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Abstract

Transcription factors are proteins that mediate gene expression regulation through
interactions with DNA and other factors. They allow a cell to respond to various stimuli and
play a crucial role in many biological processes such as control of cell cycle progression,
differentiation of cells during development or immune response. To understand these
processes, the knowledge of the transcription factors 3D structure together with the
mechanism of their interaction with DNA is essential. However, some of the typical features
of transcription factors, such as is for example the presence of intrinsically unstructured
regions, make the 3D structure determination by the commonly used high resolution methods
challenging. Therefore, utilization of complementary methods like structural mass
spectrometry (MS), which was used in this thesis, might prove to be beneficial to explore
the structural basis of the transcription factor-DNA interaction.

In first part of this work, a set of structural mass spectrometry methods with the main
focus on hydrogen/deuterium exchange mass spectrometry (HDX-MS) was optimized and
tested on two transcription factor-DNA complexes and their DNA binding motifs and proved
to be able to provide structural information about regions of transcription factors inaccessible
by the classical high-resolution methods as well as about structural dynamics of the
transcription factor-DNA complex.

In the other part of the thesis, the structural mass spectrometry methods were, together
with other techniques, such as smFRET, gel shift or fluorescence anisotropy, used to
investigate whether and how the sequential context of the M-CAT motif and its orientation
affects its interaction with the DNA binding domain of transcription factor TEAD1 (TEAD1-
DBD). The obtained results have shown that the sequences of the DNA regions flanking the
M-CAT motif affect its binding affinity to TEAD1-DBD and moreover, the transcription
factor was found to be able to bind also to the inverted 5’-CCTTA-3" M-CAT motif, albeit
with lower affinity. This low affinity interaction was then structurally characterized and
might present a potential way of regulation of the transcription factor activity. Finally, the
binding cooperativity of FOXO4 and TEADI transcription factors were studied utilizing

oligonucleotides with adjacent response motifs.



1. Introduction

1.1.Transcription Factors

The term “transcription factor” is commonly used for proteins that are both capable of
binding a specific DNA sequence and able to activate or repress the initiation or elongation
phase of synthesis of RNA from DNA template or, in other words, to regulate
transcription! . With these properties, the transcription factors allow a cell to respond to
diverse stimuli by promoting expression of specific set of genes. They play a crucial role in
many biological processes such as control of cell cycle progression, differentiation of cells
during development, immune response or maintenance of intracellular metabolic
balance*”’. And finally, the general transcription factors are proteins that form the core
initiation complex with RNA Polymerase II which is needed for literally every gene
expression event to start’.

In 2018 there were 1639 known human proteins identified as a transcription factor?. Even
though their number seems high, the processes they regulate are so complex, that it could
never be sufficient if transcription factors worked on their own — and they in fact almost
never do so. Transcription factors can bind to DNA in cooperation with each other and also
interact with numerous cofactors to fine-tune the gene expression regulation so the cell will
be able to produce the proteins it needs in precisely the right moment>®. Since the
transcription regulation is such a complicated process, it is no surprise that mutations in
transcription factor genes, their binding sites or errors in their regulation by cofactor
presence can lead to various diseases. For example, transcription regulators and nucleic acid
binders are significantly over-represented in cancer genes and approximately a third of
human developmental disorders is caused by mutation in transcription factor genes>*!°,
However, the exact way of how the network of transcription factors and cofactors works and
how their combinations affect DNA binding and transcription output is not yet properly
understood. That is why the interactions of transcription factors with DNA, as is the case in

this work, or other proteins is currently a frequently studied topic.

1.1.1. Structure of Transcription Factors

Transcription factors are typically modular in structure, which means they consist of several

structural domains with different functions. A typical transcription factor comprise of one or



more DNA binding domains (DBD) that binds a specific DNA sequence and one or more
effector domains which might serve either to mediate their transcription regulating function
through various mechanisms or to regulate the activity of the transcription factor itself

(Fig. 3)2.
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Figure 1: Structure of a typical transcription factor. A DNA binding domain is used to recognize and bind to
a specific DNA sequence whereas an effector domain may use various mechanisms to affect transcription’.

