility in the protein
backbone.

The trend is significantly different for the CTD. The sudden drop of ssNOE values to
—0.4 to —0.6, visible from the residue Y84, indicates a highly flexible region. The ssSNOE
values are relatively uniform along the peptide backbone of the CTD, except the region
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of mutation (E96-E104). This region exhibits slightly lower values than the rest of the
CTD, indicating a higher mobility of the polypeptide chain in this region. Only the residues
E170-K173 show more negative values, this behaviour is expected for terminal residues
of the polypeptide chain.
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Figure 3.12: The ssNOE values for 6KE at 600 MHz.

The comparison of sSNOE values for WT and SKE is plotted in Figure 3.13. The
significant difference between the data reveals a dramatic change in dynamic behaviour
of OKE. Although the structured NTD exhibits ssNOE values typical for rigid residues
in both 6KE and SWT, the residues F31-1.37 in the region of helix III show increased
flexibility for SKE. Besides this region, the data of the NTD are comparable for KE and
OWT. However, dramatic differences are obtained for the dynamic behaviour of the CTD.
Whereas OWT flexibility is not uniform along the CTD backbone and the partial ordering
is obvious in the lysine stretch, S KE mutant exhibits uniform flexibility along the whole
CTD.

In conclusion, the disruption of electrostatic interactions in CTD strongly influenced
the dynamic behaviour of the whole d subunit. The partial ordering of CTD was completely
suppressed and also changes in helix III were observed for SKE mutant. The analysis of
ssNOE revealed that the electrostatic interactions in § subunit governs the conformational
flexibility of the CTD and moreover, mildly affects the dynamics of helix III in the
structured part.

3.3.2 Transverse and longitudinal auto-relaxation rates

The autorelaxation rates R| and R, were measured with 9 and 7 relaxation delays, respecti-
vely. A distinct spectrum for each delay was recorded (9 spectra for Ry and 7 spectra for
R»). The peak intensities were measured like in the ssSNOE experiment. The peaklist was
created in the spectrum with the shortest relaxation delay and then it was used for measure-
ment of peak heights in all spectra. The assignment covered 86% of the protein sequence.
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Figure 3.13: The comparison of ssNOE values for SWT and 0KE. Blue and red represents
PREs of SWT and 6KE, respectively. The grey rectangles mark the region of mutation in
O0KE mutant.

The peak heights for each delay were fitted to a monoexponential decay and relaxation
rates R; and R, were obtained. The resulting autorelaxation rates R and R, are plotted in
Figures 3.15, 3.14. The errors for structured part are higher due to the experimental set-up
targeting the signal of the unstructured domain.

R, characterizes the overall tumbling of the structured part and the obtained trend of
transverse relaxation rate R, resembles the values of ssSNOE. The decreased R, rates in
the regions K47-R54 and A70-Q74 indicate higher flexibility of helix III and the third
strand of the beta sheet in the N-terminal part of §KE. The dramatic decrease of R, starting
at residue D85 reflects dynamic behaviour of the unstructured C-terminal tail of OKE.
High values of the R,, most notable for V17, D61 and W76, indicate presence of the slow
exchange.

The longitudinal relaxation rates R; are influenced both by internal and global motions
of the molecule and depend mostly on the low frequency term @y. The R; values are not
so different between the structured and unstructured parts, because J(wy) is in our case
similar for different values of the correlation time.The Ry values also indicate increased
flexibility of the region K47-R54 and A70-Q74.

The comparison of relaxation rates of 0KE and 6WT, plotted in Figures 3.17 and
3.16, shows a significant difference in dynamic behaviour of the CTD for both R; an R,
relaxation rates. The results, indicating the strong influence of electrostatic contacts on
motional properties of § subunit, correlate with the results of the ssNOE analysis.

