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Abstract

The FATC domain is shared by all members of the family of phosphatidylinositol-3 kinase-
related kinases (PIKKSs), which control cellular signaling pathways in response to stress and
nutrients. It has been shown that the FATC domain plays an important role for the regulation
of each PIKK. NMR and (oriented) CD spectroscopy as well as MD simulations were combined
to further examine the immersion depth and orientation of the membrane-immersed wild type
FATC domain of the ’target of rapamaycin’ (TOR). The influence of single amino acids on the
binding behavior was studied based on a set of mutants. Based on NMR and CD interaction
studies the FATC domains of ATM, ATR, DNA-PKcs, SMG-1, and TRRAP may also function
as membrane anchors. This may allow a specific and localized signaling output.



Zusammenfassung

Die Familienmitglieder der Phosphatidylinositol-3 Kinase-verwandten Kinasen (PIKKs), die
zelluldre Signalwege in Abhéngigkeit von Stress und Néahrstoffen kontrollieren, haben die FATC
Doméne gemeinsam. Es wurde gezeigt, dass die FATC Doméne eine wichtige Rolle fiir die
Regulierung der PIKKs spielt. NMR und (orientierte) CD Spektroskopie sowie MD Simulatio-
nen wurden kombiniert, um die Eintauchtiefe und Orientierung der in Membranen eingetauchten
Wildtyp FATC Doméne des "Targets of rapamycin” (TOR) zu untersuchen. Der Einfluss einzel-
ner Aminosduren auf das Bindungsverhalten wurde anhand eines Sets von Mutanten analysiert.
Basierend auf NMR- und CD-Interaktionsstudien kénnten die FATC Doménen von ATM, ATR,
SMG-1 und TRRAP auch als Membrananker fungieren. Das wiirde eine spezifische und lokali-
sierte Signalantwort ermdoglichen.
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Chapter 1

Biological background

1.1 Phosphatidylinositol-3 kinase-related kinases (PIKKs)

Phosphatidylinositol-3 kinase-related kinases (PIKKs) comprise a family of serine/threonine
kinases, which are conserved in evolution and generally possess protein kinase activity. PIKKs
have sequence similarity to phosphatidylinositol-3 kinases (PI3Ks), which are in contrast lipid
kinases [1]. The members of this family, six known in human beings (TOR, DNA-PKcs, ATM,
ATR, SMG-1, TRRAP), and thus regulate various cellular signaling pathways in response to
different stresses and nutrient availability [2, 3|.

The target of rapamyin (TOR) is the best studied family member and regulates cell growth in
respouse to nutrient and energy supply, as well as to stress conditions [4, 5]. Ataxia-telangiectasia
mutated (ATM), ataxia- and Rad3-related (ATR), and DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) are involved in the DNA damage response. In particular, DNA-PKecs and
ATM respond to DNA double-strand breaks, while ATR respond to DNA replication blocks
[6, 7]. Suppressor of morphogenesis in genitalia-1 (SMG-1) plays a role in the nonsense-mediated
mRNA decay [2]. Finally, Transformation/transcription domain-associated protein (TRRAP)
serves as a scaffold for several histone acteyltransferase complexes and thereby regulates gene
transcription [8, 9]. TRRAP is the only member that does not possess kinase activity, but
nevertheless has a high sequence similarity with the other PIKKs [8, 2].

All PIKK family members exhibit a similar domain organization illustrated in Fig. 1.1a. The
total length of the amino acid sequences varies from about 2500 to 4500 residues [10], however
all possess the kinase domain as defining element, whose activity is regulated by the FAT
C-terminal (FATC) domain and the PIKK regulatory domain (PRD) [2, 3]. The PRD domain
varies in length and sequence composition for different PIKKs [11]. The kinase domain is
N-terminally flanked by the FRAP-ATM-FATC (FAT) domain [12]. The FAT domain as well
as the preceding N-terminal region are composed of a-helical repeat motifs mediating protein-
protein interactions [13, 14]. The N-terminal HEAT repeat region (so called, because the
corresponding repeats are found in Huntingtin, Elongation factor 3, a-regulatory subunit of
protein phosphatase 2A and TOR1) has only low sequence homology when comparing different
PIKKs. The very C-terminus of PIKKs corresponds to the FATC domain, which is highly
evolutionarily conserved among each family member and consists of about 35 residues (Fig. 1.1b)
[1, 12]. The FATC domain occurs in all PIKKs in combination with the FAT domain.
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Because of the high degree of conservation, the FATC domain can be substituted among certain
PIKK family members while still maintaining kinase function. For example, the FATC domain
of ATM can be be replaced by DNA-PKcs, ATR, and TRRAP FATC and functionality is
retained [15, 2]. However, if ATR or TOR FATC is replaced by ATM FATC, then function is
lost [11, 16].

FAT Kinase {@.
~2500-4500
(a) Domain organization.

1 10 20 30
P42345_ TOR DTLDVPTOMWELL IKOQOE\TSHENCOCYI|GICPFW
P78527_DNA-PKcs SGLSEETQMKCLMDOINTDPNIIAGRTWE|GEPWM
Q013315_ATM TVLISVGGQNLLIQON\IDPKNASRLF PGUKAWYV
Q013535_ATR LPLSIEGHHYLIQETDENLCQMYLG TPYM
096015 _SMG1 MSVAEQ\DYV IKEETNLDN LYEG TAWV
Q9Y4A5_ TRRAP E[GGESK)NTLVAA NSLDNC MDPA HPWL

(b) Sequence conservation.

Figure 1.1: Domain organization of PIKKs (a) and sequence conservation of their FATC
domains (b). All PIKKs share kinase, FAT, PRD and FATC domain (green). Besides this
all contain additional functional regions of variable size that are indicated by the round-
cornered patterned rectangles (a). Sequence alignment of the FATC domains of different human
PIKKs (b). Sequence alignments were generated using ESPript 2.2 [17].

1.2 Target of rapamycin (TOR)

In the 1970s, a bacterial strain called Streptomyces hygroscopicus, which produced an antifungal
antibiotic, was isolated from a soil sample from Rapa Nui (Easter Island) [18]. This metabolite
was found to be a macrocyclic lactone and named rapamycin after the place of discovery.
In the following years, several studies showed that rapamycin possesses immunosuppressive
properties and inhibits proliferation of mammalian cells [19, 20]. The ’target of rapamycin’
(TOR) was first discovered by genetic screening tests while searching for rapamycin resistant
proteins in Saccharomyces cerevisiae (yeast), which identified TOR1 and TOR2 [21]. It was
shown that rapamycin toxicity is mediated by forming an inhibitory complex with the peptidyl-
prolyl isomerase FKBP12 (FK506-binding protein of 12 kDa), which binds to a region of TOR
termed FRB (FKB12 rapamycin binding) [21, 22, 23]. Mammalian TOR (mTOR) was identified
and cloned independently by using an FKBP12-rapamycin affinity purification [24, 25, 26].
Numerous studies over the past years confirmed the importance of TOR signaling in growth
and metabolism in response to nutrients and growth factors [4, 27, 28, 29]. Until today, every
eukaryote genome examined (such as plants, insects, worms, flies, and mammals) contains at
least one TOR, gene [30].

The PIKK TOR is a conserved 280 kDa protein kinase involved in the control of cell growth
in response to a variety of factors such as nutrients, growth factors, the cellular energy state of
the cells and stress such as osmotic stress or hypoxia [5, 31, 4]. TOR is a well known regulator
of metabolism and lifespan in organisms with a key role in connecting metabolic stress, aging
and cardiovascular diseases [32, 33]. Dysregulation of TOR signaling effects many physiological
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functions resulting in neurodegenerative, cognitive, and metabolic diseases (obesity, diabetes)
and cancer (33, 34, 35, 36, 37, 38, 39]. Genetic studies of worms, flies and mice have shown
that TOR is indispensable for the embryonic development [40, 41, 42, 43]. Further studies
have illustrated the role of TOR in neuronal and memory development by stimulating protein
synthesis [44, 45, 46] and its function as circadian pacemaker [47].

The mTOR signaling network consists of two major branches, whereby each is regulated by
specific TOR complexes (mTORC1 and mTORC2) [48, 49, 50, 51|. Both complexes react
differently to the TOR specific inhibitor complex composed of the macrolide rapamycin and
the protein FKBP12. TORC1 is sensitive to rapamycin-FKBP12 and regulates temporal aspects
of cell growths (mass/size of cells). In contrast, TORC2 is insensitive to rapamycin-FKBP12
and controls spatial aspects of cell growth, such as reorganization of the actin cytoskeleton
[52, 4]. Only long term treatment with rapamycin results in dissociation and thereby inhibition
of TORC? activity [563]. Processes mediated by TOR. include translation, ribosome synthesis,
amino acid transport, transcription of genes, autophagy, and actin organization [29]. An general
view of the various pathways is illustrated in Fig. 1.2.
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Figure 1.2: The mTOR signaling network consists of two major pathways regulated by
mTORC1 or mTORC2 [54].

TOR has been localized at specific plasma membrane regions, at the membranes of lysosomes,
the ER, the Golgi and mitochondria, associated with ribosomes and in the nucleus [55, 56,
57, 58, 59, 60, 61, 62, 63]. For what is known, the localization appears to depend on the exact
composition of the TOR complexes as well as on the cell type and signaling state and is probably
mediated by a whole network of interactions involving protein-protein as well as protein-lipid
interactions [64, 65].
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In comparison to the numerous studies dealing with the characterization of TOR on the bio-
chemical and cellular level, there is only sparse structural data available. In 1966, a crystal
structure of the ternary complex of human FKBP12, rapamycin, and the FRB domain of
human TOR (resolution of 2.7 A) has been solved revealing that rapamycin is sandwiched
between the two proteins occupying simultaneously hydrophobic binding pockets in each [23].
Some years later, this structure has been refined (with an optimized resolution of 2.2 A) [66]
and the intermolecular interactions have been characterized using fluorescence polarization and
NMR spectroscopy [67]. For the very C-terminal domain, the FATC domain, the structure
in solution and bound to membrane mimetics has been characterized suggesting furthermore
redox-sensitivity for FATC [68, 69]. For budding yeast TOR1 and a TOR-KOG1 complex an
electron microscopy structure has been reconstructed in three dimensions, but only with low
resolution (25 A) [70], as well as a three-dimensional structure of the fully assembled human
mTORCI by cryo-electron microscopy, which revealed that mTORCI is an obligate dimer with
an overall rhomboid shape and a central cavity [71]. Moreover, two models have been built
dealing with the catalytic region of TOR and predicting the number and location of structural
repeats in the TOR protein [72, 73]. Recently, a crystal structure (3.2 A) of a mTOR-mLST8
complex containing the FAT, FRB, kinase and FATC domains and the structures of this com-
plex bound to an ATP transition state analogue and ATP-competitive inhibitors, respectively,
was presented. The structure reveals an intrinsically active kinase controlled by restricted
access [74].

The domain organization of TOR comprises beside the introduced FAT, kinase and FATC
domain, the FKBP12-rapamycin-binding (FRB) domain in the C-terminal region, containing
the binding site for the TOR inhibitor complex rapamycin-FKPB12. The FATC domain was
shown to be indispensable for TOR function [2, 16]. The highly conserved part of the TOR
FATC domain consists of 33 amino acids and is rich in hydrophobic and aromatic residues (see
Fig. 1.3).

1 10 20
P35169_S.cerevisiael N E[L|D[V|P[E[V D KA T I[ERAEIOH
P32600_S.cerevisiae2 ND|L|DVIPE[s]JVDKIHI V|E N}A&0H
P42345_H.sapiens D T|L|D|V|P|T[s]V E|L}H T HE Nj#eQ(C
H9ENS2_ M.mulatta D T|LD|V|P|T[eJVELIJT HIE NI#[¢Q|C
Q9JLN9 M.musculus DTL|D[V|P|T[o]V ELIAT H|E N}#&lQ|C
P42346_R.norvegicus DT[L|D|V|P|T[o]V E|LIA T H|E N} O|C
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Figure 1.3: Sequence conservation of of the FATC domain of TOR illustrated by alignments of
the respective sequences from different organisms. Sequence alignments were generated using
ESPript 2.2 [17].

An initial NMR structural characterization of the FATC domain of yeast TOR1 (ylfatc) has
been shown that the oxidized forms consists of an a-helix that is followed by a hydrophobic
disulfide-bonded loop, whose reduction causes an increased flexibility of the C-terminal half.
The determined redox potential of the single disulfide bond and additional mutagenesis studies
(Cys to Ser) in yeast indicate further that the intracellular redox potential can affect the cellular
amount of the TOR protein via the FATC domain [68]. In line with this, it has been shown
that TORC1 formation and signaling is redox-sensitive [75, 76, 77].
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1.3 DNA-dependent protein kinase catalytic subunit
(DNA-PKcs)

Exogenous or endogenous influences, such as reactive oxygen species or radiation, can cause
DNA double-strand breaks, which can lead to genomic instability, cell death, and increased
risk of cancer [78]. There are two distinct pathways for DNA double-strand break repair:
Homologous recombination and nonhomologous end joining depending on the state of cell cycle.
Nonhomologous end joining is thought to be the predominant pathway in higher eukaryotes and
is based on the recognition of DNA termini by the heterodimer Ku protein [79]. The DNA-
bound Ku complex recruits and activates a variety of different proteins required for the end
joining including DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a member
of the aforementioned PIKKs. The recruitment of DNA-PKcs to the double-strand breaks
stimulates the kinase activity and causes phosphorylation of various substrates in order to
facilitate repair. The heterodimeric Ku protein and the ~470 kDa DNA-dependent protein
kinase catalytic subunit are part of a 615 kDA holoenzyme called DNA-dependent protein
kinase (DNA-PK) [80]. Loss of either DNA-PKecs or Ku causes increased sensitivity to radiation
and incomplete repair of the DNA double-strand breaks [81, 82].

DNA-PKcs has a regulatory role in the repair of DNA strand breaks and shares some phos-
phorylation targets and activities with ATM [83]. Besides DNA repair, DNA-PKcs is involved
in processes around the inflammatory response via NF-xB (nuclear factor kappa-light-chain
enhancer) [84] and plays an important role in metabolic gene regulation and the regulation
of the homeostasis of cell proliferation [85]. Furthermore, DNA-PKcs has been suggested to
play a role in the signaling response to ionizing radiation, which involves phosphorylation of
lipid raft proteins [86, 87]. Recently, it has further been shown that treatment of HT-29 cells
with cis-9, trans-11-conjugated linoleic acid, substances that can alter the properties of mem-
branes, followed by X-radiation showed delayed double-strand break repair, which correspond
with insufficient DNA-PKcs activation [88].

Up to date, several cryo-EM and crystal structures of DNA-PKcs alone or in complex with
the Ku70/Ku80 complex have been published [89, 90, 91, 92]. However the localization of
different functional domains is due to the low resolution not easily possible. Nevertheless, a
comparison of the EM structures of DNA-PKcs alone and in complex with Ku70/Ku80 indicate
conformational changes for the FAT and FATC domains [93]. Studies in a mouse model, where
the C-terminus of DNA-PKcs is truncated, illustrate that the FATC domain of DNA-PKcs
is indispensable for its kinase activity [94, 15, 2]. The sequence conservation of the FATC
domain of DNA-PKcs is shown in Fig. 1.4a. As the one of TOR, its C-terminal half is rich in
hydrophobic aromatic and aliphatic residues.

1.4 The PIKK family members ATM, ATR, SMG-1 and
TRRAP

The PIKK family members ATM and ATR are beside DNA-PKcs important for the DNA
damage response and signaling in the presence of DNA damages. Both phosphorylate proteins
that regulate processes such as DNA repair, cell cycle progression, cellular senescence and
apoptosis [2, 6, 95]. DNA repair by ATM is activated the same way as for DNA-PKcs, by the
presence of DNA double-strand breaks, whereas ATR responds to a much broader spectrum
of DNA damages. This includes double-strand breaks and many types of DNA damage that
interfere with DNA replication, such as single stranded DNA gaps or more general to DNA
replication blocks and UV-light treatment [95, 7]. Inactive homodimer ATM is recruited to
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Figure 1.4: Sequence conservation of the FATC domains of DNA-PKcs (a) ATM (b), ATR (c),
SMG-1 (d), and TRRAP (e) illustrated by alignments of the respective sequences from different
organisms. Sequence alignments were generated using ESPript 2.2 [17].
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DNA double-strand breaks by a multisubunit complex. The association of ATM and this
complex at the DNA results in autophosphorylation, which converts the inactive dimer in the
active monomer [96]. Furthermore, ATM plays a role in the oxidative stress response and is part
of the redox-sensing system by linking genome stability and carbon metabolism [6, 97]. Beside
the localization in the nucleus, it was also found at cytoplasmic vesicles [98]. For CKIP-1,
a protein involved in muscle differentiation and the regulation of the actin cytoskeleton, it
has been shown that the recruitment of ATM to the plasma membrane is mediated by the
C-terminal region (the kinase domain and the FATC domain) [99]. ATR has a crucial role
in stabilizing the genome during DNA replication and is also essential for cell survival [100].
Based on the known putative substrates, ATR may be involved in a broad spectrum of cellular
processes that go well beyond DNA replication and repair [95].