The DNA binding domain serves mainly to make a sequence specific contact with DNA,
but some of these domains are also able to interact with other proteins and thus bind to DNA
as a homo or a heteromultimer!!. The structure of DNA binding domain is also a parameter
according to which can transcription factors be sorted to families of members using the same
DNA binding mechanism. Each of the transcription factor families has its own structural
motif which they use to bind DNA. The binding is usually a result of a combination of
noncovalent interactions between specific (and usually highly conserved) amino acids on the
interaction interface (which in many cases includes an a-helix inserted to DNA’s major
grove) and bases of the DNA response motif or the DNA’s sugar-phosphate backbone.
Nevertheless, sequence independent noncovalent interactions may also contribute to the
binding’.

Through their effector domains, transcription factors can activate or repress transcription
in various points including opening of chromatin, recruitment of the basal transcription
machinery or release of RNA Polymerase II from pausing. The effector domain that interacts
with components of the preinitiation complex are called transactivation domains. From the
point of view of the 3D structure, the transactivation domains often contain unstructured
regions than only become structured upon binding of their interaction partner (a general
transcription factor or another protein, DNA, or a small molecular ligand) which serves as a
template for its shaping. By this mechanism, the unstructured region may even fold

differently depending on the type of the ligand or upon being post-translationally



modified'>!?. Apart from the basal transcription machinery, some effector domains can also
interact through specific interfaces with histone modifying enzymes to facilitate or repress

access to transcription start sites'*!>.

1.1.2. Low Affinity Binding Sites

As a low affinity binding site is usually considered a sequence that is bound up to 1000-fold
more weakly than the optimal DNA response motif but still more strongly than a random
DNA sequence'®. For a long time it was believed, that presence of low affinity binding sites
in genome does not have any functional relevance, however, in the last decade a number of
studies emerged showing that they might play a very important role in explaining the so
called transcription factor specificity paradox!'®!®. This paradox concerns the fact, that
eukaryotic transcription factor families usually contain paralogs with very similar DNA
binding preferences and yet they affect transcription of different set of genes. Partially it can
be explained by cell type specific expression of each paralog but sometimes different
paralogs are expressed in the same cell and still they preserve the ability to distinguish
between the affected genes'®!”.

There are several possible ways of how a transcription factor can bind to a low affinity
site or even prefer it to the optimal one. For instance, binding to DNA in complex with an
interaction partner can change transcription factor’s structure and thus its binding specificity
can be shifted to previously not preferred DNA sequence'’°. Moreover, spacing between
the interaction partners binding sites can in some cases compensate for poor binding
affinity?!. Another possible affinity modifier are epigenetic modifications of DNA,
especially the CpG methylation which can alter the binding affinity even in the paralog
specific manner®?. Furthermore, the intrinsic DNA shape of the binding site may also be the
source of different paralog specific binding affinity in spite of the fact, that the final complex
structure is the same®. And finally, there is the factor of local transcription factor
concentration. The binding site occupancy is a result of combination of two factors — the
binding site affinity (described by the dissociation constant of protein-DNA complex) and

local transcription factor concentration'®

. This provides a handy mechanism for
concentration dependant transcription regulation where at low transcription factor
concentrations only high affinity sites are occupied and when the concertation rises, the

transcription factor starts to bind the low affinity sites as well 2%,



1.2.TEAD Family of Transcription Factors

Transcriptional enhancer associated (or activator for both possibilities are used in the
literature) domain (TEAD) is a family of transcription factors that share a highly
evolutionary conserved DNA binding domain — the TEA domain?®. In mammals, the TEAD
family consists of four members named Teadl to Tead4?’. All four members of the family
share the same domain structure and express a high degree of homology, especially in the
DNA binding domain and YAP binding domain regions®. However, the TEAD isoforms
differ in their tissue and stage of development expression patterns®>°.

Gene inactivation studies in mice also provided an insight into function of each TEAD
isoform. Teadl as a crucial regulator of cardiac muscle differentiation and growth and also
revealed its importance for maintaining normal adult heart function®! 33, Tead2 was shown
to be responsible for neural tube closure ** and, in cooperation with Teadl and Tead4, for
heart development®>**. Silencing Tead4 demonstrated its activity in primary myoblast
differentiation®, whereas no functional information has thus far emerged for Tead3.