3.3.3 Transverse and longitudinal cross-correlated relaxation rates

In order to obtain independent data reporting on protein dynamics, transverse Cross-
correlated relaxation rate I'y and longitudinal cross-correlated relaxation rate I', were
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Figure 3.14: The transverse relaxation rates R, of §KE mutant.
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Figure 3.15: The longitudinal relaxation rates Ry of SKE mutant.
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Figure 3.16: The comparison of R, rates for KE and § WT. Blue and red symbols represent
the data for SWT and SKE, respectively. The grey rectangles mark the region of mutation
in 6KE mutant.
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Figure 3.17: The comparison of R rates for SKE and §WT. Blue and red symbols represent
the data for SWT and 6KE, respectively. The grey rectangles mark the region of mutation
in 0KE mutant.
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measured [72]. The obtained rates I'y and I'; are plotted in Figures 3.19 and 3.18. The
pattern of I', relaxation rates exhibits uniform rigidity in the structured NTD and a sudden
drop of rates in the region of Y84. These results correspond to the transverse auto-relaxation
rates. Also the trend of the cross-correlated longitudinal relaxation rate I', resembles the
longitudinal auto-relaxation rates. The data for the structured part of the cross-correlated
longitudinal relaxation rate I'; are sparse due to the worsened sensitivity of measurement
for the well-folded part of protein. Both cross-correlated relaxation rates show lower values
for the flexible part, with a uniform profile along the peptide backbone as observed for the
auto-relaxation rates.

In contrast to SWT, the 6KE mutant exhibits a uniformly increased flexibility in the
C-terminal tail. The comparison of the data for SWT and  KE mutant are plotted in Figures
3.20 and 3.21. The independent data from cross-correlated relaxation rates are in agreement
with auto-relaxation rates and also confirm the influence of the electrostatic interactions on
the dynamic behaviour of the 6 subunit. The regions with increased rigidity between K96
and E130 of the CTD completely disappears with disruption of electrostatic interactions.
It confirms that these interactions are crucial in for the proper dynamic behaviour of &
subunit.
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Figure 3.18: The I'; cross-relaxation rates for the SKE mutant.

Although the trends of the relaxation rates ssSNOE, Ry, Ry, I'; and I report on dynamic
properties of the & subunit and provide useful information about the flexibility of the
backbone, the exact description of the contributions of different molecular motions is not
apparent from this kind of analysis. Therefore the obtained relaxation rates were analysed
by the spectral density mapping. The measurement of cross-correlated rates are also highly
useful in order to avoid a bias by the slow exchange in this analysis.



40 Chapter 3. Results and Discussion

r,ls]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Residue number

Figure 3.19: The I, cross-relaxation rates for the §KE mutant.
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Figure 3.20: The comparison of I'; cross-relaxation rates between SWT and 0KE mutant
in blue and red, respectively.
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Figure 3.21: The comparison of I', cross-relaxation rates between SWT and §KE mutant
in blue and red, respectively.

3.3.4 Spectral density function mapping

The auto-relaxation rates Ry, Ry, ssSNOE and cross-correlated relaxation rates I'y, I', were
analysed by the reduced spectral density function mapping in order to characterize the
molecular motions of CTD of the §KE mutant. The analysis of spectral density functions
provides information on the time scale of motions governing the dynamics of a given
residue. The relaxation rates are linear combinations of five values of the spectral density
function J(®) at distinct frequencies and the spectral density function values are obtained
by solving a linear combination of five equations. The reduced spectral density function
mapping approach assumes similarity of the high-frequency terms due to the high value of
Y- Therefore the set of linear combinations is reduced to three, depending on J(0), J(wy)
and a single high-frequency term J(€wg). This approach requires measurement of only
three or less relaxation rates [57, 73].

The values of the spectral density function were obtained from different combinations
of the relaxation rates using the protocol developed in our group by Pavel Kadetdvek [58].
The distinct kinds of analysis are described according to the types of used relaxation rates,
abbreviated L for longitudinal auto-relaxation rate Ry, T for transversal auto-relaxation
rate R, N for the heteronuclear ssSNOE, X for the transverse cross-correlated relaxation
rate I'y and Z for the longitudinal cross-correlated relaxation rate I';. The resulting spectral
density function values for J(0), J(wx) and J(wy ) calculated from different relaxation rate
combinations are plotted in Figures 3.22, 3.23 and 3.24.

The obtained spectral density values are plotted in the Lefevre’s plot as a function of
calculated J(0) in Figure 3.25. The Lefevre’s plot is a two dimensional representation of the
correlation between distinct spectral density values with the displayed Lorentzian curve,
defining the motional limit. This graphical representation facilitates the interpretation the
of obtained data.