The PIKK SMG-1 is besides the regulation of nonsense-mediated mRNA decay involved in cell
survival during TNFa-induced stress, the genotoxic cell response, oxidative stress resistance
[101, 102, 103], and acts as a negative regulator of HIF-1a (hypoxia-inducible factor-1a) [104].

The PIKK TRRAP is supposed to be a central regulator in cellular processes (cell cycle pro-
gression, checkpoint control) through recruitment of histone acteyltransferase complexes [105].
Downregulation of TRRAP may be a critical step guiding transcriptional reprogramming and
differentiation of embryonic stem cells (ESC), since failure to downregulation prevents differen-
tiation of ESC [106]. Fig. 1.4 shows the FATC domains of ATM, ATR, SMG-1, and TRRAP,
which are highly evolutionarily conserved among each family member and shown to play an
important role for the regulation of their function [2, 15, 102, 107, 108] (see appendix Fig. A.3
for further details). All are similarly rich in aromatic and aliphatic hydrophobic residues.

1.5 Aim of this thesis

Early, it was recognized that PIKKs share a unique conserved C-terminal domain, the FATC
domain, that plays an important role in the regulation of their function [1, 12]. This was
confirmed for several family members based on mutagenesis studies [102, 16, 107, 15]. Moreover,
the FATC domains of some PIKKSs appear to be functionally equivalent, at least with respect to
some interactions [2]. Although, it has been shown that some FATC domains mediate protein-
protein interactions [15, 108, 109], the question remained as to whether there is a further
more general common property of the FATC domains that influences PIKK function. For
TOR, which is localized at different cellular membranes and the nucleus [55, 56, 57, 60], NMR
binding studies with different membrane mimetics have shown that the FATC domain acts as
a membrane anchor [69]. For PIKKs involved in DNA repair, such as ATM, ATR and DNA-
PKcs, a predominant localization in the nucleus is expected, however for ATM and DNA-PKcs
additional functions as well as membrane localization have already been suggested in several
publications [85, 86, 6, 97]. The PIKK SMG-1 is supposed to have a further function in the
oxidative stress response and lifespan regulation and a subpopulation of hSMG-1 molecules is
found to be localized to mitochondria [101, 103].

An analysis of the FATC domains of the known PIKKs shows that they are rather hydrophobic
and particularly rich in aromatic residues (Fig. 1.1b) and thus may also interact with lipids and
membranes as shown for TOR FATC. To confirm this assumption, the membrane association of
the five other FATC domains with different membrane mimetics was studied by means of NMR,
CD and PFG-diffusion measurement. Moreover, the structure of the FATC domain of DNA-
PKcs and ATM was investigated more precisely based on multi-dimensional NMR structural
and relaxation data.
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Another aim of this thesis is to provide a better understanding of the membrane association
of the TOR FATC domain. Based on earlier NMR binding studies, the FATC domain can
interact with different membrane mimetics, such as differently composed neutral and negatively
charged micelles and neutral bicelles [69]. The three-dimensional structures of the micelle-
immersed oxidized and reduced forms of ylfatc are similar to that of the free oxidized state,
whereby the a-helix of the micelle-immersed states extends more to the C-terminus and is
slightly distorted around residue A2453, which is presumably at the interface between the
micelle and the solvent [69]. Although not restricted by a disulfide bond, the C-terminus of the
reduced micelle-immersed state folds also back to the a-helix. Based on an estimate for the
dissociation constant (K4) from the NMR diffusion data, the oxidized form has a slightly higher
affinity for dodecylphosphochline (DPC) micelles than the reduced form [69]. A model of the
membrane-binding of ylfatc suggests that the C-terminal hydrophobic bulb-like region of the
FATC membrane anchor of both is embedded in the micelle making contact to the hydrophobic
fatty acid tails, while a rim of charged residues can interact with the positively and negatively
charged parts of the headgroups [69]. First mutagenesis data targeted the two tryptophans
W2466 and W2470, since tryptophans play often an important role for the interaction between
membranes and proteins. However, replacement of one or both tryptophans by alanine did not
abrogate the interaction with DPC micelles, suggesting that the other hydrophobic aromatic
and aliphatic residues in the membrane anchor contribute also significantly to the affinity for
membrane mimetics [69].

For a better understanding of the influence of single residues in the ylfatc membrane anchor
on the interaction with different membrane mimetics, a set of mutants was studied by means
of NMR spectroscopy. Furthermore, the immersion depth was analyzed in more detail based
on interaction studies with spin labeled micelles and complementary MD simulations. The tilt
angle of the single a-helix with respect to the bilayer was estimated from OCD measurements.



Chapter 2

Theory - Physical basics of the
applied methods

This chapter illustrates some basic ideas and selected concepts of modern nuclear magnetic
resonance (NMR) spectroscopy, which were used for the work described in this thesis. For a
more comprehensive understanding of the physical principles of NMR, the reader is referred to
the literature [110, 111, 112, 113].

2.1 Nuclear magnetic resonance (NMR)

2.1.1 The NMR phenomenon

The basis of nuclear magnetic resonance is the reorientation of nuclear spins in an applied
magnetic field Bg. Based on the composition of neutrons and protons, nuclei may have an
intrinsic angular momentum f, known as spin, depending on their spin quantum number [
(I =0, %, 1, %, 2, ...). Nuclei commonly used in biomolecular NMR spectroscopy are '‘H, 3C,
N, 9F, 31P (with I = ) and ?H, "N (with I = 1), respectively. The magnitude of the spin
angular momentum is given according to:

| 12 |= W2 [T (I +1)] (2.1)

with A = % and h being Planck’s constant. In the presence of a magnetic field, a nuclear spin
has 2I + 1 possible energy levels. By convention, the z component of Iis quantized as:

I, =hm (2.2)

described by the magnetic quantum number, m = {—I,—I +1,...,I—1,1}. The angular mo-
mentum of a spin I = % such as in 'H and '3C can thus occupy two permitted orientations
(IZ = —i—%fL —%h), which are termed the a- and [-state; where « is ’spin up’ (m = —&—%) and
is ’spin down’ (m = —%) In the absence of an external field, these states have the same energy

(degenerate) and I does not have a preferred orientation.
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The magnetic moment p is collinear with I and is given by:

-

g=~0;  p,=~I =vhm (2.3)

where ~ is the gyromagnetic ratio, a characteristic constant for a given nucleus. Tab. 2.1
summarizes relevant nuclei and their properties.

Table 2.1: Properties of selected nuclei.

nuclei spin natural abundance [%)] v[rad s'T=1](x107)
'H 3 99.98 26.75
’H 1 0.02 4.11
13C 3 1.11 6.73
N 1 99.63 1.93
N 3 0.37 -2.71
F 3 100.00 25.18
3p 3 100.00 10.84

The spin states in the presence of an external magnetic field B , which is per definition directed
along the z axis (Bp), possess energy, which emerge by the interaction between By and the
magnetic moment g, (projection of u onto By), and is described by:

E = —yI.By = —mhvBy (2.4)

The stronger the magnetic field and the larger v, the greater the differences AE between the
energy levels (Fig. 2.1a). At equilibrium, the energy states o and 8 are unequally populated
(with the lower one being more probable) and the population ratio is given by the Boltzmann
equation:

N,
Vz — o~ AE/KT (2.5)

where N, and N g are the populations of the ground («) and excited state (5), T is the absolute
temperature, and k is the Boltzmann constant. The population difference between the a- and
B-state is in the order of 10° for 'H spins for By = 11.7T. The energy difference between these
two states (also known as Zeeman states), is according to the selection rule for spin % nuclei
Am = %1 and thus the photon energy hv needed for the transition is

AE = hv = hw = iy By (2.6)

and therefore proportional to p and B}. Since the population difference is very small, NMR
is compared to other techniques such as UV /VIS spectroscopy, a rather insensitive method.

This limitation is overcome by the usage of high magnetic field strengths go which increase the
difference between the ground and the excited state.

10
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Based on these conditions (Eq. 2.6), the required frequency for matching the difference between
the spin states AFE, by an appropriate radio frequency pulse (7f), is given by:

_ B,
Wrf =w=—— =78y orv O:L 0

hv o (2.7)

with w,y as pulse radio frequency and w as Lamor (nuclear resonance) frequency. Thus, nuclei

precess around BO with their Lamor frequency at thermal equilibrium. Due to the higher
population of the a-state, one expects a net magnetization MO parallel to the field Bo (Fig. 2.1b).
All contributing spins possesses components in the zy plane, which however cancel out.

R

(bulk magneti-
zation vector)

AN |

a(m = +%) “l‘

(a) Energy level diagram. (b) Bulk magnetization vector.

E BmLm%T

AE

B

0

Figure 2.1: NMR energy level diagram and bulk magnetization vector. Schematic illustration
of the increase in energy level difference for nuclear spins as the magnetic field is increased. The
difference of spin quantum number between the Zeeman states is for spin § nuclei Am = +1 (a).
Following an rf pulse along z (or y), the bulk magnetization (b) is tilted away from the z towards
the zy plane and precesses in the zy plane around the static magnetic field B_b with a Lamor

frequency wy.

The chemical shift is a specific property of a nuclear spin, whose origin is the motion of the
surrounding electrons inducing a local magnetic field, defined by:

w=v(1—0)By (2.8)

in which o is the average isotropic shielding constant. Variations in the local chemical envi-
ronment cause slight modifications in the resonance frequencies. Since resonance frequencies
are directly proportional to 50, the difference in chemical shift between two resonance signals
measured in frequency units scales with go. To obtain a field-independent parameter, the reso-
nance frequencies are transformed into chemical shifts, defined as ¢ in ppm, using the following
equation:

Q- Q'r‘ef
wo

5= x 10° = (0yef — o) x 10° (2.9)

in which Q and Q,.y are the offset frequencies of the signal of interest and a reference signal
(e.g. TSP, DSS) [111, 110, 112].

11
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2.1.2 Relaxation

NMR uses an oscillating magnetic field to excite nuclei in an external magnetic field to detect
s

the precession of the magnetization vector. The commonly used pulses 7 (90°) and m (180°)
rotate the magnetization from the equilibrium in the zy plane (transverse plane) and invert
the magnetization from z to -z, respectively. Equilibrium is hereby the state in which the
populations of the energy levels fulfill the Boltzmann distribution and no coherence is present.
Immediately after a rf pulse is switched off, the system tries to return to equilibrium state by
a process called relaxation: The spin-lattice or longitudinal relaxation describes the recovery of
the populations according to the Boltzmann equation. The spin-spin or transverse relaxation
characterizes the decay of spin coherence. The longitudinal and transverse relaxation rate
are named R; and Ry and their corresponding time constants are Ty and Ts. The following

equations describe the return to z and the dephasing in the zy plane:

M, (t) = My + e~ ¥/T2 [M, (0) — M) (2.10)
M, (t) = My exp (—t/Ts) sin (%) (2.11)
M, (t) = Mg exp (—t/T>) cos (§) (2.12)

The reason for nuclear spin relaxation is the coupling of the spin system to the environment,
historically termed the lattice, and the interaction of spins with another. Random motions,
especially rotations caused by thermal agitation and collisions modify the local magnetic field
around the nuclei. Besides rotational reorientation, internal dynamics of atoms or molecular
groups, and paramagnetic species contribute to relaxation. If the 'motion-generated’ fluctuat-
ing fields around the nucleus contain frequency components fulfilling the resonance condition
(Eq. 3.7), transitions are induced. A transition of the spin system from higher energy to lower
energy is more probable because the lattice is in equilibrium with a larger populated a-state.
For isotropic rotational diffusion, the probability of a motional fluctuation field providing a
particular frequency is described by the spectral density function J (), which represents the
strength of the fluctuating field:

2 Te
5 (1 +w?72)
in which the rotational correlation time 7., is approximately the average time for the molecule

to rotate by one radian. It varies due to molecular size, solvent viscosity, and temperature, and
is for globular proteins described by Stokes’ law according to:

J (W) (2.13)

= —— 4 gith =— w 2.14
K s (2.14)

where 7, is the viscosity of the solvent at temperature T, rg the effective hydrodynamic radius
of the protein, and k is the Boltzmann constant. The hydrodynamic radius itself can be roughly
estimated from the molecular mass Mg, the Avogadro constant N4, and the hydration layer
radius 7, (1.6 - 3.2 A) surrounding the protein. For proteins with molecular weights up to about
30 kDa, 7, is commonly estimated from the ratios of '°N-T; and T; relaxation rates. Typical
correlation times at room temperature in aqueous solutions are in the range of 5 - 20 ns [114].

12



CHAPTER 2. THEORY 2.1. NMR

As a general rule of thumb, the 7. of a monomeric protein in solution in ns is approximately
0.6 times its molecular mass Mg (in kDa). The linewidth of NMR signals is proportional to 7,
which is proportional to the molecular mass Mgr. Hence, larger molecules have broader lines in
the NMR spectrum [111, 110, 112].

2.1.3 The nuclear Overhauser effect (NOE)

The nuclear Overhauser effect (NOE) is the change in intensity of an NMR resonance when the
transition of another resonance is saturated by a weak rf pulse thus eliminating the population
difference across the transitions. The basis of the NOE is the coupled relaxation of the longi-
tudinal magnetization of dipolar coupled nuclei (I, and S,). Hence, the NOE is a measure of
the magnetization transfer from one nucleus to another and is defined by the cross relaxation
rate constant o or the NOE factor #:

_270s

= 2.15
! PI VI ( )

where p; represents the longitudinal relaxation rate of spin I.

Figure 2.2 shows the energy levels for a two-spin system with the transitions being frequency
labeled. The transition probabilities for transitions between the energy levels (ac, a8, Ba, 88)
are denoted by Wg, Wy, Wg, and Wy. Wy and W» are only of relevance if the spins couple.
Wi and Wi g correspond to the longitudinal relaxation rate. For each particular transition the
appropriate motional fluctuating field has to provide the Lamor frequency of spin I, S and the
sum or difference of spin I and S, respectively.

BB —7—
W,
ap ‘WO\ Ba
\/
aq —
(a) before. (b) after.

Figure 2.2: Relaxation pathways before (a) and immediately after (b) saturation of the S
transition (adapted from [112]).

The cross-relaxation rate constant is nonzero only if Wq — Wy # 0. Therefore the relax-
ation mechanism has to generate nonzero rate constants for zero-quantum (W) and double-
quantum ( Ws) transitions to detect NOE. If W, is the dominant relaxation pathway, saturating
S decreases the intensity of I (negative NOE), while if W5 is the dominant pathway, saturating
S increases the intensity of I (positive NOE).

13
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2.2 Experimental NMR methods

2.2.1 Protein NMR

NMR spectroscopy provides three types of information useful for spectral assignments: Through-
bond interactions (via scalar coupling), through-space interactions (via dipolar coupling), and
the chemical environment (via the chemical shift). Tab. 2.2 summarizes some experiments
(including the chemical shift index) that can be used for assignment and structure analysis.

Table 2.2: Protein NMR experiments.

Chemical shift index secondary structure

Fingerprints 2D °N HSQC, 2D '3C HSQC
Sequential assignment 3D HNCA (!*N-edited NOESY)

Side chain assignment 3D HCCH- and CCONH-TOCSY
Distance restraints 15N- and ¥C-edited NOESY
Dynamic information (backbone) 15N Ty, -To, and {'H }- >N NOE
Stereo specific assignments, dihedral angle 3D HACAHB-COSY, 3D HNHB, etc.

information for backbone ¢ and side chain x; *

* not used in the context of this work.

2.2.2 Chemical shift index

Observed chemical shifts in proteins are commonly partitioned into the sum of two components:
the random coil chemical shifts, d,.., and the conformation dependent secondary chemical shifts,
AJ. The random coil chemical shift of a nucleus in an amino acid residue is the chemical
shift that is observed in a peptide, which is free to access all sterically allowed regions of its
conformational space. The secondary chemical shift contains the contribution from secondary
and tertiary structure, which display characteristic patterns for secondary structure elements.