Since the deregulation of cell proliferation, growth, differentiation or apoptosis are well
known properties of tumorigenesis and given the involvement of TEAD proteins in all of
these processes, it is no surprise, that the TEAD proteins have been heavily studied in this
context’”?’. TEAD proteins were found to upregulate expression of numerous genes
connected with cell proliferation such as are CYR61 and CTGF>®37, anti-apoptotic genes
AXL, Livin or Survivin®®*°, genes known to be oncogenes or even tumor markers (MYC,
Mesothelin)***! or genes encoding glucose transporters GLUTI and GLUT3 which are
needed by quickly growing cells to satisfy their energy needs*>*. On top of that, increased

4447 and in some of them it

TEAD activity was observed in multiple types of solid tumors
was also identified as a marker of poor prognosis?’*. Therefore, given the involvement of
TEADs in cancer development, it is clear, that their activity in organism must be strictly
regulated to prevent unchecked cell proliferation.

Soon after the initial discovery of the first TEAD protein, an unusual property typical for
this family of transcription factors was found. Although they possess the ability to bind
DNA, they are not able to activate transcription on their own and can only do that through
interaction with other proteins — their coactivators*®*’. This provides a handy mechanism

through which can the activity of TEAD proteins be regulated in reaction to different signals

and conditions. Among the identified coactivators, YES-associated protein (YAP) and its



paralog TAZ (transcriptional coactivator with PDZ-binding motif) are the two most well-
established®>!. They both form nuclear complexes with all TEAD proteins and together they
are the main effectors of the Hippo signalling pathway which plays a major role in organ
size control, cell proliferation and tumorigenesis®’>2. Apart from the Hippo pathway, TEAD
proteins might also be regulated by other (Hippo independent) coactivators or by

posttranslational modifications>*—°.

1.2.1. Structure of TEAD proteins

As was already mentioned, all the four mammalian TEAD proteins share the same domain
architecture. They consist of two main structural domains (DNA and YAP binding) which
are both highly conserved plus two, more variable, unstructured regions. One of the variable
regions is present on the very N-terminus and is followed by a DNA binding domain which
is then connected by a hydrophobic region rich in proline to a C-terminal transactivation (or
YAP/TAZ binding) domain. Although no high-resolution structure is yet available for the
full-length protein, structures of the individual domains have been separately solved for

some members of the family?*-°,

1.2.1.1. DNA binding (TEA) domain

The first high-resolution structure of a DNA-free TEA domain (TEAD-DBD) in solution
was solved for human TEAD1 by using NMR. It was found to be a folded globular protein
consisting of three a-helices (H1, H2, and H3) connected by two loops (long L1 and a shorter
L2). (Figure 2A) %7,

The NMR study provided the first insight to the position of the protein-DNA interaction
interface as well. Helix H3 and the L2 loop immediately preceding it were identified as the
DNA recognition region®’. This knowledge was later expanded by two studies that used
X-ray crystallography to solve the structure of TEAD-DBD. First, a crystal structure of
TEADI-DBD missing the longer L1 loop has found the L1 loop to also be involved in DNA
binding®. Next, a crystallographic structure was published for the whole human TEAD4-
DBD in complex with DNA which confirmed, that both previously identified regions (helix
H3 and L1 loop) form the DNA recognition interface. In the TEAD4-DBD-DNA complex,
helix H3 is inserted into DNA’s major grove where it is held by specific non-covalent

interactions (mainly hydrogen and salt bridges) between H3 residues and bases of the DNA



recognition motif while the L1 loop makes a sequence independent contact with the minor
grove where it stabilizes the complex mostly by hydrophobic packing. The main structural
difference between the free and bound forms of TEAD-DBD is found in the H3 helix, which
is in the bound state prolonged and rotated 30° relative to helices H1 and H2 to better fit in
the DNA’s major grove (Figure 2B)™.
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Figure 2: Structural superposition of TEAD-DBD in apo state (A) and in complex with DNA (B)
Comparison of apo state TEADI-DBD solved by NMR (blue) and crystallographic structure of DNA-
complexed TEAD4-DBD (green). Helix H3 and loop L1 were identified as the DNA recognition regions. Helix
H3 is prolonged and 30° rotated in the bound form. Adapted from>°.

1.3.Methods for Structural Characterization of Transcription Factors

To structurally characterize a complex formed between a transcription factor and its DNA
response motif a number of biophysical methods can be used. The most commonly utilized
are the well-established high-resolution techniques of X-ray crystallography and nuclear
magnetic resonance (NMR) with the more recent addition of cryo-electron microscopy
(CryoEM). While the obvious advantage of these techniques lies in the ability to solve a
protein structure at atomic resolution, they all have their limitations in the experimental
conditions that need to be met. To overcome these limitations, the results received by usage
of different high-resolution techniques can be combined and further expanded by lower
resolution methods such as small-angle X-ray scattering (SAXS), fluorescence resonance
energy transfer (FRET) or structural mass spectrometry (structural MS) which is utilized in

this thesis®.