Four different combinations of relaxation rates were analysed for CTD of the KE
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mutant. All combinations of the obtained spectral density values are plotted in Figure
3.25. The data are color-coded according to the residue number as displayed above the
plots in the sequence for clarity. The spectral density values calculated from routinely
measured R, R, and ssNOE values are plotted in Figure 3.25a, d. The J(0) values in
Figure 3.25a are low and they are distributed in one cluster close to the Lorentzian curve,
signalizing that the residues are mostly influenced by the fast internal motions on the time
scale of picoseconds to nanoseconds. The dependence ofthe high-frequency J*¥ (ewy) on
JETN(0) is plotted in Figure 3.25d and it is useful for the recognition of the slow motion
contribution. The LTN analysis is sensitive to the slow exchange due to including the
transverse relaxation rate R,. The R; rates include the slow-exchange contribution, which
increases the spectral density values and overestimate the contribution of overall rotation
diffusion in molecular motion. Consequently, this analysis is biased by the presence of the
slow conformational or chemical exchange. Therefore, additional analyses not including
the R, rates, were preformed.

The exchange free analyses XZ and LNX employing the cross-correlation relaxation
rates instead of R, were performed in order to avoid the potential exchange bias. Results
of the analysis of spectral density values containing the cross-correlated relaxations only
are plotted in Figure 3.25c. The analysis of cross-correlated relaxation rates is the most
straightforward and it is not influenced by any bias. The pattern of the XZ analysis shows
one cluster with low spectral density values, indicating prevalent influence of the fast
internal motion on the molecular motions of the protein backbone. Also the results of the
LNX analysis combining the auto-relaxation and cross-correlated rates, displayed in Figure
3.25b, reveal a dominant contribution of the internal motion in the residues of CTD. The
corresponding results of the independent LNX and XZ spectral density function mapping
confirm the interpretation reliability of the data. LNX spectral density values exhibit low
J(0) values, indicating fast internal motions on the microseconds to milliseconds and the
flexibility along the §KE backbone.

Results of the LNX and XZ analyses are compared with the data from the SWT in Figure
3.26. The data for CTD of 6WT are divided into two clusters. C-terminal residues E135-
K173 exhibit low values indicating the high flexibility and fast internal motions, whereas
the residues D85-E129 are clustered at higher spectral density values and show apparently
slower molecular motion. The division into two clusters completely disappears in the S KE
mutant, exhibiting uniformly lowered spectral density values. The spectral density function
mapping of 0KE and its comparison with SWT shows that the electrostatic interactions of
the CTD restrict the fast internal motions in the vicinity of the lysine stretch. Disruption
of these interactions leads to the higher flexibility of the whole backbone of the CTD.
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Conclusion

The aim of the thesis was to describe the structural role of the electrostatic interactions in the
flexible C-terminal domain of the § subunit from the Bacillus subtilis. These interactions
are observed between the positively charged lysine stretch and negatively charged C-
terminal tail. In order to obtain the influence of the electrostatic interactions on the global
shape of the  subunit, the electrostatic interaction were disrupted by mutation of the lysine
stretch for the negatively charged glutamate residues. The changes in the conformational
behaviour of the SKE mutant were monitored by various structural features obtained from
NMR experiments.

The comparison of the § KE mutant with the 0 wild type revealed significant differen-
ces in the structural properties of the & subunit caused by the disruption of the electrostatic
interactions. The increased secondary structure propensity to form the beta sheet was
detected for the SKE mutant as a result of electrostatic repulsion of negatively charged
glutamate residues in the C-terminal domain. The intradomain contacts in the 0 subunit,
inspected by the paramagnetic relaxation enhancement, disappeared with the disruption of
the electrostatic interactions in the C-terminal domain. The interdomain contacts between
CTD and helix IV and beta sheet were also suppressed. The orientational restraints of the
polypeptide chain in CTD diminished in case of the SKE mutant. The >N relaxation mea-
surements of the § KE mutant revealed uniform flexibility along the intrinsically disordered
region in the C-terminal domain.

The obtained results show that the balance between the attractive and repulsive
electrostatic interactions govern the conformational behaviour of the flexible CTD. Electro-
static interactions restrict the flexibility of the intrinsically disordered CTD and moreover,
influence also the well-folded NTD. The interdomain contacts between CTD and specific
regions in NTD, namely the beta sheet and helix IV, are mediated by the electrostatic
interactions. The dynamics of helix III is restricted by these interactions. The electrostatic
interactions in the intrinsically disordered region of the & subunit are important for the
proper structural behaviour of the whole protein.

The importance of the electrostatic interactions is relevant also for the biological
function of the 0 subunit. The results of the biological experiments, carried out in the
collaborating group in the Laboratory of Microbial Genetics and Gene Expression at the
Czech Academy of Sciences, indicates that the lysine stretch is vital for proper function of
RNA polymerase and for the fitness of the bacteria.
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