The 'H resonances can be categorized on the basis of their chemical shifts: The backbone amide
protons, "HY resonate between 10.0 and 7.0 ppm, the backbone a protons, 'H®, between 6.0
and 3.5 ppm, aliphatic side chain protons between 3.5 and 1.0 ppm, and methyl protons resonate
at chemical shifts <1.5 ppm. Information on amino acid type can be obtained from the '3C
chemical shift data of e.g. the HNCA combined with side chain experiments (3D HCCH- and
CCONH-TOCSY). Random coil chemical shifts of 1H,*C, and 1°N for the 20 common amino
acids, including the 'nearest-neighbor’ effects, can be found in several studies [115, 116].

2.2.3 15N-T, -T,, {{H}-"N NOE

NMR relaxation experiments such as '»N-Ty, '®N-T; relaxation times and {*H}-'>N NOE
provide valuable information on reorientational global and local dynamics in the picosecond to
nanosecond time scale [117]. For biological macromolecules in solution, Ts values are in the
range of tens of milliseconds and T values are in the order of seconds. The transverse relaxation
time Ty is inversely proportional to the correlation time 7.. The longitudinal relaxation time
T, increases for short and very long 7. and goes through a minimum at wio

14
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The value of the {*H }-'"N NOE is determined by measuring two spectra, one with the S spin
saturated for a period of time sufficient to establish the NOE enhancement of the I spin and
the other with the S spin not saturated. The value depends on + of the respective nuclei (for
15N negative) and the tumbling of the molecule.

2.2.4 Insensitive nuclei enhancement polarization transfer (INEPT)

Most protein experiments start by excitation of 'H magnetization, because of the high natural
abundance of the 'H nucleus and its great sensitivity due to its large gyromagnetic ratio. After
transferring 'H magnetization to the less sensitive X nucleus (i.e. °N or 13C) and allowing
the spins to evolve due to the particular pulse sequence, the magnetization is finally transferred
back to 'H for detection (out-and-back experiment). The transfer is often done by using the
insensitive nuclei enhancement polarization transfer (INEPT) (Fig. 2.3).

90°x 180°x 90°xy

>4
T[S

Figure 2.3: Pulse sequence of the INEPT. Filled black rectangles represent 90° pulses and
diagonal patterned rectangles represents 180° pulses (adapted from [111]).

Magnetization of nuclei is denoted by different capital letters and the indices (X, Y, Z) indicate
the orientation of the magnetization vector. In a Cartesian coordinate system, for a single
spin-half, the x-, y- and z components of the magnetization are represented by the spin angular
momentum operators I, I, I, respectively. A vector along the z axis, I, represents polariza-
tion (population difference between the o and B spin states) and a vector within the zy plane,
I, and I, represents single-quantum coherence.

Starting from the equilibrium magnetization (I,) the first 90° pulse generates transverse mag-
netization

L+S. ——I,+8. (2.16)

Evolution during the period of free precession 7 and the 180° pulses refocusing the chemical
shifts cause the following transformation for the spins:

7S ﬂJIsTQIzSZ
—

—I,+ S, LEEN IycosmJ, o1 — 21,5, sinwJ, ;7 — S, (2.17)

The chemical shift evolution during period 7 is removed by the 180° I spin pulse and the S spin
label is inverted by the 180° S spin pulse, thereby enabling the precession of the I spin vector.
The following 90° pulse on the I spin, with alternating phase +y, gives:

7l
Iycosmd, o7 — 21,8, sinwJ, ;7 — S, — Lcosmd, 7 + 21,5, sinmJ, ;7 — S, (2.18)
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and the final 90° pulse on the S spin results in:

Iycosmd, g7 £ 21,5, sinwJ, ;7 — S, % Iycosmd o7 F 21, Sysinmd ;7 + Sy (2.19)
After subtraction of the two experiments with alternating phase, the only term left is:

—2I.SysinmJ T (2.20)

Setting the delay 7 = ﬁ (thereby % = ﬁ), then sinmJ,; = 1, and the pure anti-phase
term —21,.S, evolves during detection [112]. The chemical shift Hamiltonian of the I and the

S spin is refocused.

The INEPT and variation of this pulse sequences are a crucial part of one of the most useful
and simplest heteronuclear two-dimensional experiment, the 'H-'"N HSQC.

2.2.5 Hetero Single/Multiple Quantum Coherence (HSQC/HMQC)

Generally, indirect or proton detection is used for heteronuclear correlation NMR experiments
in order to increase the sensitivity. In the HSQC experiment (Fig. 2.4, 2.6a) the transferred
coherence evolves during an indirect evolution period (1) as the heteronuclear single quantum
coherence (HSQC) [118]. The resulting spectrum is two-dimensional with one axis for *H and
the other for a heteronucleus, most often °N or '3C. It provides a fingerprint of the protein,
because each amide group or aliphatic carbon represents one single cross peak.

| ] \v/\vz,\v

> X
—tzi- T T
| Decouple |

Figure 2.4: Pulse sequence of the HSQC experiment, in which the phase cycling is 1 = z, —;
w2 =2(x),2(—x); p3 =4 (y),4 (—y) and the receiver = 2 (z, —z, —z, z). (adapted from [110]).

Nl
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Q
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The HSQC employs two INEPT types transfers, one the one hand to transfer I spin magneti-
zation into anti-phase S spin coherence (single quantum, heteronuclear) and on the other hand
to transfer the evolved transverse S spin coherence back to observable 'H magnetization for
detection. Evolution in terms of product operators is described as follows:

Slg—7—7lg,mSg—7— 51y, 5 Sx

1, —2I,S, (after INEPT) (2.21)

t1 t1
7 e o

——— 21, Sycoswsty — 21, Sy sinwst,  (after tq) (2.22)

[N

Ip, ESg—7—7lg, 7Sz —T

— I coswsty — 21,5, sinwsty  (after reverse INEPT) (2.23)
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with the delay 7 = ; Jl . The term I, S, is unobservable multiple quantum coherence and is
thereby neglected, only “the pure absorptive term —I,coswst; is observed. The 180° I pulse in
the middle of evolution refocuses the heteronuclear Jrs coupling [110, 112].

The recently introduced SOFAST-HMQC experiment (Fig. 2.5) is an alternative technique
for fast acquisition of two-dimensional heteronuclear correlation spectra, which provides the
required high sensitivity and enables real-time site-resolved NMR studies on a time scale of
seconds. The pulse sequence is optimized for longitudinal relaxation, which allows to use
very short interscan delays (t,..) and thus fast data acquisition. The advantage of HMQC-type
coherence transfer is the use of shape pulses compared to HSQC-based sequences, which reduces
signal loss due to B; field inhomogeneities and pulse imperfections [119].

t,
A
\/\A
\VAR 4
L
2

I
[
>
(1]
T N\ B

| Decouple |

| Decouple |
G

Y G, <3 1
N N
Figure 2.5: Pulse sequence of the SOFAST-HMQC experiment to record 'H - X (X = N or 13C)
correlation spectra of proteins. Filled black rectangles indicate 90° pulses and diagonal pat-
terned rectangles represents 180° pulses, except for the first 'H excitation pulse applied with
flip-angle a.. The variable flip-angle pulse has a polychromatic PC9 shape, A is set to ﬁ, the

delay § accounts for spin evolution during the PC9 pulse, and t,.. is the recycle delay between
scans (adapted from [119]).

Hy— Cy — Hy Hy—Cy — Hy

HB—CB—HB  HB— CB— HB

—N— Ca —C Ca—C—
YR
H Ha (o) Ha o
| | | J
i—1 i
(a) 'H-1°N HSQC. (b) NOESY.

Figure 2.6: Schematic representation of the protein backbone and the correlations that can
be observed in an HSQC (a) and NOESY (b). Black shaded circles indicate nuclei for which
chemical shift is measured. Magnetization transfer and direction are marked by black lines. The
'H-»N HSQC correlates amide nitrogen with the directly attached proton (a). The NOESY
(see subsection 2.2.6 on the next page) correlates nuclei close in space (~ 5 A) (b).
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2.2.6 Nuclear Overhauser Enhancement Spectroscopy (NOESY)

The NOESY experiment [120] is mainly performed to obtain distance restraints using the NOE
to correlate protons that are close in space (distance smaller than 5 A). The experiment
gives a spectrum in which a cross peak at respective frequency coordinates (Fy, Fy) indicates
that the spin at F; is chemically exchanging with the spin at Fa. The first 90°, pulse creates
transverse magnetization, and the spins evolve during t; according to their chemical shifts. The
second 90°, pulse returns magnetization back to the z axis (more precise -z). During the mixing
period 7,,,, magnetization transfer occurs under the influence of cross relaxation. The transverse
components, which are not required, are removed by phase cycling and only magnetization in
z direction remains. Finally, the third 90°, pulse creates observable magnetization. The cross
peaks arise due to internuclear magnetization transfer, while the diagonal peaks emerge from
those spins which do not undergo chemical exchange during 7,,, (Fig. 2.7).

Figure 2.7: Pulse sequence (top) and coherence level diagram (bottom) for the 2D NOESY
experiment. The coherence transfer starts at level p = 0, corresponding to thermal equilibrium,
and by acting of an rf pulse p = +1 is created. During the mixing time 7,,, coherence is
conserved and finally ends up at p = —1, where it can detected.

After the second 90,.° pulse the existing magnetization is described by:

= [—I.coswrty + I sinwrty — S,coswgty + Sysinwsty] cosmJ sty (2.24)

— [QInycoswltgl) + QInycoswstgz) + 2L 1,stnwrty + 21,1, sinwgty | sintJrsty

The first (1) and second (2) term representing single and double quantum coherence are negli-
gible because they do not lead to observable magnetization. For the NOESY only longitudinal
magnetization components during 7,, are interesting. The first two pulses are phase cycled by
90° each (x,z,y,y, —x, —x, —y, —y). Thereby undesired coherence orders are canceled and only
zero quantum (ZQ) coherence remains:

(=L coswrty — Sicoswsty) costJ sty — (IySy — Ip 1) X [coswrty — coswrty] sinmJrgt (2.25)

After 7,,,, in which the ZQ term precesses according to the difference in chemical shift of I; and
Is, and the third 90° pulse the resulting evolution is:

[Ty arrcoswrty + Syasgcoswsts + Iyzasrcoswst: + Syargcoswrty] X cosmd st

+ (1,8, — I;S.) cos (wr — wg) X Ty [cOSWst1 — coswrty] sinmJrsty (2.26)
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The terms represent diagonal peaks proportional to the mixing coefficient aj; and agg, and
NOE cross peaks proportional to agr and arg [112, 110]. In Fig. 2.6b, the magnetization
transfer between all protons using the NOE experiment is illustratively presented.

Figure 2.8: Pulse sequence for the 3D 'H-'N NOESY-HSQC experiment. The phase cycling
is: o1 = 2(x),2(—x); 2 = 4(x),4(—x); p3 = x, —x; and receiver = x, —x, —x, T, —T, T, T, —T.
The spin-lock purge pulses (SL) are applied for 1-2 ms (adapted from [110]).

The basic pulse sequence of the NOESY-HSQC (I = 'H, and S = N or '3C) experiment is
illustrated in Fig. 2.8. The basic homonuclear NOESY experiment is heteronuclear-edited in
the third dimension and resolve cross peaks between the 'H spins according to the chemical
shift of the heteronuclei bonded directly to the 'H. The complete magnetization transfer is

described by:

1 1
I NOE Is Jrs S JISI

(1) (t2) (ts) (2.27)

2.2.7 HNCA

In the HNCA experiment, the amide 'H and N chemical shifts of residue i are correlated
with the 13C% of residue i (intraresidue) by JlSN(i),Bcg) coupling (7 - 11 Hz) and residue
i-1 (interresidue) by Jlst’mcgil) coupling (9 Hz) [121]. The pulse sequence of the HNCA
experiment is illustrated in a simple version in Fig. 2.9.

In the following, I, N, and C® denote the intraresidue 'H, '°N, and 3C® spins, the carbonyl
spin of the preceding residue is C’. The chemical shifts are denoted as wy and woa and Jy¢r is
the interresidue *>N-13CO coupling constant [112, 110]. In the first INEPT step magnetization
is transferred to ®N. During ¢ the magnetization evolves according to the >N chemical shift.
Evolution due to scalar coupling between °N spins and 'H, 13C?, and '*CO is eliminated by
the 180° refocusing pulse in the middle of ¢;:

I, EL 2I,N, 4, 2I,NycoswnticostIneity (2.28)
The >N magnetization becomes anti-phase with respect to the 3C® spins during the delay 4,

which is set to an integral multiple of ﬁ such that the 1N magnetization remains anti-phase
with respect to the coupled protons.
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Figure 2.9: Pulse sequence for three-dimensional HNCA experiment. The delay ¢ is adjusted
to be an integral of ﬁ that the N magnetization is antiphase with respect to its coupled
protons. The phase cycling is: ¢1 = z,—x; @2 = y,—y; w3 = x; 4 = 2(x),2(—x); w5 =
4(x),4(y),4(—x),4 (—y); receiver = 2 (z, —x, —z, x) (adapted from [112]). For further details
see text.

Afterwards, the simultaneous application of 90° pulses to both 'H and '3C® results in three
spin coherence (1°N - 'H - 13C®).

B, _ 4InyC§‘cosztlcos7rJNclt1

L2, 41, N, CcoswnticostInorticosmIoaty (2.29)

By refocusing of the 'H and '°N chemical shifts through the simultaneous 180° pulses in the
middle of t,, only '*C® chemical shifts evolve during this period. Finally, magnetization is
transferred back to observable 'H by reversing the described procedure excluding ¢ evolution:

<, I.coswnticosmd norticosmIoats (2.30)

The existence of a significant two-bond coupling 2.J Neg_ between °N(i) and the preceding

13C‘()‘i_1) spin, JC(O:L—I)’ will cause a signal prior to detection given by:

I.coswnticosmI oty X (2.31)

2
|:COS7TJCat2 (simrJNcaécostchx 1)5) + coswee 1)152 (sinm]Nc(a_ 1)66057‘&]]\[0&5) }
71— 71— —

For both equations, the detected signal is modulated by ¢; and ty resulting in pure absorptive
lineshapes and for the HNCA experiment two sets of correlations are obtained: intraresidue
1308.) —15 Ny - H;y connectivity via one-bond L Jnce coupling and via two-bond 2Jyce
coupling the interresidue 130(‘;_1 —1% N(;_1) — "H(;_1) connectivity, which is illustrated in
Fig. 2.10a. One can detect peaks for both C%(;) and C%;_1) in the spectrum, however the
coupling to C%(;) is usually stronger and thus these peaks generally appear with a greater
intensity in the spectra.
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(a) HNCA. (b) HCCH-TOCSY.

Figure 2.10: Schematic representation of the protein backbone and the correlations that can be
observed in an HNCA (a) and HCCH-TOCSY (b) experiment. Black shaded circles indicate
nuclei for which chemical shift is measured. Magnetization transfer and direction is marked
by black lines. Magnetization is passed from 'H to ®N and then via the Jyco coupling to
the 13C® and then back again to N and 'H for detection. Chemical shift evolves for 'H as
well as N, and 3C?, resulting in a three-dimensional spectrum (a). In the HCCH-TOCSY
(see subsection 2.2.8), magnetization is transferred from the side chain hydrogen nuclei to their
attached '3C nuclei, followed by isotropic *C mixing and finally transfer back to the side chain
hydrogen atoms for detection (b).

2.2.8 HCCH-TOCSY and CCONH-TOCSY

The HCCH-TOCSY (total correlation spectroscopy) is used to assign side chain 'H and '3C
resonances and make use of the ! Joy (~140 Hz) and the ' Joo coupling (32 - 40 Hz) by transfer
of magnetization along the side chain via:

lHlJC‘H 1301Jcc 1301JCH 1H

(t1) (t2) (ts) (2.32)

The transfer is achieved by isotropic mixing of the 3*C spins, which results in both direct
and multiple-relayed magnetization transfer along the carbon side chain [122, 123]. The pulse
sequence is shown in Fig. 2.11 and the correlations obtained are illustrated in Fig. 2.10b.