2. Aims of the Thesis

The aims of this thesis were to contribute to the development of a set of structural mass
spectrometry methods for characterization of transcription factor complexes with their
cognate response motifs and to apply these methods to structurally characterize the
interaction between the DNA binding domains of FOX0O4 and TEAD]1 proteins and their
DNA response motifs.

The specific goals were:

e To prepare and characterize a panel of HDX-MS compatible proteases to be used to
improve sequence coverage of complex protein systems — namely integral membrane
proteins and protein-DNA complexes

e To explore the potential of native MS for quick evaluation of transcription factor-
DNA complex formation and their sorting according to binding affinity

e To find out whether and how the sequential context of the M-CAT motif affects its
interaction with TEAD1-DBD

e To explain the different affinities of M-CAT motif and its inverted version to

TEAD1-DBD



3. Results and Discussion

The aim of the first part of this thesis was to optimize a set of structural mass spectrometry
methods to be used for characterization of transcription factor-DNA complexes and
subsequently to test them on a model system consisting of FOXO4 transcription factor and
its DNA response motif. The second, and main, part was then focused on structural
characterization of TEADI interaction with its M-CAT response motif in different sequential
contexts using not only the previously optimized methods, but also other techniques such as

smFRET or fluorescence anisotropy binding assay.

3.1.Improving Sequence Coverage and Resolution in HDX-MS

To achieve a good spatial resolution in HDX-MS, the proteolytic digestion is the key factor,
that needs to be optimized. The standardly used protease, porcine pepsin, does not always
provide optimal digestion profile needed to achieve the best possible resolution and therefore

t°!. Therefore, a

other proteases were developed to be used instead or in combination with 1
set of alternative proteases compatible with the HDX-MS conditions was either
recombinantly produced (Nepenthesins I and II and Rhizopuspepsin) or bought
(Aspergillopepsin — protease type XIII) and immobilized on POROS-20 AL resin. The
protease columns were then used to improve sequence coverage and resolution in HDX-MS

analysis of integral membrane proteins and transcription factors and the results were

included in Publication I and Publication II and III, respectively.

3.1.1. Publication |

In this study, the digestion of four integral membrane proteins (Cl-/H+ exchange transporter,
leucine transporter, dopamine transporter, and serotonin transporter) by porcine pepsin and
three alternative aspartic proteases either in-solution or immobilized on-column in HDX-
MS compatible conditions was compared.

Digestion with immobilized proteases resulted in higher sequence coverage in almost all
protease-membrane protein combinations. This is probably due to elevated pressure and
temperature, which can destabilize the detergent micelles and make the transmembrane parts
of the proteins accessible while the higher local protease/protein ratio that can be achieved
on column can also play its role®”. Out of the proteases in solution, only Nepenthesin II

provided sequence coverages at least close to those of immobilized proteases.
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Interestingly, the choice of the best protease for digestion of membrane proteins was
found to be highly protein specific. The highest sequence coverages were achieved by either
immobilized pepsin for the Cl-/H+ exchange transporter and leucine transporter or by
immobilized Rhizopuspepsin for dopamine transporter, and serotonin transporter. The
number of identified peptides also differed considerably. This is particularly interesting
considering the fact, that the leucine, dopamine and serotonin transporters are structurally
related and share a similar fold and hydrophobic properties of the transmembrane helices.
Thus, the results have shown, that screening of a set of available proteases, immobilized on
column if possible, is always beneficial even for closely structurally related integral

membrane proteins.

3.1.2. Publication Il

In this publication, an optimized protocol for performing HDX-MS experiments on
transcription factor-DNA complexes was presented. Similar to the integral membrane
proteins, it was observed, that protein-DNA systems can behave surprisingly differently even
when the proteins as well as DNAs used are similar in size. Out of the two system for which
the protocol was optimized, the FOXO4-DBD/DAF16 serves as an example where short
dsDNA (13 bp) did not interfere significantly with peptide recovery, and therefore only
digestion conditions were optimized to reach good HDX spatial resolution. On the other
hand, the 15 bp long dsDNA used in the TEAD1-DBD/M-CAT system had a strong impact
on peptide recovery and therefore, the quench and chromatography conditions needed to be
adjusted as well.