After evolution during ¢;, ' H magnetization is transferred to the attached carbon (C4) via Yon
in an INEPT-type sequence, while the 180° pulse in the middle of # ensures decoupling of 'H
spins from '3C spins. During the delay 26; the '3C magnetization, originally anti-phase with
respect to 'H, becomes in-phase, and evolves during # under the influences of '3C chemical
shift. 'H-'3C coupling is removed by the 180° pulse on 'H, while the 180° *CO pulse destroys
dephasing of 13C® magnetization. The C 4 magnetization becomes anti-phase with respect to its
13C coupling partner Cp during #,. The short spin lock trim pulse along the z axis defocus all
in-phase '*C magnetization that is not parallel to the effective field. The subsequent isotropic
mixing (DIPSI-3, 20 - 35 ms [124, 125]) transfers the in-phase 13C magnetization to its neighbors
via ! Joe coupling. Using a reverse INEPT sequence the '>C magnetization is finally transferred
back to the attached protons and detected in ¢3. This results in a three-dimensional spectrum
with an appearance similar to a two-dimensional 'H-'H TOCSY, but edited by the *C chemical
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shift in the third dimension at the diagonal where the magnetization originates. Hence, the
cross peaks are not symmetric about the diagonal [112, 110].
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13,
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Figure 2.11: Pulse sequence of the HCCH-TOCSY experiment. The phase cycling is:
o1 = Y~y o2 = 4(2),4(y),4(-2),4(-y); w3 = 8(x),8(-x); ws = 2(x),2(-a);
s = 2(2),2(y),2(—),2(-y); we = 4(),4(—x); pr = 8(x); Y1 = Wy = x receiver
= 2(z,—x,—x,2),2(~=,2,2 — x). The delay 7 = 1.5ms, slightly less than ;7-—, the delays
01,02 are set to ~ ﬁ = 1.1ms (adapted from [112]).
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Figure 2.12: Pulse sequence of the CCONH experiment. The phase cycling is: ¢; =
y; w2 = r,—x; w3 = x; ps = 8(x),8(y),8(—2),8(~y); w5 = 4(z),4(-2); g =
2(z),2(=x); o7 = 48.5% g = 4(2),4(—x); @9 = 8(2),8(—x); ¢10 = 16(z),16(—x);
Acq.= P,—P,—P,P,—P,P,P,—P, with P = (z,—xz,—x,z). Quadrature in the t1 and t2
domains is obtained by changing the phases 3 and g, respectively, in the usual States-TPPI
manner (adapted from [126]).

The CCONH-TOCSY is another experiment to correlate the 'H and '®N amide resonances
of one residue with the >C® and all other 'H and '3C side chain resonances of its preceding

residue. In Fig. 2.12 the pulse sequence for the CCONH is illustrated. The complete transfer
of magnetization for the CCONH-TOCSY is described by:

1H1JCH 1301Jcc 1301JCACO 1301JNco 15N1JNH lpg

(2.33)
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2.2.9 Pulsed field gradient (PFG) diffusion measurements

Diffusion refers to the random translational motion of molecules and determines the encounter
of molecules and thus influences the rate of chemical reactions. It depends on several physical
parameters such as molecular size and shape, temperature, and viscosity, and can be described
by Stokes’ law (see eq. 2.14). The measurement of diffusion constants provides information
about intermolecular interactions, the shape, and the size of diffusing molecules [127, 128].

Pulsed field gradient NMR, spectroscopy can be used to measure diffusion constants and thus
gives information about ligand binding affinities. In PFG measurements, molecules are spatially
labeled using pulse sequences that incorporate pulsed-field gradients. As the name already
indicates, the strength of a gradient pulse varies, mostly linearly, along the sample volume. The
gradient pulses enable the determination of the position of nuclei before (gradient encoding)
and after (gradient decoding) the diffusion time A [129]. The measured signal is the integral
over the whole sample volume and the NMR signal intensity I is attenuated depending on the
diffusion time A and the gradient parameters (G,d ) according to

I =1Iyexp {—D (v0G?) (A - g)] (2.34)

where I is the signal intensity in the absence of the applied magnetic field, D the diffusion
coefficient, G the gradient strength, and § the length of the gradient. The decay rates of the
exponential curves are proportional to D, which can be calculated from the slope.

“J I—I s \\/A

(a) PGSE. (b) PFG-STE.

Figure 2.13: Pulse sequences of two PFG-NMR experiments that can be used for diffusion
measurement: Pulsed gradient spin echo (PGSE) (a) and Pulsed-field stimulated echo sequence
(PFG-STE) (b) (adapted from [130, 131]).

Two standard pulse experiments for diffusion measurement are pulsed gradient spin echo
sequence (PGSE) and pulsed-field stimulated echo sequence (PFG-STE) [130, 131], which are
shown schematical in Fig. 2.13. For PFG-STE the encoding and decoding periods are separated
by 90° pulses, which allow diffusion to occur in in the longitudinal direction. Since the time,
magnetization is held in the zy plane (as long as T <« Ty), is short, diffusion is responsible for
the measured signal decay, but not Ty. The last 90° pulse transfers magnetization back in the
zy plane for decoding of the spins [129]. PFG-NMR is a well-established method for the mea-
surement of protein diffusion coefficients to characterize the binding of proteins to membrane
mimetics [132, 133]. The binding of the protein to a membrane mimetic results in an increase
of its diffusion coeflicient since it diffuses now as a larger and more slowly moving complex.
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2.2.10 Paramagnetic probes and paramagnetic relaxation enhance-
ment (PRE)

Paramagnetic relaxation enhancement (PRE) is a powerful tool to investigate structural aspects
of dynamic processes providing long-range distance information up to 35 A (depending on the
paramagnetic ion) compared to NOE restraints, which provide short-range distance information
(<6 A). The PRE arises from dipolar interactions between a nucleus and the unpaired electrons
of a paramagnetic center. The resulting PRE displays a r~% distance dependency. Because
the magnetic moment of an unpaired electron is much greater than that of a 'H nucleus, a
paramagnetic center in solution can cause large effects on a NMR spectrum. In general, the
vicinity of a paramagnetic ion or complex can cause shifts and the reduction of the intensities
of NMR signals. The relaxation of a spin close to a paramagnetic center (PRE) is described by
the Solomon-Bloembergen equation:

47

(2.35)

12 (Mo) Y1g*u%S (S +1) 37 T7e
Tipe 15

= +
76 1+wir?  1+wir?

where ﬁ is the paramagnetic dipolar electron-nuclear relaxation, pg is the permeability of
a vacuum, g°upS (S + 1) is the square of the electronic magnetic moment, p? is proportional
to the square of the nuclear magnetic moment, r is the electron-nucleus distance, 7. is the
correlation time, and wg the electronic and w; the nuclear Lamor frequency. The correlation
time 7. depends on the overall rotational correlation time 7g, the electron spin relaxation time

of S 7g, and also the chemical exchange lifetime 7;:

=t vt gt (2.36)

The PRE can be observed in any paramagnetic system (isotropic and anisotropic), while the
two other NMR observables yielding long range information, PCSs (pseudocontact shifts) and
RDCs (residual dipolar coupling), can only be detected in anisotropic systems. Nitroxide spin
radicals, Mn?*, Gd?*, Fe3*, Cu?*, and many other paramagnetic metal ions are used for PRE
experiments [134, 111, 135, 136].

In principle there are three kinds of PREs, which are illustrated in Fig. 2.14: intramolecular
PREs arising from the paramagnetic group within the same molecule, intermolecular PREs
arising from the paramagnetic group located on the interaction partner, and solvent PREs
emerging from random collisions between a protein and the solute paramagnetic substance.
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Figure 2.14: Illustration of (a) intramolecular PRE, (b) intermolecular PRE, and (c) PREs
arising by a solute paramagnetic substance (adapted from [134]).
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Nitroxide spin labels attached to lipids or fatty acid molecules are often used for labeling of
membrane mimetics providing information about the local environment at a particular depth
in the membrane [137, 138, 139]. Analyzing shifts and/or quenching of NMR signals of for
example proteins in the absence and presence of a spin label in the membrane mimetic allows
to obtain information about the immersion depth.

2.3 CD and oriented CD

2.3.1 Circular dichroism (CD)

A variant of absorption spectroscopy used for optically active molecules, meaning asymmetric
molecules, is circular dichroism (CD). The optical activity can be seen as the rotation of linearly
polarized light by the difference in absorption for the right- and left-handed circularly polarized
light, which both obey Lambert-Beer’s law:

Al) =e)le (2.37)
where € (v) is the extinction coefficient in [M_lcm_l], ¢ the concentration in [mTOI], and [ the
path length in [cm]. CD is defined as the difference AA in extinction coefficients for right-(R)
and left-handed (L) circularly polarized light:

AAN) = AL (N) — Ap (\) = [e2 (V) — er (V)] le = Acle (2.38)

where the subscripts L and R denote the handedness of the light. For proteins the mean residue
weight ellipticity 0 rw is often used to normalize the data with respect to the molecular weight.
Linearly polarized light is defined as oscillation of the electric vector in only one plane and can
be considered to have two components, respectively, electric vectors (Eg and Ep), which are
contra-rotating circularly around the direction of propagation. Circularly polarized light is
made by two polarized waves, perpendicular to each others oscillation plane, that are out of
phase by 7 after passing a retarder. The sum of these two linearly polarized lights emerging
from the the retardation give either an electric vector rotating as a right-handed or left-handed
helix [107, 140].

For proteins, the main chromophores are the peptide bond, the aromatic side chains, and some
prosthetic groups. The spectral region dominated by the peptide backbone (190 - 260 nm) is
of interest and can be used for an estimate of the secondary structure. A negative band at
about 222 nm due to the nn* transition, and a negative and positive band at about 208 and
190 nm due to parallel and perpendicular components of the 77* transition, respectively, are
corresponding to an a-helical secondary structure. The a-helix content of a protein might be
estimated by the magnitude of the negative band around 222 nm. The CD spectrum for a
[-strand is represented by a negative band at around 210 - 225 nm and a positive band with a
maximum at 190 - 200 nm. A typical random coil spectrum points out a negative band around
200 nm (Fig. 2.15).

The basic principle involved in the analysis of CD spectra and used for the estimation of sec-
ondary structure is that the protein CD spectrum can be expressed as combination of CD spec-
tra of individual secondary structure components: a-helical, 5-strand, and random coil [141].
Secondary structure analysis is usually performed based on different sets of reference proteins
(15 - 30) having a good representation of a-helix and S-strand, and mixed proteins (a-helix and
B-strand). For a good analysis, a reference protein set with the largest possible representation

25



2.3. CD AND ORIENTED CD CHAPTER 2. THEORY

of CD spectral features and secondary structural combinations is required [142]. Three popular
CD analysis programs are CONTIN, SELCON3, and CDSSTR, which are recommend to be
used in conjunction for a reliable analysis [143)].
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(a) Energy transitions. (b) Representative secondary structure.

Figure 2.15: Energy transitions (a) and the CD spectra of representative secondary structure:
a-helix, S-sheet, and random coil (b) [144].

2.3.2 Oriented circular dichroism (OCD)

Around the 1990s, oriented circular dichroism (OCD) was established for the determination
of the orientation of a-helices embedded in lipid bilayers [145, 146]. OCD is based on Mof-
fitt’s theory [147, 148], which predicts that the transition dipole moment of the w7* electronic
transitions of the amide chromophores in a helix are polarized parallel or perpendicular to the
helix axis. Multilayer samples of short peptides/proteins with a single a-helix that are reconsti-
tuted in lipid bilayers are sandwiched between two fused silica plates. The OCD is obtained by
measuring the so oriented sample at different rotation angles with respect to the light vector.
To exclude disturbing effects caused by linear polarization and linear birefringence a special
sample chamber is used, in which the sample is placed in distilled water and which is allowed
to be rotated about its axis [145, 146]. The advantage of this arrangement is that both linear
birefringence and linear polarized light are diminished. The OCD spectra are recorded in step
of 45° by rotation of the chamber and at each angle three scans are performed as an average.

OCD has a high sensitivity, which enables measurements with very low amounts of peptide/
protein sample [149] in a very short time. However, OCD can mainly provide qualitative to
semi-quantitative information about the tilt angle of an a-helix with respect to the membrane
normal. Figure 2.16 shows theoretical OCD spectra: A helix oriented parallel to the bilayer
normal results in a so called I-spectrum, while a helix oriented perpendicular to the bilayer
normal in a so called S-spectrum. Both have a characteristic shape and minima at different
wavelength [150]. The tilt angle of an a-helix with respect to the bilayer can be estimated by
analyzing contributions from I- and S-spectra. Additional factors affecting the OCD signal are
the content of a-helical secondary structure, affinities for a membrane mimetic, and aggregation.
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Figure 2.16: Schematic representation of an OCD spectrum with I- and S-spectra and their
corresponding bands. The I-state representing a peptide oriented perpendicular to the mem-
brane is depicted by a black line. The S-state representing a parallel aligned peptide is shown

by a dashed line.
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Chapter 3

Materials and Methods

If not indicated otherwise, chemicals and supplementary materials were purchased from Roth
(Germany), Serva (Germany), Sigma-Aldrich (Germany), and VWR (Germany). The isotopes,
15NH4Cl and '3C glucose, and DO were bought from Eurisotop (Germany).

3.1 Buffer solutions

The used buffers and their respective composition are summarized in Tab. 3.1.

3.2 Cell growth media

LB medium, agar plates and antibiotics were prepared as described by Sambrock [151]. For
the expression of proteins M9 minimal medium was used, which was composed of 200 mL
5xM9 salts (34 g/L NasHPOy, 15 g/L KoHPOy, 2.5 g/L NaCl, HoO), 2 mL 1 M MgSOy,
0.1 mL 1 M CaCly, 10 mL 100xBME vitamins (Sigma), 1 g NH4Cl, 2 g glucose, 100 mg/L
ampicillin, adjusted to 1 L H,O. Each single component was either autoclaved or sterile filtrated.
Uniformly '®N-labeled protein was prepared in M9 minimal medium containing 'NH4C1 as the
sole nitrogen source. Uniformly °N-13C-labeled protein was prepared in M9 minimal medium
containing 'NH4CI and '2C glucose as the sole nitrogen and carbon source, respectively.

3.3 Plasmid cloning, protein expression and purification

Wild type S. cerevisiae TOR1 FATC (£ ylfatc, residues 2438 - 2470) was cloned into the
expression vector GEV2 [152] using the BamHI and Xhol sites and overexpressed in E. coli
BL21 or Rosetta (DE3) (Novagen, Merck Millipore, United Kingdom) as described in [68].
Mutant versions of ylfatc were obtained by site-directed mutagenesis (QuickChange® site-
directed mutagenesis protocol [153]) replacing one or more residues by alanine or other amino
acids [154]. The used primers are given in the appendix in Tab. A.1 on page 103 and A.2 on
page 104 and were designed according the rules described in [153].

The PCR sample composition and the used parameters are listed in Tab. 3.2. The success of
the mutagenesis reaction was verified by DNA sequencing (GATC or Eurofins MWG Operon).
The prepared mutated ylfatc proteins are shown in the appendix in Tab. A.3 on page 105.
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Table 3.1: Buffer compositions.

Buffer application composition pH

Lysis buffer Cell lysis 2 mM benzamidine, 7.5
2 mM EDTA, 50 mM Tris

TST buffer Affinity chromatography (IgG) 50 mM Tris, 150 mM NaCl, 7.6

0.05 % Tween 20
(NHy,)(H3CCO-H) Affinity chromatography (IgG)  0.005 M (NH4)(H3CCOH) 5.0

H3CCOoH Affinity chromatography (IgG) 0.5 M H3CCOH 34

Resuspending buffer Digest buffer, 50 mM Tris, 100 mM NaCl, 8.0
Resuspension buffer 2 mM CaCly

NMR buffer Standard sample buffer (NMR) 50 mM Tris, 100 mM NaCl 6.5

RP-Buffer A RP-HPLC buffer A 0.1 % TFA, HyO -

RP-Buffer B RP-HPLC buffer B 0.1 % TFA, 90% AcN, H,O -

Table 3.2: PCR sample composition and parameters.

(a) Composition.

Component Volume [pL]
dsDNA template (5 - 50 ng) 0.5-1.0
Oligonucleotide primer forward (125 ng) 1.0
Oligonucleotide primer backward (125 ng) 1.0

50x dANTP mix (10 mM each) 1.0

50x reaction buffer 5.0

ddH,O 40.0 - 40.5
Pfu Turbo DNA polymerase (2 - 3 u/puL) (add last) 1.0

(b) Parameters.