As for the digestion optimalization, all the protease columns were tested both alone and
in pairs in serial configuration. The sequence coverage maps of the best conditions compared
with the standardly used pepsin are shown in Figure 3. While pepsin provided a full sequence
coverage in both systems, the number of identified peptides and their redundancy
significantly improved upon the use of alternative proteases. In both examples shown here,
the advantage of alternative proteases for the digestion of DNA binding proteins (which are
rich in basic residues) lied in their ability to cleave after the Lys and Arg residues giving rise
to additional peptides and finally resulting in better spatial resolution. Nevertheless, the
choice of the optimal protease for the digestion step out of those able to cleave after basic

residues, again, proved to be highly protein dependent.
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Figure 3: Sequence coverage maps of the two studied transcription factors. (A) FOXO4-DBD where initial
proteolysis by pepsin (blue) was replaced by combined digestion with pepsin followed by nepenthesin-1 (red)
after optimization (b) TEAD1-DBD. Pepsin (blue) provided full sequence coverage but lower spatial resolution
(longer average peptide length). Nepenthesin- 2 (red) led to over-digestion, which is indicated by gaps in the
sequence and the short length of detected peptides. The green bars show the final conditions where
aspergillopepsin (protease type XIII) was utilized and 2M urea was added to quench buffer to prevent
precipitation. Arrowheads above the sequence indicate the cleavage sites after basic residues that were
introduced by the alternative proteases.
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3.1.3. Structural Characterization of the FOX04-DBD/DAF16 Model

System (Publication )

The optimized protocol for performing HDX-MS experiments on transcription factor-DNA
complexes was, together with chemical cross-linking and homology modelling, utilized for
structural characterization of a model complex consisting of the DNA binding domain of
human transcription factor FOX0O4 (FOX0O4-DBD) and its cognate Daf-16 family member-
binding element (DAF16). The obtained 3D structure model of the complex was finally
compared to the available high-resolution structures.

The HDX-MS results revealed two main regions to be affected by DNA binding. First of
them was interestingly not supposed to make direct contact with the duplex DNA according
to the crystallographic structure®®. Therefore, the decrease in deuteration could not be
attributed simply to a protection effect but more likely to indirect conformational effects
induced by binding. On the other hand, the second region with significant decrease in
deuteration in the bound form was helix H3, which the crystal structure places directly in the
major groove of the DNA duplex® making direct steric protection induced by bound DNA
the best explanation for the observed exchange reduction. These observations were further
confirmed by utilizing transplatin to cross-link the protein with its DNA ligand and by
quantitative chemical protein-protein cross-linking.

The obtained 3D structures closely matched the previously published NMR and X-ray

structures®>%*

, thus confirming that the utilized combination of structural mass spectrometry
methods could effectively guide model-building operations to obtain information about
regions inaccessible by the classical high-resolution methods. The conformational changes
upon DNA binding which have been observed in the regions not in direct contact with DNA
might suggest an adaptive binding mechanism, where conformational changes may be

necessary to establish specific substrate-ligand interactions.

3.2.Structural Characterization of TEAD1 Recognition of Genomic DNA
All human TEAD transcription factors bind the core 5’~-ATTCC-3’ consensus binding motif,
which has been broadly referred to as “M-CAT”. However, searching the JASPAR database
has shown, that the flanking sequences around this motif can vary depending on the TEAD
family member®. Furthermore, we have noticed, that the regulatory regions of human genes

that were previously identified to be regulated by TEAD transcription factors are abundant
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not only in the M-CAT motifs but also in their inverted variant (5’-CCTTA-3").

3.2.1. Publication IV

The focus of this study was to investigate whether and how the sequential context of the M-
CAT motif affects its binding properties towards the isolated TEAD1-DBD as well as to
explore the possibility of TEAD1-DBD binding to the inverted 5’-CCTTA-3’ motif.

A series of double stranded DNA constructs that placed either the 5’-ATTCC-3’ core of
the consensus M-CAT motif or its inverted 5’-CCTTA-3 version in different sequence
contexts (further referred to as M-CATs) was prepared and the binding properties of their
complexes with TEAD1-DBD were initially compared by using native nanoelectrospray
ionization MS (nESI-MS) and a fluorescence anisotropy-based binding assay (Figure 4). The
complex formation was confirmed for all the tested M-CATs including those containing the
inverted motif. Nevertheless, the results have shown that the M-CAT motif orientation
strongly affects the binding affinity of the dsSDNA constructs to TEAD1-DBD (the inverted
M-CAT had a 10x higher Kp than the classical one), whereas the sequence of the strand
surrounding the M-CAT motif has much lower, albeit still significant, influence.

As anext step, quantitative chemical cross-linking with MS detection and HDX-MS were
utilized to reveal the spatial arrangement of free TEAD1-DBD versus one bound to the
differently oriented M-CATs in solution as well as to identify their interaction interface.
Similarly to the FOXO4-DBD/DAF16 complex, the DNA binding affected not the H3 helix
and L1 loop that were previously identified as the binding interface, but also other regions
of the protein that were not in direct contact with DNA in the published high-resolution
structures®’>°. And again, this effect might be attributed to a potential loss of flexibility and
subsequent stabilization of the TEAD1-DBD structure in a more fixed conformation upon
DNA binding which is in agreement with what was already suggested for the C- terminal
helix®. Nevertheless, neither the quantitative cross-linking, nor HDX-MS results have
revealed any significant differences apart from those that could be attributed to different
dissociation constants between the two motif orientations as the same regions were affected
by DNA binding and the only difference was the degree of the protection effect.

While the information obtained so far did not reveal any significant difference in the
mechanisms used by TEAD1-DBD to recognize the different M-CAT orientations, a
possibility remained that the protein may bind the inverted M-CATs by using the same

-14 -
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Figure 4: (A) Native ESI-MS spectra of complexes of TEADI1-DBD with each M-CAT in the study, which
revealed the ratios of free versus bound components. The most intense charge states of free protein (gray star),
free DNA (brown circle), and the complex (black square) are highlighted (B) Percentage of bound protein
derived from the signal intensities in the nESI-MS spectra. (C) Comparison of dissociation constants (Kp) of
selected TEAD1-DBD/M-CAT complexes determined by fluorescence anisotropy binding assay. Complexes
containing M-CATs with binding motifs in the 5’ to 3’ orientation (i.e., SRF promoter, CTGF promoter, and
C-MYC exon) had approximately 10 times higher Kp than those with the inverted motif.

interacting region, but in an actual orientation of the entire protein rotated by 180°. This

hypothesis was tested by using molecular docking experiments. Figure 5 then displays the
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structures of the two complexes that manifested the most stable interactions which
corresponded to the initial TEAD1-DBD/M-CAT complex containing the classical M-CAT
followed by a sequence, with the M-CAT motif modeled in the complementary strand which
is equivalent to a 180° rotation of the entire TEAD1-DBD (Fig. 5B). The simulations also
revealed that the shapes of the interacting grooves were very similar in both motif
orientations which suggests a binding mechanism where TEAD1-DBD at first recognizes
the overall shape of the major groove, which is similar in both orientations, and then the
specific amino acid-nucleotide interactions, whose number and strength differ depending on
the motif orientation, stabilize the complex. The results obtained by molecular docking
simulations together with the idea of 180° rotated binding orientation were subsequently
experimentally confirmedbya A 5'-ATTCC-3' 5'-CCTTA-3'
single-molecule Forster
resonance energy transfer
(smFRET) study (Fig. 5C).
Finally, the ability of
TEADI to bind to the low
affinity inverted M-CATs in
vivo was confirmed by a
ChIP-gPCR  study. Taken
together, the presence of M-
CAT sites with  widely
different affinities in the
human genome may provide
the basis for possible

regulatory mechanisms
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Figure 5: (A) TEADI-DBD/M-CAT models used for MD
proximity to a gene regulatory simulations showing the relative position and orientation of the C-
MYC enhancer 5°-CCTTA-3" and the C-MYC exon 5’-ATTCC-3’
region as was already reported DNA sequences with respect to the TEADI-DBD. (B) Structure
.. superposition of DNA constructs corresponding to the most stable
for some other transcription interactions according to AG calculations (C) smFRET study.
24,66 DNA and protein were labelled with donor and acceptor
) fluorophores whose distance (and thus FRET effectivity) depended

on the respective orientations of the binding partners.

transcription factor in the

factors
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3.2.2. Effect of the flanking sequences around the M-CAT motif

In Publication IV we have found that the DNA sequence surrounding the M-CAT motif has

a significant influence on the affinity of the dsSDNA construct to TEAD1-DBD. To examine

this effect more closely, a series of dSDNA constructs, which all contained the core ATTCC

binding motif either in the classical 5°-3” or in the inverted 3’-5’ orientation, was prepared.