Segment Cycle(s) Temperature [*C] Time [min]
1 1 95 3
2 18 95 1/
55 1
68 6*
3 1 68 6
4 00

* Based on the length of the template vector of ~5.4 kbp and the
Pfu Turbo DNA polymerase activity of 1 min/kpb at 68 °C.
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All proteins were overexpressed in Escherichia coli BL21 (DE3) in LB or N M9 minimal
medium. The culture was grown until an ODggg of ~0.7 - 0.9 was observed, following induction
with 1 mM IPTG for 3 h at 37 °C. The fusion protein consisting of the B1 domain of protein
G (GB1), a thrombin and a factor Xa site as well as ylfatc, as wild type or mutated variant,
(£ ylfatc-gblxa, 99 residues), was mostly expressed soluble. If necessary, the inclusion body
fraction was extracted as described [68]. The purification of the fusion proteins followed either
the original protocol using ultrasonication for cell lysis [68] or a heat shock protocol [155]. GB1
fusion protein from supernatant after cell lysis was extracted by IgG affinity chromatography
as described in the manufacturer’s manual (GE Healthcare, Germany [156]). The purified pro-
tein was lyophilized. If the GB1 fusion protein was directly used for NMR monitored binding
studies [157], the protein was resuspended in NMR buffer, washed several times using ultra-
filtration spin columns (Amicon Ultra, MWCO 3000, Merck Millipore, United Kingdom) and
concentrated. To obtain pure ylfatc protein, the fusion protein was resuspended in resuspen-
sion buffer and overnight digested with Factor Xa (New England Biolabs, Germany). The GB1
tag was subsequently removed by RP-HPLC in an acetonitrile/trifluoroacetic acid system (see
Appendix, Fig. A.2 on page 108) and fractions containing pure ylfatc or the mutated version
were lyophilized. Lyophilized pure ylfatc was resuspended in NMR buffer as described [68].
The correct molecular weight of the used proteins was confirmed by mass spectrometry.

Residues 4096 - 4128 of human DNA-PKcs (see Appendix, Tab. A.4 on page 106 and Tab. A.5
on page 107) corresponding to its FATC domain (hdnapkfatc) were cloned into GEV2 [152]
using the Xhol and BamHI sites [158]. An additional factor Xa cleavage site was introduced by
the used PCR primers and another variant with an enterokinase (hdnapkfatc-gblent) instead of
a factor Xa (hdnapkfatc-gblxa) cleavage site was prepared by site-directed mutagenesis [158].
The success of the mutagenesis was verified by DNA sequencing. Either variant was overex-
pressed in Escherichia coli BL21 (DE3) (Novagen, Merck Millipore, United Kingdom) in LB or
I5N-, or '°N-13C M9 minimal medium at 37 °C. When the ODgqg of the culture was ~0.7 - 0.9,
protein expression was induced with 1 mM IPTG for 3 h. Both, the fusion protein consist-
ing of the Bl domain of protein G (GB1, 56 residues), a thrombin and a factor Xa site and
hdnapkfatc (£ hdnapkatc-gblxa, 99 residues) or the one with enterokinase instead factor Xa
site (£ hdnapkfatc-gblent, 100 residues) were mainly obtained from the soluble fraction after
sonication of the cells in lysis buffer. The GB1 fusion proteins were purified using an IgG
sepharose column as described in the manufacturer’s manual (GE Healthcare, Germany [156]).
The purified protein was lyophilized, resuspended in NMR, buffer and washed several times with
the same buffer using centrifugal filter devices (Amicon Ultra, MWCO 3000, Merck Millipore,
United Kingdom). To prevent intermolecular disulfide bond formation by the single cysteine,
10 mM TCEP were added to the final protein stock solution.

As described in the master thesis of Martin Schaad [158], pure >N-hdnapkfatc was prepared
in the following way: The cell pellet was resuspended in PBS and the cell suspension soni-
cated. The resulting cell lysate was centrifuged for 30 min at 35000 rpm. The supernatant
was transferred to a new tube and incubated for 5 min in an 80 °C water bath [155], followed
by incubation for 10 min on ice and centrifugation for 30 min at 17500 rpm. The supernatant
was purified using IgG sepharose as described in the manufacturer’ s manual (GE Healthcare,
Germany [156]). Fractions containing hdnapkfate-gblent were pooled and lyophilized, resus-
pended in 50 mM Tris, 100 mM NaCl, 8 M urea, pH 8.0, dialysed to resuspending buffer and
digested with enterokinase (New England Biolabs, Germany). The GB1 tag and undigested
fusion protein were removed by RP-HPLC in an acetonitrile/trifluoroacetic acid buffer system.
Before the RP-HPLC run, the sample was incubated at room temperature with 10 mM TCEP
to remove cellular glutathion from the single cysteine. Fractions containing pure hdnapkfatc
were lyophilized, resuspended in 20 mM NaP;, 50 mM NaCl, 10 mM TCEP, pH 6.5 (initial
structural characterization) or NMR buffer (NMR titrations) and concentrated.
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Mass spectrometry confirmed the correct molecular weight. Because the protease digest with
factor Xa was not successful and the one with enterokinase not very efficient, most NMR studies
were done using directly the GBI fusion protein [157].

Residues 3024 - 3056 of human ATM FATC (see Appendix, Tab. A.4 on page 106 and Tab. A.5
on page 107) were cloned into GEV2 [152] using the BamHI and Xhol sites and overexpressed
in E. coli BL21 (DE3) (Novagen, Merck Millipore, United Kingdom) in LB or 1N M9 minimal
medium. An additional factor Xa or enterokinase protease site was introduced by the used PCR
primers or site-directed mutagenesis [158]. Expression was done at 37 °C. Cells were grown to
an ODggp of ~0.9 and ~0.7, respectively, and induced with 1 mM IPTG for 3 h. Cells were
harvested by centrifugation at 4 °C. The cell pellet was resuspended in 25 mL lysis buffer,
thoroughly vortexed, and stored at —20 °C. The fusion protein consisting of the B1 domain of
protein G (GB1), a thrombin and an enterokinase or factor Xa site as well as the human ATM
FATC domain (£ hatmfatc-gblent, 100 residues or hatmfatc-ghlxa, 99 residues in total) was
mainly expressed soluble. The fusion protein was extracted by incubating the cell suspension
for 5 min at 80 °C. This heating step resulted also in an initial purification since many FE. coli
proteins precipitate under these conditions [155]. Afterwards the cell suspension was cooled
on ice for 10 min. Following centrifugation at 4 °C for 30 min at 20000 g, the supernatant
containing the fusion protein was further purified by IgG affinity chromatography as described
in the manufacturer’s manual for IgG sepharose (GE Healthcare, Germany [156]). The purified
fusion protein was lyophilized, resuspended in ~10 mLL NMR buffer, washed two times, and
concentrated using a centrifugal filter device (Amicon Ultra, MWCO 3000, Millipore Merck,
United Kingdom). Because the digestion of hatmfatc-gblxa with either factor Xa or thrombin
or of hatmfatc-gblent with enterokinase or thrombin was also inefficient, the purified GB1 fusion
protein was directly used for the interaction studies with lipids and membrane mimetics [157].
Since hatmfatc-gblent is more stable compared to hatmfatc-gblxa , it was preferentially used.

The purity and identity of the purified proteins was analyzed by SDS-PAGE (see Appendix,
protocol A.1.4) and mass spectrometry. Protein concentrations were determined by UV /VIS
measurements.

Chemically synthesized peptides (HPLC purified, purity >90%) corresponding to the FATC
domains of human SMG-1 (£ hsmglfatc, see Appendix, Tab. A.4 on page 106 and Tab. A.5
on page 107), human ATR (£ hatrfatc, see Appendix, Tab. A.4 on page 106 and Tab. A.5 on
page 107), and human TRRAP (£ htrrapfatc, see Appendix, Tab. A.4 on page 106 and Tab. A.5
on page 107) were obtained from Thermo Scientific, Germany. 7.3 mg hsmglfatc peptide were
initially dissolved in ~9 mL NMR buffer. This peptide solution was concentrated using an
centrifugal filter device (Amicon Ultra, MWCO 3000, Millipore Merck, United Kingdom). Since
the solution got slightly turbid when the volume was reduced to ~2.5 mL, the salt concentration
was increased to 300 mM and the pH to 8.0 to improve the solubility of the peptide. This peptide
solution was washed twice with 50 mM Tris, 300 mM NaCl, pH 8.0 and finally concentrated
to a 1.44 mM stock solution. 5 mg hatrfatc peptide were initially dissolved in ~2.6 mL NMR
buffer containing 10 mM TCEP. The high turbidity of the solution indicated that this peptide
is not very soluble in aqueous buffer. Increasing the pH to 8.0 and heating for 10 min at
42 °C as well as lowering the NaCl concentration to 50 mM by dilution improved the solubility.
The resulting peptide solution was concentrated with a centrifugal filter device (Amicon Ultra,
MWCO 3000, Millipore Merck, United Kingdom) to obtain a 1.42 mM stock solution. However,
due to aggregation problems, it had to be diluted again for the NMR measurements. The final
pH for the NMR and CD measurement was 7.7. For htrrapfatc 5 mg peptide were dissolved in
NMR buffer to obtain a 1.0 mM stock solution.
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3.4 Preparation of membrane mimetics

Dodecylphosphocholine (DPC, Fig. 3.1a), 1,2-dioctanoyl-sn-glycero-3-phosphate (DicotPA,
Fig. 3.1d), and 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA, Fig. 3.le) were purchased from
Avanti Polar Lipids, USA. 1,2-Diheptanoyl-sn-glycero-3-phosphocholine (DihepPC, Fig. 3.1b)
was bought from Avanti Polar Lipids, USA and Affymetrix, USA. 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Fig. 3.1c¢) was obtained from Genzyme Pharmaceuticals, Switzerland
and Affymetrix, USA. Deuterated d3s-DPC was bought from Cambridge Isotope Laborato-
ries, USA, and 5-doxyl-stearic acid (5-SASL, Fig. 3.1g ) and 16-doxyl-stearic acid (16-SASL,
Fig. 3.1h) from Sigma Aldrich, Germany.

Generally, lipid stock solutions for the titrations were prepared as follows. A defined amount
of lipid from a concentrated stock in chloroform was placed in a glass vial and dried under a
stream of nitrogen gas. The dried lipid was then dissolved in buffer or the protein sample, the
pH was adjusted to 6.5. Only DihepPC was weighted and then directly dissolved in buffer or
the peptide solution (only httrapfatc). Micelles form above the critical micelle concentration
(CMC), which is 1.1 mM for DPC [159] and 1.4 - 1.8 mM for DihepPC [160, 161].

For the preparation of bicelles consisting of DMPC and DihepPC (q = 0.2, [DM PC| = 0.04 M,
and [DihepPC| = 0.20 M, ¢;, ~12.3 % w/w, respectively, ¢ = 0.3, [DM PC] = 0.0625 M, and
[DihepPC] = 0.21 M, ¢, ~14.4 % w/w) the appropriate amount of a DMPC stock solution
in chloroform was placed in a glass vial and dried by nitrogen gas. Bicelles were formed by
stepwise addition of the appropriate amount of a DihepPC stock solution in buffer and vigorous
vortexing after each step. Last, the protein solution was added and the pH was adjusted to 6.5.

For the preparation of liposomes, an appropriate amount of DMPC in chloroform needed for a
50 mM or 100 mM solution, respectively, was placed in a glass vial and dried under a stream
of nitrogen gas. The lipid was resuspended in NMR buffer and dissolved by seven cycles of
freezing in liquid nitrogen, incubation in a water bath at 40 °C, and vigorous vortexing. The
formation of small unilamellar vesicles (SUVs) was induced by incubation in an ultrasonic bath
for about 30 min. Centrifugation for 5 min at maximum speed in a table top centrifuge allowed
the separation of the remaining large, uni- and multilamellar vesicles that form a fluffy white
precipitate. Only the clear supernatant containing the SUVs was used for the NMR and CD
sample preparation. Using the 50 mM stock solution the final sample contained <30 mM DMPC
and using the 100 mM stock solution <60 mM. Note that the exact amount of DMPC left after
centrifugation of the ultra sonicated liposome mixture is not known.

3.5 NMR sample preparation

3.5.1 GBlxa

For NMR association studies of gblxa, ylfatc and ylfatc-gblxa fusion proteins and mutant
versions the protein concentration was in the range of ~50 - 150 uM '®N-labeled protein in
50 mM Tris, 100 mM NaCl, 0.02 % NaNj3 (95 % H20/5 % D20), pH 6.5. NMR samples in the
presence of micelles contained either 50 - 150 mM DPC or 50 mM DihepPC. The bicelles were
composed of DMPC/DihepPC bicelles (q = 0.2, [DM PC] = 0.04 M, and [DihepPC] = 0.20 M,
cr, ~12.3% w/w) and the liposomes were prepared using the 50 mM DMPC stock with an end
concentration <30 mM.
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Figure 3.1:  Chemical structures of the used lipids and spin labeled fatty acid
molecules. Dodecylphosphocholine (DPC) (a), 1,2-Diheptanoyl-sn-glycero-3-phosphocholine
(DihepPC) (b), 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (c), 1,2-Dioctanoyl-
sn-glycero-3-phosphate (DioctPA) (d), 1,2-Dioleoyl-sn-glycero-3-phosphate (DOPA) (e).
Schematic representation of membrane mimetics (from left to right): small spherical micelles
composed of detergents or lipids with one or two fatty acid lipid chain (e.g. DPC ~19 kDa),
more planar bicelles (>250 kDa), and the spherical liposomes of the small unilamellar vesicle
type (SUV) (f). 5-doxyl stearic acid (5-SASL) (g) and 16-doxyl stearic acid (16-SASL) (h).
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3.5.2 DNA-PKcs, ATM, SMG-1, ATR, and TRRAP

For the NMR resonance assignment and structural characterization in the absence and presence
of micelles, the samples contained ~0.4 mM of *N- or »N-!3C-hdnapkfatc-gblent in 50 mM
Tris, 100 mM NaCl, 10 mM TCEP, 0.02 % NaN3 (95 % H20/5 % D20), pH 6.5 with or without
150 mM d3g-DPC. The sample that was used for the resonance assignment and initial structural
characterization of pure hdnapkfatc contained ~0.4 mM '5N-labeled protein in 20 mM NaPi,
50 mM NaCl, 10 mM TCEP, 0.02 % NaN3 (95 % H20/5 % D30), pH 6.5. For the titrations
and interaction studies of pure hdnapkfatc or hdnapkfatc-gbl (ent or xa) with different lipids
or lipid mixtures, the protein concentration was in the range of ~65 - 100 uM in 50 mM Tris,
100 mM NaCl, 0.02 % NaN3 (95 % HoO/5 % D2O), pH 6.5. The concentration of the DPC
stocks in buffer used for the titrations were 50 mM, 250 mM, and 1 M. For the titration with
the negatively charged lipid phosphatidic acid (PA) a 4:1 mixture of DioctPA and DOPA was
used (in total 50 mM lipid, 40 mM DioctPA, 10 mM DOPA). The bicelles for the sample of
15N- hdnapkfatc-glxa were composed of DMPC/DihepPC (q = 0.3, [DM PC] = 0.0625 M, and
[DihepPC] = 0.21 M, ¢, ~14.4 % w/w).

All hatmfatc-gblent NMR samples contained 50 mM Tris, 100 mM NaCl, 0.02 % NaNj
(95 % Hy0/5 % D20), pH 6.5. The samples in the absence or presence of 150 mM dzg-DPC
had a concentration of ~0.46 mM '5N-labeled protein and those in the absence or presence of
<30 mM DMPC liposomes ~0.12 mM. The sample used for the titration with DPC and those
in presence and absence of 50 mM DihepPC micelles or DMPC/DihepPC bicelles (q = 0.2,
[DMPC] = 0.04 M, and [DihepPC] = 0.20 M, ¢, ~12.3% w/w) had a concentration of
~0.2 mM '’N-hatmfatc-gblent, respectively. The concentration of the used DPC stocks for the
NMR monitored titration of hatmfatc-gblent was 25 mM and 500 mM. For the final titration
step (10 to 50 mM DPC), an appropriate amount of DPC in chloroform was dried under a
stream of Ny gas and dissolved by adding the NMR sample from the second last titration step.

All hsmglfatc peptide NMR samples contained 50 mM Tris, 300 mM NaCl, 0.02 % NaNj
(95 % H50/5 % D20), pH 8.0. The peptide concentration in the samples of the free peptide
or in presence of 50 mM dzg-DPC or 50 mM DihepPC was ~1 mM. All hatrfatc peptide NMR
samples contained 50 mM Tris, 50 mM NaCl, 0.02 % NaN3 (95 % H.O/5 % D-0), pH 7.7.
The peptide concentration in the samples of the free peptide or in presence of 50 mM dzg-DPC
was ~0.23 mM. All htrrapfatc peptide NMR samples contained 50 mM Tris, 100 mM NaCl,
0.02 % NaN3 (95 % H2O/5 % D20), pH 6.5. The peptide concentration in the samples of the
free peptide or in presence of 50 mM dzg-DPC or 48 mM DihepPC was ~0.92 mM.