What these constructs differed in was the identity of the two bases on the 5’ side of the M-

CAT core motif and one base on its 3’ side.

-
=
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—— TEADO
—— TEAD-AA_A+
..... TEAD-AA_A-

TEAD-AA_T-

TEAD-AA_T+
----- TEAD-AC_A- ----. TEAD-GA_T-

—— TEAD-AC_A+ —— TEAD-GA_T+
—— TEAD-AC_T+ TEAD-GC_A+
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H1 helix H2 helix J=——""H3helix |
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Figure 6: Comparison of HDX-MS results depicted as number of exchanged
deuterium atoms along the sequence for the series of M-CATs differing in the
identity of bases flanking the core binding motif (shown as XX X in the labels
where the underscore signifies the position of the core motif). Regions
previously identified as responsible for DNA binding are highlighted in red in
the structure scheme under the picture. Inverted binding motives are shown
as dotted lines and labelled by a minus symbol. The strongest binders
exchange less deuterium atoms and therefore are positioned in the bottom of
the chart while the weakest binders show a similar pattern as the sample
where no DNA was present (TEADO - black line).
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After an initial
screening by native
MS performed to
evaluate the complex
formation and to sort
the series of M-CATs
according to their
affinity to TEADI-
DBD, the HDX-MS
was employed to
further explore the
binding interface. The
results (Fig. 6) have
shown that, similarily
to the six M-CATs
examined n
Publication IV, the
highest differences in
deuteration rates could
be observed in helix
H3 and the L2 loop
preceding it, thus
suggesting, that all M-
CATs bind to the same



region of TEAD1-DBD. Nevertheless, the fact that the degree of protection from deuteraion
strongly depended on the affinity of each M-CAT to the protein allowed identification of the
strongest binders (5'-GCATTCC(T/A)-3") as well as the weakest binder (3'-GCATTCCA-
5"). Interestingly, the sequence identified as the strongest binder differs from the most
abundant sequence of a TEAD binding site deposited in the JASPAR database suggesting
that the higher affinity might potentially compensate for the lower abundance of this motif
in the human genome®’.

Currently, the actual dissociation constants of each complex are being measured to
complement the obtained information and a publication concerning the influence of the

flanking sequences around the core M-CAT motif on its interaction with TEAD1-DBD is
being prepared.
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4. Summary

The aims of this thesis were to contribute to development of a set of structural mass

spectrometry methods for characterization of transcription factor complexes with their

cognate response motifs and to apply these methods to structurally characterize the

interaction between the DNA binding domains of FOX0O4 and TEAD]1 proteins and their

DNA response motifs. The following results were obtained and included in the four attached

publications:

A set of alternative HDX-MS compatible immobilized proteases needed to improve
sequence coverage and resolution was prepared, characterized and their usability was
tested on two protein systems

The choice of the best protease for digestion of a givens system in HDX-MS is highly
protein specific even in case of proteins sharing a similar fold

Addition of denaturant urea to quench buffer as well as including washing steps
between analyzed samples and screening for the best option from a set of alternative
proteases is beneficial to obtain best possible resolution from HDX-MS analysis of
transcription factor-DNA complexes

The combination of structural mass spectrometry methods can effectively guide
model-building operations to obtain information about regions inaccessible by the
classical high-resolution methods as well as about structural dynamics of the
transcription factor-DNA complex

A significant loss of flexibility upon DNA binding was observed in both
FOXO04/DAF16 and TEAD1/M-CAT complexes

TEADI1-DBD is able to bind to the inverted 5’-CCTTA-3" M-CAT motif with lower
affinity both in vitro and in vivo

TEAD1-DBD binds to the inverted motif in a 180° rotated orientation

Native nESI-MS was found to be a quick method for confirmation of transcription
factor-DNA complex formation with the ability to differentiate between strong and
week binders with very low sample consumption

Sequences of the regions flanking the M-CAT motif affect its binding affinity to
TEADI1-DBD as well with 5'-GCATTCC(T/A)-3' being the strongest binder
TEADI-DBD and FOXO0O4-DBD are able to bind together to one oligonuceotide

containing both response motifs
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