3.5.3 TOR

For NMR membrane interaction studies in the absence and presence of DPC micelles the pro-
tein concentrations of ylfatc wild type and mutant versions of ylfatc were in the range of
20 - 200 gM in 50 mM Tris, 100 mM NaCl, 0.02 % NaN3 (95 % H2O/5 % D,0), pH 6.5
with or without 50 mM or 100 mM DPC. The concentration of the DihepPC stocks in buffer
used for the titration of ylfatc wild type were 25 mM, 250 mM, and 0.5 mM. The bicelles for
the samples of 1°N-ylfatc wild type or mutant versions were composed of DMPC/DihepPC
(q = 0.2, [DMPC] = 0.04 M, and [DihepPC] = 0.20 M, ¢, ~12.3 % w/w). The liposomes
for the samples of '®N-y1fatc wild type or mutant versions were prepared using 50 mM DMPC
stock with an end concentration <30 mM. For PRE experiments with oxidized ylfatc, samples
containing ~66 uM and 50 mM d3s-DPC were prepared. The concentration of 5- and 16-doxyl
stearic acid was increased by stepwise addition of a small amount of a 0.25 mM stock solution
in buffer. The procedure was analogous for the reduced form. Reduction of the protein was
achieved by addition of 10 mM TCEP.
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3.6 OCD and reference CD sample preparation

Weighed amounts of the lipid powders were dissolved in 50:50 chloroform/methanol (v/v) to
get 7 mM stock solutions. Aliquots of these stock solutions were mixed in a glass vial and
thoroughly vortexed to obtain the DMPC/DMPG mixture (1:1 molar ratio). Subsequently, the
organic solvents were removed under a gentle stream of nitrogen, followed by overnight vacuum
pumping to remove solvent residuals from the respective DMPC or DMPC/DMPG lipid film
that had formed in the vial. The lipid films were dispersed by the addition of 600 pL 10 mM
phosphate buffer (PB) pH 7.0 and homogenized by vigorously vortexing for 10 times one min
and by ten freeze-thaw cycles. Afterward, small unilamellar vesicles were formed by sonication
of the multilamellar vesicles for four min in a strong ultrasonic bath (UTR 200, Hielscher,
Germany). The sonication procedure was repeated three times.

Liposomes for the OCD and corresponding reference CD measurements were prepared as follows.
A weighed amount of the protein was dissolved in 10 mM PB resulting in a stock solution with
a ylfatc protein concentration of 284 uM. For preparation of the final CD samples aliquots of
the protein stock solution were added to aliquots of 10 mM PB or the corresponding liposome
solution in 10 mM PB. Reduction of the ylfatc disulfide bond in some of the protein samples
was performed by adding a 40-fold molar excess of TCEP-HCI and incubation for ~2 h. The
final protein concentration in 10 mM PB alone was between 29 yM and 38 puM and in the
lipid vesicle samples 14.8 uM and 29.5 uM, respectively, whereas the lipid concentration in the
vesicles was held constant at 1.475 mM resulting in peptide-to-lipid (P/L) ratios of 1:100 and
1:50.

To prepare oriented CD (OCD) samples, aliquots of around 140 ul of the corresponding ylfatc
SUYV solutions were deposited with a pipette as a circular-shaped spot of ~12 mm diameter on
a quartz glass plate, and the water was evaporated in a gentle stream of air until the sample
appeared dry. The amount of deposited lipid was in the range of 0.15 - 0.22 pmole, and the
total amount of peptide on the glass plate was 1.5 - 4 nmole with the same P /L ratios of 1:50 or
1:100 that had been adjusted before in the vesicle samples. The circular quartz glass plate with
20 mm diameter (Suprasil QS, Hellma Optik GmbH, Jena, Germany) serves as UV transparent
window with the dried sample, which is assembled with a second clean window in the OCD
sample cell to form the compartment for hydration and measurement of the sample. Here, the
glass-enclosed, air-exposed lipid film was rehydrated for about 15 h at 30 °C and 97 % relative
humidity (RH), using a saturated KoSO4 solution filled into the bottom of the cell. During
hydration the lipids spontaneously align as lipid bilayers, which are macroscopically oriented
parallel to the glass surface.

3.7 CD spectroscopy

All CD spectra were recorded at 298 K on Jasco J-715 or J-720 (Jasco, Germany) spectropo-
larimeters in the range of 190 - 260 nm using a quartz cuvette with a pathlength of 0.1 cm.
Spectra were generally recorded with an acquisition time of 50 nm/min (8 s response time) and
five scans. The sample for the CD measurement of pure hdnapkfatc was 25 uM in 20 mM NaP;,
50 mM NaCl, 10 mM TCEP, pH 6.5. The peptide concentration of the hsmglfatc samples
was 56.8 uM, the one of the hatrfatc samples 16.4 uM, and the one of the htrrapfatc samples
25.2 uM. The buffer for the peptide samples was the same as for the NMR measurements.

The protein concentration for CD experiments with ylfatc and mutants was approximately
30 pM in 50 mM Tris, 100 mM NaCl, pH 6.5. In the case of the quadruple mutant sample, the
determination of the protein concentration was error-prone and could only be estimated.
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The DPC samples contained additionally 50 mM DPC. The mean residue weight ellipticity
Orrrw was derived according to:

(0 — Orep) x 100
cxdx N

Ovirw = (31)

(3.2)
where 6,,, is the ellipticity of the protein sample [mdeg], 0,y is the ellipticity of the reference

sample [mdeg], ¢ denotes the protein concentration [mfl], d corresponds to the path length
of the cuvette [em], and N, equals the number of amino acids in the protein sequence (for

untagged PIKK FATCs N, = 33).

3.8 OCD and corresponding reference CD spectroscopy

CD spectra of the reduced and oxidized protein in phosphate buffer and in DMPC or DMPG/
DMPC (1:1) liposomes were recorded on a J-815 spectropolarimeter (JASCO). The samples
were measured in a quartz glass cell (Suprasil, Hellma Optik GmbH, Jena, Germany) of 1 mm
path length between 260 and 185 nm at 0.1 nm intervals. Spectra were recorded at 25 °C for
the protein in PB and at 30 °C for the protein-lipsome solutions, i.e. above the phase transition
temperature of the lipids, using a water-thermostated rectangular cell holder. Three repeat
scans at a scan-rate of 10 nm/min, 8 s response time and 1 nm bandwidth were averaged for
each sample and the baseline of the respective protein-free sample, which was subtracted from
the sample spectrum. CD spectra were smoothened by the adaptive smoothing method, which
is part of the Jasco Spectra Analysis software. Secondary structure analysis was performed
using the CONTIN and CDSSTR program with the implemented ridge regression algorithm
[162, 163], that is provided by the DICHROWEB server [164, 165]. The quality of the fit between
experimental and back-calculated spectrum corresponding to the derived secondary structure
element fractions was assessed from the normalized root mean square deviation (NRMSD),
with a value <0.1 considered as a good fit [165]. For calculating mean residue ellipticities used
for secondary structure estimation, the concentration of the ylfatc protein stock solution was
determined based on the UV absorbance of the protein at 280 nm. The absorption spectrum in
the range of the aromatic bands was recorded in the range from 340 — 240 nm using a quartz glass
half-micro-cuvette with 1 cm optical path length (Hellma, Miillheim, Germany). The blank for
the UV absorption measurement was the corresponding 10 mM PB solution. Afterwards, the
concentration of the corresponding final peptide solutions for CD measurements in aqueous PB
and in the liposomes was calculated from the respective dilution factors.

The set-up (Karlsruhe Institute of Technology, Institute for Biological Interfaces (IBG-2), Ger-
many) used for the OCD measurements is similar to the cell described by Chen [149]. The
optical path of the CD spectropolarimeter is parallel to the cylindrical axis of the cell and nor-
mal to the quartz glass window with the oriented sample (Fig. 3.2). It consists of an aluminum
frame with two ring-shaped cavities and a central bore for taking up the sample holder. Water
from a computer-controlled external water bath thermostat with a thermo-electric feedback
module was passed through the closed outer cavity of the cell, which allowed to control the
temperature of the whole cell over a 5 - 50 °C range with a stability of £0.1 °C. The second
cavity around the central bore was filled with a small volume of saturated salt solution for
controlling the humidity of the sample.

The sample holder consists of a threaded tube with two quartz glass windows fixed vertically
inside at a distance of 6 mm by two brass rings. Halfway between the windows the casing
contains holes in a circular arrangement around the tube, so that the vapor from the salt solution
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can hydrate the sample without direct contact between the solution and the sample. The space
between the two windows is sealed by four O-rings to avoid contact with ambient air. The
humidity and temperature within the sample cell is monitored by a capacitive relative humidity
and temperature sensor (SHT 75, Sensirion, Switzerland), which is fixed in the immediate
vicinity of the sample (within 12 mm) in a gap between the sample holder and the cavity
containing the salt solution. The humidity can be measured with an absolute accuracy of
+1.8 % RH by the sensor (£3% at values >90 % RH). When using a saturated K,SOy salt
solution with 96 — 98 % RH, the equilibration of temperature and humidity in the closed OCD
cell takes ~2 — 3 h. However, to assure proper hydration across the whole depth of the lipid
bilayers, all samples were hydrated overnight (~15 h). Sample equilibration was ensured by
acquiring OCD spectra over a period of hours [150].

F— | thermostatted water
T 1
o
] salt solution
— le holder
1_‘1 0| | samp
optn:a[ palh sample

quartz glass window

sensor for humidity
and temperature

k .[.n._' =

=

Figure 3.2: Cross-sectional view of the OCD cell (Jochen Biirck, KIT) [150].

The OCD cell is computer controlled and can be integrated in a J-810 spectropolarimeter
(Jasco, Germany) as an accessory, attached in such a way that the optical path runs along the
cylindrical axis of the cell (normal to the quartz glass window surface carrying the oriented
lipid film) and a symmetrical rotation around the beam axis was assured. The temperature
was maintained at 30 °C for ylfatc in oriented DMPC or DMPC/DMPG (1:1) bilayers. To
reduce possible spectral artifacts caused by linear dichroism (LD) or linear birefringence (LB)
due to imperfections in the sample, strain in the quartz glass windows or imperfect alignment
of the windows [145, 146], the OCD spectra were recorded in steps of 45° by rotation of the
cell [149]. At each angle three scans were recorded as an average, using the same data acquisition
parameters as in the conventional CD measurements above, as well as for the baseline of the
respective protein-free sample. The eight rotational spectra were subsequently averaged, and
the background spectra of lipid bilayers without peptide were subtracted.

3.9 NMR spectroscopy

NMR spectra were acquired at 298 K and 318 K on Bruker Avance 500 and 750 MHz spectro-
meters, the 500 MHz one equipped with a cryogenic probe. The data were processed with
NMRPipe [166] and analyzed using NMRView [167|. Assignments for the '3C, N, and 'H
nuclei of hdnapkfatc-gblent were based on three-dimensional HNCA, CCONH-TOCSY, HCCH-
TOCSY, and '°N- and '3C-edited NOESY spectra. Pure, free hdnapkfatc was assigned based
on three-dimensional ®N-edited NOESY and TOCSY spectra, as well as three-dimensional
HNHA [168] and HNHB data sets. Information about backbone dynamics was derived from
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the measurement of N relaxation experiments, including Ty, T2, and {'H }-"°N NOE at
500 MHz. Assignments for the N, and 'H nuclei of micelle immersed hatmfatc-gblent were
based on three-dimensional 1®N-edited NOESY and TOCSY as well as HNHA [168] data sets.
Information about backbone dynamics was derived from {1H }—15N NOE data at 500 MHz. For
the calculation of 'H, 15N, and '3C secondary shifts, random coil values from the literature were
used [116]. The interaction with membrane mimetics was monitored based on 'H-*N HSQC and
one-dimensional 'H NMR spectra, and for hatmfatc-gblent also based on {1H }—15N NOE data.
For hsmglfatc and htrrapfatc the 'H-1N HSQC had to be recorded at natural abundance. For
hsmglfatc, in the absence and presence of d3g-DPC, this was done using the SOFAST-HMQC
pulse program [119, 169]. The average chemical shift change for the backbone amide nitrogen
and proton for hdnapkfatc due to the presence of DPC micelles or DihepPC/DMPC bicelles
was calculated as:

AJ(N,H)av =

5705
(ASHN)? + (Ag]\f) 1 (3.3)

For hatrfatc, natural abundance 'H-'>N HSQC spectra could not be recorded because the
peptide concentration could not be increased sufficiently without suffering from aggregation
problems. NMR diffusion measurements for hsmglfatc and htrrapfatc were measured using the
DOSY tool in Bruker Topspin 3.1 as described in the manufacturer’s manual [170]. The length of
the gradient § and the diffusion time A was set to 4000 msec/200 msec and 3000 msec/300 msec.

3.10 MD simulations

Molecular dynamics simulations were run using GROMACS 4.5 [171, 172]. Four systems were
simulated, the oxidized peptide (2kio) and the reduced peptide (2kit) [69] with either the 5-
or 16-SASL. The peptide and a spin labeled stearic acid were simulated with a DPC micelle
(50 DPCs) and explicit water (ca. 10 000 water molecules). The systems were created with
the peptide in bulk water outside of the preformed micelle that contained a single spin labeled
stearic acid (5- or 16-SASL). In each simulation, the peptide absorbed quickly onto the interface
of the micelle. The Berger force field was used for DPC [173], GROMOS54a7 for the peptide
[174], SPC for water [175], and a modified GROMOS force field for the spin labeled stearic acid
[176, 177]. Each simulation was run for 500 ns using a 2 - 4 fs time step. Bond lengths were
constrained with the LINCS algorithm [178] and water bond lengths and angles were constrained
with SETTLE [179]. A temperature of 310 K was maintained using the V-rescale thermostat
and a 0.1 ps coupling constant [180]. Isotropic pressure coupling using the Berendsen weak
coupling algorithm was used with 1 bar reference pressure, 4.5x107° bar~! compressibility
and a 2.5 ps coupling constant [181]. The particle mesh Ewald algorithm (PME) was used
for long electrostatic interactions [182, 183]. Lennard-Jones interactions were cut-off at 1.0 nm.
Analysis was then performed yielding radial distribution functions, minimum distances between
the peptide and micelle members, and peptide stability measurements (RMSD and peptide
length). Images were generated with the program VMD [184].
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Chapter 4

Results

4.1 Probing the interaction of peptides and proteins with
membrane mimetics using GB1 fusion proteins

4.1.1 Spectral appearance of the GB1 tag in the presence of
membrane mimetics

The ability of the GB1 fusion tag to interact with membranes was probed by recording
I'H-1N HSQC spectra in the presence and absence of different membrane mimetics. For this
purpose, the cleaved off fusion tag from the purification of the free yeast TOR1 FATC domain
was used, which consists of GB1 that is C-terminally followed by a linker region containing a
thrombin (LVPRGS) [152] and an additional factor Xa site (IEGR) (Fig. 4.1a). This construct
is referred to as GBlxa [185]. Figure 4.1b shows a superposition of the 'H-15N HSQC spectra
of 1°N-GBlxa in the presence of DPC or DihepPC micelles or DihepPC/DMPC bicelles or
DMPC liposomes. Separate plots for each membrane mimetic, in the case of DPC for different
concentrations are given in Fig. 4.2a - 4.2d. The majority of residues of GBlxa shows no
significant spectral changes. Only in the presence of high concentrations of DPC and DihepPC
micelles and DihepPC/DMPC bicelles, very small local shifts can be observed for some residues,
which presumably arise from unspecific interactions in the presence of high mM concentrations
of the respective lipids. However, these shifts are so small that the overall spectral appearance
is maintained (Fig. 4.1b, Fig. 4.2a - 4.2d). A change in the overall appearance was also not the
case, when GBl1xa is titrated stepwise with DPC in buffer (Fig. 4.2a, see also [186]). Thus, the
presence of the GB1 fusion tag is not expected to disturb the detection of membrane association
of a linked target protein.

4.1.2 Detection of ylfatc membrane association using GB1 fusions

To test the usefulness of GB1 fusion proteins to probe protein membrane interactions, as a
first step spectra of the ylfatc-gblxa fusion in the absence and presence of DPC micelles and
DMPC liposomes were recorded (Fig. 4.1c, for which the spectrum of the free ghlxa was
superimposed).
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Figure 4.1: Schematic representation of the used GB1 fusion proteins (a) and monitoring of
membrane mimetic interactions (b-e). Buildup of the GB1 fusion proteins with the sequence
of ylfatc on the bottom right (a). Superposition of the 'H-'>N HSQC spectra of gblxa in
the absence and presence of the indicated membrane mimetics (b). Superposition of the 'H-
5N HSQC spectra of gblxa-ylfatc in the absence and presence of DPC micelles or DMPC
liposomes. The indicated assignments for well resolved peaks for the free ylfatc part were
adapted from the published values (BMRB accession code 6228 [68]) (c). Superposition of the
'H-15N HSQC spectra of ylfatc-L2459A and gblxa-ylfatc-L2459A in the absence and presence
of DPC micelles (d-e). To better identify the signals that belong to ylfatc and that shift upon
addition of membrane mimetics, the spectrum of gblxa was additionally shown on top in green.
Reprinted (adapted) with permission from [157] - Copyright (2012) Protein Science.
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(c) DihepPC/DMPC bicelles. (d) DMPC liposomes.

Figure 4.2: Analysis of the interactions of GBlxa with different membrane mimetics. NMR
titration of *»N-gblxa with DPC (a). The color coding and the respective lipid concentration
is indicated at the top of the plot. Micelles are formed above the critical micelle concentration
(CMC, 1.1 mM for DPC). The assignments for some peaks showing slight shifts are indicated.
Superposition of the 'H->N HSQC spectra of ghlxa in the absence and presence of 50 mM
DihepPC micelles (b). Micelles are formed above the critical micelle concentration (CMC, 1.4 -
1.8 mM for DihepPC). Superposition of the 'H-1°N HSQC spectra of gblxa in the absence
and presence DihepPC/DMPC bicelles (>250 mM), and DMPC lipsomes (<30 mM) (c-d).
Reprinted (adapted) with permission from [157] - Copyright (2012) Protein Science.

As can be seen, only peaks of the FATC part show major chemical shift changes. The observed
spectral changes in the presence of DPC are similar compared to what is observed for untagged
ylfatc [69]. Using higher DPC concentrations (~150 mM) to drive the association equilibrium
towards the bound state and for the oxidized form additionally to higher temperatures (318 K),
almost all peaks of the reduced and oxidized micelle immersed state of ylfatc can be made
visible [69]. This should similarly be possible using the GB1 fusion protein instead of the
untagged one. The resonances of the liposome-bound form are harder to be detected, because
SUVs are significantly larger [187] compared to the rather small DPC micelles (~19 kDa) [188].
Thus, association with a liposome broadens the protein signals beyond detection. In this case,
higher lipid concentrations or higher temperatures will presumably not solve the problem.
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If the resonances of the liposome-bound state shall be made visible, one may consider the
use of deuterated protein in combination with transverse relaxation optimized (TROSY) NMR
methods [189]. To directly compare the spectral changes obtained with the untagged protein
and fused to GB1, the interaction of a mutant of ylfatc was probed, in which 1.2459 was replaced
by alanine and which is referred to as ylfatc-L.2459A. Fig. 4.1d and 4.1e show superpositions
of the 'H-1"N HSQC spectra of ylfatc-L2459A or as fusion to GB1 in the absence and presence
of DPC micelles, respectively. The observed spectral changes are similar to those observed for
the wild type (Fig. 4.1c) indicating that replacing L2459 in the membrane anchor by alanine
does not significantly impair micelle association. For most residues, the chemical shifts of the
backbone and side chain amides of GB1 tagged and untagged ylfatc-L.2459A in the free and
DPC micelle-bound states are very similar. Thus, the presence of GB1 and the linker region
appears not to affect the structure of the following FATC region.

The factor Xa (IEGR) and the thrombin site (LVPRGS) have a net charge of 0 and +1,
respectively. However, the presence of more strongly charged protease sites, such as an
enterokinase (ent) recognition site (DDDDK, net charge -3) may slightly lower the affinity
for membrane mimetics, especially if they contain negatively charged lipids such as phospho-
inositides (PIPs) or phosphatidic acid (PA). Hence, the interaction of the FATC domain of
DNA-PKcs fused to either gblxa or gblent with DPC and liposomes was probed, which how-
ever reveals no difference in the association behavior either (see section 4.2).

4.1.3 Summary and discussion

The purification schemes of recombinant proteins follow very often the strategy to express pro-
teins as tagged fusion proteins. Besides the use of polyhistidine (His), glutathione-S-transferase
(GST), and maltose-binding protein (MBP) fusion proteins for structural, biochemical, and
functional analysis [190, 191], also fusions to the B1 domain of streptococcal protein G (GB1)
are utilized. Commonly, the advantage of using fusion proteins is the high level of expression,
the enhanced solubility and stability of the target protein, and the accelerated purification of
the target protein [192]. For these reasons, the usage of fusion proteins for the production
of high amount of protein with sufficient purity is widely distributed in NMR spectroscopy
and X-ray crystallography [155]. The first purification step for GB1 fusion proteins using IgG
affinity chromatography is simple and very efficient regarding the yield, however the following
cleavage is laborious, not always complete and might result in digest of the target protein.
Furthermore, the digest implies an additional purification step such as RP-HPLC to separate
the target protein from the tag.

Since the digest and the necessary further purification step are time consuming, expensive,
and requiring optimization of digest and purification conditions, the idea of this study was
to develop a method, which enables fast and efficient monitoring of membrane interactions.
The focus was on the FATC domain of the serine/threonine kinase TOR and the role of single
residues regarding the association behavior to membrane mimetic particles. The data reveal
that the GB1 domain, the cleaved off fusion tag of the FATC domain of yeast TOR1, shows no
significant spectral changes with any tested lipid or membrane mimetic in the NMR experiments.
Only for high mM concentrations of the applied lipids small local shifts for some residues can
be observed, emerging presumably from unspecific interactions. However, the overall spectral
appearance is maintained. The following comparison of the association of the wild type or a
mutant protein of the FATC domain of yeast TOR1 (L2459A, leucine to alanine), tagged or
untagged, with different membrane mimetics shows, that the GB1 fusion tag does not impair
the detection of membrane association of the FATC domain. Thus, differences in the spectral
appearance, observed in the absence and presence of a particular membrane mimetic using GB1
fusion proteins, correspond to the target protein (here ylfatc or ylfatc-L2459A).
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Because of the linker region, GB1 and the attached target protein tumble rather independently.
This and the small size of the GB1 tag allows the use of GB1 fusion proteins, at least for
small to mid-size target proteins, to record NMR data for the chemical shift assignment and
the structural characterization of the free and micelle-bound states [157]. As a consequence,
several mutants could be investigated very fast and cost-efficient.

4.2 Membrane mimetic interactions of the FATC domains
of different PIKKs

4.2.1 Characteristic features of the amino acid sequences

The alignment of the FATC domains of different human PIKKs (Fig. 4.3) illustrates that the C-
terminal halves of DNA-PKcs, ATM, ATR, SMG-1, and TRRAP (shown are the well-conserved
33 residues) are rich in hydrophobic aromatic and aliphatic residues, similar to the FATC domain
of TOR, which has been shown to interact with membrane mimetics [69]. For many of these
hydrophobic residues a positive free energy contribution for the transfer of a model peptide from
a lipid bilayer to water has been shown [193]. All share a conserved tryptophan at position 29
that is preceded by a small residue (mostly G, only for TRRAP with A). In addition, all contain
at least another tryptophan and/or one or more tyrosine residues. Tryptophan rich peptides
have been shown to have an high affinity for membrane mimetics and are often found at the
interface between the apolar interior and the polar aqueous environment, based on an analysis
of the membrane regions of several proteins [194]|. Tyrosine with its side chain hydroxyl group
may favor a similar location if present in a membrane-binding region.

1 10 20 30
P42345 TOR 2517-2549 DTLDVP T oY ELL IKOFT|s LE Nicloc YIGIliC PEYW
P78527_DNA-PKcs 4096-4128 SGLSEETQ)KCLMDQNTIDPNIMGRTHEGWE BDWM
013315 _ATM 3024-3056 TVLSVGGQOWNLLIQONIDPKNMSRLEPGWKAWY
013535 ATR 2612-2644 LPLSIEGHWHYLIQEET DENLIACOMY LIGWTPYM
096015 SMG1 3629-3661 RRHSVAEQDYVIKEINLDN%SHEG TAWV
Q9Y4A5 TRRAP 3827-3859 QFE/GGE SK\YN TLVIAAKIN/S LD NMCRMD PANHP WL

Figure 4.3: Distribution of hydrophobic and charged residues in the FATC domains of differ-
ent human PIKKs. Hydrophobic aliphatic and aromatic residues are underlined. Negatively
charged residues are colored red, whereas positively charged ones are shown in blue. Reprinted
(adapted) with permission from [10] - Copyright (2018) JBC.

The amino acid sequence alignments of the FATC domains of DNA-PKcs, ATM, ATR, SMG-1,
and TRRAP from different organisms are shown in Fig. 1.4. As can be seen the FATC domain of
each PIKK has been evolutionarily highly conserved, especially among higher eukaryotes. More
variation can be seen if lower eukaryotes and/or plants are included (see appendix, Fig. A.3).
However, there is again a very high degree of sequence conservation if all plant or insect or other
subgroups of species are considered, suggesting that the exact composition may be important
for the regulation of the function and possibly a specific localization pattern. Based on these
observations, all FATC domains were studied regarding their respective binding behavior to
membrane mimetics and DNA-PKcs and ATM were structurally characterized in particular.
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4.2.2 Structural characterization of the FATC domain of DNA-PKcs
and its interactions with membrane mimetics

4.2.2.1 NMR interaction studies with membrane mimetics

The C-terminal six residues of the human FATC domain of DNA-PKcs (human: GWEPWM,
Fig. 4.3) exhibit similarity to the predicted lipid binding motif of the human FATC domain of
TOR (human: GWCPFW) [69]. To estimate the ability of the FATC domain of DNA-PKcs to
interact with lipids or membrane mimetic particles, 'H-1°*N HSQC spectra of the pure FATC
in the presence of increasing concentrations of DPC were acquired (Fig. 4.4a).
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Figure 4.4: Membrane interactions of the FATC domain of DNA-PKcs with different micelles.
'H-"N HSQC spectra of hdnapkfatc in the presence of increasing amounts of DPC or a 4:1
mixture of DioctPA:DOPA, respectively. The insert in the upper left corner shows an enlarged
view of the region highlighted by a black square (a,b). Full 'H-!>N HSQC spectra of hdnapkfatc
in the presence of increasing amounts of DPC or a 4:1 mixture of DioctPA:DOPA (c,d). The
lipid concentrations with the respective color coding are indicated above each plot. Reprinted
(adapted) with permission from [10] - Copyright (20138) JBC.

Up to a concentration of 0.94 mM DPC no significant spectral changes can be observed. How-
ever, at the next titration point corresponding to 1.47 mM DPC, which is just above the CMC
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of DPC (1.1 mM), several resonances disappear or shift significantly. At 3.79 mM only few res-
onances in the N-terminal region and around residues 4115 - 4120 are still well visible. Fig. 4.5
illustrates the spectral changes as a function of the hdnapkfatc sequence. As expected based
on previous lipid binding studies with the FATC domain of TOR [69], several resonances in the
tryptophan-rich C-terminus (W4121 - M4128) show strong chemical shifts or disappear in the
presence of 3.79 mM DPC. Consistent with this, the side chain amide protons of the three tryp-
tophans show also strong chemical shift changes (Fig. 4.4¢). In addition, several residues in the
central region from C4106 to D4113 that contains several charged as well as hydrophobic, but
no aromatic residues, reveal also medium to strong spectral changes. The side chain amides in
this region (Q4103, Q4111, and N4115) show weak chemical shift changes. Since cellular mem-
branes contain several lipids with negatively charged headgroups, the interaction of hdnapkfatc
with a 4:1 mixture of the short chain lipid DioctPA (C8) and the long chain lipid DOPA (C18)
was further analyzed (Fig. 4.4b). Significant spectral changes are already visible at the second
titration point (0.11 mM total lipid). In the literature no values can be found for the CMC
of DioctPA and DOPA. The CMC for DioctPA is expected to be in the same order as the
one for dioctanoyl-phosphocholine (DioctPC, CMC 0.27 mM) and the one for 1,2-dioctanoyl-
phosphoglycerol (DioctPG, CMC 1.21 mM) and the one for DOPA in the range of CMCs for
dipalmitoyl-phosphocholine (CMC 0.46 nM) and dimyristoyl-phosphoglycerol (DMPG, CMC
0.011 mM)*. A mixture of DioctPA and DOPA is expected to form micelles at lower lipid con-
centrations than DioctPA alone, because the CMC of DOPA is much smaller compared to that
for DicotPA due to the longer fatty acid chain (C18 versus C8). Thus, the CMC of the mixture
is expected to be below ~0.1 mM and hdnapkfatc may as observed for DPC only interact with
membrane mimetic particles but not with single lipids.

4096 4106 4116 4128
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Figure 4.5: Summary of the chemical shift differences observed in the NMR titrations
(Fig. 4.4). In all cases spectral changes were observed around the estimated CMC. Residues
that disappeared just above the CMC are marked with a red s. Residues that disappeared or
shifted significantly above the CMC are colored with an orange m, and those that disappeared
or shifted at higher lipid concentrations are labeled with a grey w. Residues that were not sig-
nificantly affected by the addition of lipid are marked with ’-’; while x’ represents amino acids
that show no 'H-'N HSQC peak. Reprinted (adapted) with permission from [10] - Copyright
(2013) JBC.

In line with the presence of several negatively charged amino acids in the sequence (Fig. 4.5), the
observed spectral changes are overall smaller than with the neutral DPC. This can be explained
by electrostatic repulsion between the negative charges in the PA headgroup and the side chains
of the present aspartates and glutamates (Fig. 4.5). In contrast to DPC, the strongest chemical
shift changes with DicotPA:DOPA occur around the positively charged residue K4105. The
backbone amide resonances of V4104 to Q4110 disappear or show significant chemical shift
changes (Fig. 4.4b, 4.5), whereas the C-terminal tryptophan-rich region that contains two
negatively charged glutamates show only very weak to no changes for the backbone resonances
as well as for the side chain amides of the three tryptophans (Fig. 4.4b, 4.4d, and 4.5).

LAll CMC values are found at the website of Avanti Polar Lipids (www.avantilipids.com) [195].
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Since the yield of hdnapkfatc following the protease digest of the GB1 fusion protein was
very low, the GB1 fusion protein with an additional enterokinase recognition site (hdnapkfatc-
gblent) was used for further lipid binding experiments and structural characterization of the
micelle-immersed state, based on results of section 4.1. To ensure that the presence of the GB1
tag does not influence the affinity of the interaction with DPC micelles, ' N-hdnapkfatc-gblent
was titrated with DPC (Fig. 4.6a) similar as done for the pure FATC domain (Fig. 4.4a). How-
ever, the final DPC concentration was significantly higher (~60 mM) to shift the equilibrium
more to the micelle immersed state. As for the pure FATC domain (Fig. 4.4a), several peaks of
hdnapkfatc-gblent start to shift at ~1.5 mM (Fig. 4.6a), which is just above the CMC of DPC
(1.1 mM). Until ~10 mM there are still significant shifts. Between ~10 - 60 mM only small
further shifts occur. Since the enterokinase cleavage site contains four negatively charged aspar-
tates and only one positively charged lysine (DDDDK), a titration of the fusion protein variant
containing an overall neutral factor Xa site (IEGR) was done using 1°N-hdnapkfatc-gblxa with
DPC as shown in Fig. 4.6b. Overall the same resonances show about the same strength and
direction of chemical shift changes as observed for '°N-hdnapkfatc-gblent (Fig. 4.6a) and for
untagged hdnapkfate (Fig. 4.4a). This indicates that neither the GB1 tag nor the enterokinase
or factor Xa site have a significant influence on the affinity for DPC micelles.

The structural characterization of the micelle-immersed state was done using a higher protein
concentration (~0.4 mM) and a DPC concentration of 150 mM to ensure that the equilibrium
is shifted to the micelle-associated state. A superposition of the respective 'H-'>N HSQC spec-
trum with that of the free protein at about the same concentration is given in Fig. 4.6¢c. To
better discriminate the FATC peaks from that of the GB1 tag, a spectrum of the latter is
shown on top. The assignments for the FATC part in presence and absence of DPC micelles are
indicated. Assignments for the full fusion protein including the GB1 tag are given in Fig. 4.7.
Compared to the spectrum at ~60 mM DPC, the spectral appearance of the micelle-immersed
form is about the same. DPC forms rather small spherical micelles (54x351.5 Da = ~19 kDa)
with a high curvature [196, 188]. Moreover, DPC has only one fatty acid tail (Fig. 3.1a) and
thus resembles more a lysolipid influencing the packing mode of the fatty acid chains in the
micelle. To evaluate the influence of the curvature and the packing density of the membrane
mimetic on the interaction with hdnapkfatc, additional NMR, interaction studies with neutral
bicelles and liposomes were performed (Fig. 4.6d, 4.6e).

In bicelles, the rather planar bilayer is formed by a long chain lipid, whereas the rim is formed by
a short chain lipid or a bile acid (Fig. 3.1b, 3.1c) [197]. Moreover, bicelles are significantly larger
(>250 kDa) [197] than e.g. DPC micelles (~19 kDa) [188]. Figure 4.6d shows a superposition
of the 'H-1N HSQC spectra of hdnapkfatc-gblent in the absence and presence of bicelles
composed of DMPC and DihepPC, which both share the neutral phosphocholine headgroup
with DPC (Fig. 3.1a). As observed with DPC micelles (Fig. 4.6¢) the GBI tag shows also no
significant changes in the presence of bicelles (Fig. 4.6d).

Liposomes are very large spherical particles that are composed of one or more bilayers. To ana-
lyze the interaction of hdnapkfatc with liposomes, small unilamellar vesicles (SUVs) composed
of DMPC were used (Fig. 3.1¢). In contrast to DPC micelles or DMPC/DihepPC bicelles, the
presence of liposomes induces no significant spectral changes (Fig. 4.6e). Using SUVs that were
prepared starting from a higher concentrated DMPC suspension does not change the result
(Fig. 4.6f). It has to be noted that the final lipid concentration in the liposome samples is
remarkably lower (<30 mM or 60 mM) than in the bicelle sample (~270 mM). However, the
fact that hdnapkfatc shows significant chemical shift changes in the presence of small concen-
trations of DPC or even negatively charged lipids as well as DMPC/DihepPC bicelles, but not
with DMPC SUVs may rather be explained based on the different curvature and fatty acid
chain packing properties (Fig. 3.1f). Although bicelles have a rather planar bilayer area, they
have a rather curved rim region, which may show a curvature comparable to that of micelles.
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Figure 4.6: Interaction of the human FATC domain of DNA-PKcs with different membrane
mimetics. Superposition of the 'H-N HSQC spectra of hdnapkfatc-gblent and hdnapkfatc-
gblxa in the presence of increasing amounts of DPC, respectively. The used DPC concentrations
and the respective color coding are indicated at the top of each plot (a,b). Superposition of
the 'H-1N HSQC spectra of hdnapkfatc-gblent in the absence and presence of DPC micelles
and DihepPC/DMPC bicelles (~270 mM) (c,d) or DMPC liposomes (<30 mM DMPC and/or
<60 mM DMPC), respectively (e,f). To better discriminate the peaks corresponding to the
FATC part, the spectrum of the gbhlxa is shown on top. Reprinted (adapted) with permission
from [10] - Copyright (2013) JBC.
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(b) Amino acid sequence of the fusion protein of DNA-PKcs FATC domain and gblxa.

Figure 4.7: Assignment of the DNA-PKcs FATC domain (a) and GB1 tag (b). Superposition of
the 'H-1N HSQC spectra of free hdnapkfatc-gblent (black) and gblxa (red). The assignments
that were derived based on the NMR spectra for hdnapkfatc-gblent are indicated by the one
letter amino acid code and the sequence position. The small insert shows the spectral region
containing the resonances for the tryptophan side chain amide protons (a).
of the GB1 domain are colored in red, the linking thrombin-enterokinase or thrombin-factor
Xa sites and the C-terminal 33 residues of the human DNA-PKcs FATC domain (4096-4128,
full length) in black. Residues corresponding to the thrombin cleavage site are additionally
labeled with a black circle and these corresponding to the enterokinase cleavage site with a

black asterisk (b). Reprinted (adapted) with permission from [10] -
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4.2.2.2 Secondary structure analysis

The structure of hdnapkfatc was initially characterized using untagged '°N-labeled protein.
Based on the CD spectrum (Fig. 4.8) and the observed 3Jg o coupling constants (Fig. 4.9),
the free protein is rather unstructured.

0

/"

— free

Ourw [deg em’ dmol '] (x10%)

200 210 220 230 240 250

wavelength [nm]

Figure 4.8: The CD spectrum of hdnapkfatc shows a minimum around 200 nm typical for a
unstructured protein and only a very weak minimum at 222 nm that usually together with a
second minimum at 208 nm indicates the presence of a-helical secondary structure. Adapted
with permission from [10]- Copyright (2013) JBC.
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Figure 4.9: 3Jy N o coupling constants of the human DNA-PKcs FATC domain. The coupling
constants were derived from a 3D HNHA spectrum (orange: uncorrected, blue: corrected by
11% as suggested in the literature [168]). Values below about 6 - 6.5 Hz are typically observed
in a-helical regions, whereas values above about 8 - 8.5 Hz are characteristic for residues in
[-sheets. Values in the range of about 6.5 - 8 Hz are typical for protein regions undergoing
conformational exchange. Adapted with permission from [10] - Copyright (2013) JBC.

A comparison of the assigned ' H* chemical shift values with the respective random coil values
indicates for the majority of the residues only a small tendency to populate a-helical secondary
structure. This is confirmed by the analysis of *C® secondary shifts of the FATC part of
free hdnapkfatc-gblent (Fig. 4.10, blue bars). The interaction with DPC micelles strongly
increases the content of a-helical secondary structure (Fig. 4.10, orange bars). Based on the
shown 13C® and the 'H® secondary shifts (data not shown), the FATC part of micelle-immersed
hdnapkfatc-gblent contains roughly two a-helical stretches that are disturbed around residues
T4112 - D4113 preceding P4114 and finish around T4120. The presence of helical secondary
structure in the micelle-immersed state is further confirmed by the observation of helix-typical
NOE correlations (data not shown). The C-terminal tryptophan-rich region contains residues
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Figure 4.10: '3C® shift analysis of the human DNA-PKcs FATC domain. Estimation of the
secondary structure content of free and micelle-bound hdnapkfatc based on its '*C® secondary
shifts. The date were measured using hdnapkfatc-gblent. The difference between the mea-
sured B C® chemical shift and the random coil value for the respective amino acid was plotted
as a function of the amino acid sequence (blue: free, orange: micelle immerse state). Values
significantly higher than the random coil value indicate the presence of a-helical and those sig-
nificantly lower of S-sheet secondary structure. Adapted with permission from [10] - Copyright
(2013) JBC.

that have 3C® secondary shifts that are typical for either a-helix or S-sheet. This has similarly
been observed for the 13C® secondary shifts of the corresponding region of the TOR FATC
domain [69]. Thus, this region may as observed for the free oxidized as well as the oxidized
and reduced micelle-immersed states of the TOR FATC domain [68, 69], fold back onto the
preceding helical region. This folding back or loop formation may be facilitated by the glycine
at position 4123. This glycine is not only conserved in the FATC domain of DNA-PKcs and
TOR (Fig. 4.3), but also in the ones of other PIKKs (see subsection 4.2.3).

4.2.2.3 Analysis of °N relaxation data

The backbone dynamics of free and micelle-immersed hdnapkfatc-gblent were studied by °N
relaxation experiments. The presence of the GB1 tag makes the analysis of the relaxation data
for the FATC part difficult since exchange effects arising from motions of the two proteins with
respect to each other may have to be considered. Based on the presented relaxation data for the
whole fusion protein in the absence and presence of DPC micelles (Fig. 4.11), the FATC and
the GB1 part tumble rather independently in both states and the thrombin and enterokinase
sites act as flexible linker. The average >N-Ty, '>’N-T; and {'H }-'*N NOE values for the GB1
tag (residues 1-56) are 479 £ 35 ms, 73 £+ 11 ms, and 0.66 = 0.07 for the free protein and
496 + 40 ms, 64 £+ 11 ms, and 0.65 4 0.08 for the micelle associated fusion protein, respectively.
The '*N-T; and the {'H}-'>N NOE values are in the range reported for the isolated GB1
domain [198]. The '®N-T, values for the GBI tag, especially in the absence of micelles, are
significantly lower than expected for a completely unhindered isotropic reorientation of a 6 kDa
protein. Using a model system based on GB1 domains connected by different linker regions, it
has been shown that each domain exhibits different rotational diffusion and alignment properties
even if the linker was 18 residues long [199]. In the absence of micelles the FATC domain is to
a big extend in an unstructured, flexible form which may further result in an additional viscous
drag. A similar effect has been observed for the N- terminal domain of Formin C that contains
a large unstructured loop [200].
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Figure 4.11: Backbone dynamics of the free and micelle-immersed DNA-PKcs FATC domain.
N-T; (a) and ®N-T (b) relaxation times and {'H }-"*N NOE values (c) of hdnapkfatc-
ghlent were plotted as a function of the sequence. The free form is displayed by blue and that

of the micelle-immersed form by orange points. Adapted with permission from [10] - Copyright
(2013) JBC.

The '°N-Ty, N-T, and {'H }-'N NOE data for the FATC part of the free and micelle-
immersed fusion protein are shown in Fig. 4.12. The average ?N-T;, ®N-T, and {1H}—15N
NOE values for residues 4108 - 4128 of the FATC part of the fusion protein are 645 + 51 ms,
191 + 23 ms, and —0.27 £ 0.17 for the free and 689 + 31 ms, 42 + 6 ms, and 0.34 4+ 0.18 for the
micelle associated form, respectively. The association of hdnapkfatc-gblent with DPC micelles
results only in a small increase of the average Ty value. Overall, a stronger increase of the T
values would be expected upon interaction with the ~19 kDa DPC micelles [188]. Unstructured
proteins or protein regions show higher T values than the respective folded state, which has for
example been shown for an SH3 domain [201]. Thus, a smaller increase of T; than expected,
can at least in part be accounted for by the fact that the FATC domain in the free state is
rather unstructured and flexible and becomes significantly structured only upon interacting
with micelles. Therefore, the increase in T; due to an increase in the molecular weight upon
complex formation is partially compensated by the FATC domain becoming more structured.
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Figure 4.12: Backbone dynamics of the free and micelle-immersed DNA-PKcs FATC domain.
(a) 'N-T; and (b) »N-T, relaxation times and (c) {'H }-*N-NOE values (c) were plotted
as a function of the sequence. The data for the free form is shown in blue and that of the
micelle-immersed form as orange points. The data was determined by measurement of '5N-
hdnapkfatc-gblent. Adapted with permission from [10] - Copyright (2013) JBC.

Another factor influencing the '°N relaxation parameters may be the time scale of the exchange
between the free and the micelle-immersed state. The Ts times of most residues decrease
strongly from about ~190 ms in the free form to ~40 ms in micelle-immersed state. This
confirms that the FATC part interacts with the DPC micelles. Overall the T5 values of the
bound state are in the range expected for a ~23 - 30 kDa complex (~19 kDa DPC micelle,
~4 - 11 kDa protein) [69, 188]. The increase in the {* H }-'°N NOE values for most of the FATC
domain confirms that it binds to the DPC micelles and is consistent with a more structured
state, indicated by the observed secondary chemical shifts (Fig. 4.10).
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4.2.3 NMR and CD characterization of the FATC domains of ATM,
SMG-1, TRRAP, and ATR

4.2.3.1 Membrane mimetic interaction studies

In order to find out if membrane binding is a general property of the FATC domain of all
PIKKs, the interaction of the FATC domains of ATM, ATR, SMG-1 and TRRAP with different
membrane mimetics was also probed by specific NMR interaction studies. The interaction of the
FATC domain of human ATM (hatmfatc) with different membrane mimetics was analyzed in
more detail using, as for the FATC domain of DNA-PKecs, the procedure described in chapter 4.1
[157]. Fig. 4.13 shows the superpositions of the 'H-'>N HSQC spectra of hatmfatc-gblent in
the absence and presence of either DPC or DihepPC micelles or DMPC/DihepPC bicelles or
DMPC liposomes (Fig. 4.13a - 4.13d).

With all four tested membrane mimetics a major change of the spectral appearance of the FATC
peaks is observed. Addition of 150 mM DPC or 50 mM DihepPC or DMPC/DihepPC bicelles
(~270 mM) results in the disappearance of many resonances characteristic for the free form
and the appearance of new peaks for the membrane-associated state. As for the other analyzed
FATC domains, spectral shifts can be seen for many backbone amide groups as well as for
the side chain amides of the two tryptophans and those of some glutamines and asparagines,
respectively. The titration of hatmfatc-gblent with increasing amounts of DPC is shown in
Fig. 4.14a. In the presence of 0.1 mM DPC, no significant spectral changes are seen. At 1.1 mM
DPC, which corresponds to the CMC of DPC, some peaks of the FATC part get weaker and/or
show small shifts. Increasing the DPC concentration to 5 mM results in further shifts. The
spectra at ~10 and ~49 mM DPC are about the same as at 5 mM. This indicates that hatmfatc
interacts only with the membrane mimetic micelles and not with single DPC molecules. If
DMPC liposomes are added (<30 mM DMPC), the peaks disappear or are not visible due
to the significantly larger size of SUVs compared to bicelles and micelles, which results in a
significant line broadening for the liposome associated hatmfatc-gblent. In addition, the total
lipid concentration in the sample with SUVs is much lower (<30 mM DMPC). Therefore, the
equilibrium is not as much shifted to the bound form. Finally, the affinity for liposomes may be
lower as for micelles or bicelles due to differences in the surface curvature and packing density.

A superposition of the natural abundance 'H-'>N SOFAST-HMQC spectra of a 33 residue
peptide corresponding to the FATC domain of human SMG-1 (hsmglfatc) in the absence and
presence of 50 mM d3g-DPC is shown in Fig. 4.14c. Since the CMC of DPC is 1.1 mM [159],
DPC should be mostly present in membrane mimetic micelles (Fig. 3.1f). The peak pattern in
the two spectra is clearly different, indicating an interaction of hsmglfatc with the membrane
mimetic micelles, which results in a change of the chemical environment for all detectable peaks.
In addition, the interaction of hsmglfatc with also neutral DihepPC micelles was analyzed by
recording natural abundance 'H-*N HSQC spectra (Fig. 4.14d). Also in this case, the spectral
appearance changes significantly if 50 mM DihepPC (CMC 1.4 - 1.8 mM) are present [160, 161].
Thus, hsmglfatc appears also to interact with DihepPC micelles. With both types of micelles
all detectable backbone amides are found at new positions, which is accompanied by an overall
increase in the dispersion of the signals. The latter indicates that the peptide may become
more structured upon interacting with micelles. Strong shifts are also observed for the side
chain amide Hel protons of both tryptophans that are characterized by proton chemical shifts
around 10 - 11 ppm (Fig. 4.14c, 4.14d). The intensity of these peaks is negative because of
spectral folding in the '°N dimension. Finally, smaller shifts are visible for the side chain amide
protons of glutamines and asparagines (*H ~6.5 - 7.5 ppm, >N ~111 - 114 ppm).
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Figure 4.13: NMR analysis of the interaction of the human ATM FATC domain. Superpositions
of the 'H-®N HSQC spectra of hatmfatc-gblent in the absence and presence of either DPC or
DihepPC micelles, or DihepPC/DMPC bicelles or DMPC liposomes (a-d). The spectrum of the
free form is always shown in black and the one with the respective membrane mimetic in red.
To better identify the signals of the ATM FATC part, the spectrum of gblxa is additionally
plotted in green on top. Reprinted (adapted) with permission from [10] - Copyright (2013) JBC.

The fact that the number of backbone amide resonances is smaller than expected based on
the number of residues in the sequences can be explained by following reasons. First, the
sensitivity of a 'H-N HSQC/HMQC spectrum recorded at natural abundance is significantly
lower than one recorded of a ?N-enriched sample and consequently weaker resonances may not
be detected. Second, some resonances may be very broad and thus weak because of motional
averaging and/or exchange between the free and the micelle-immersed state.

The interaction of the FATC domain of human TRRAP (htrrapfatc) with membrane mimetics
was also analyzed by recording 'H-'N HSQC spectra in the absence and presence of either
DPC or DihepPC micelles at natural abundance (Fig. 4.14b). Also in this case, the spectral
appearance changes significantly for almost all detectable resonances. In the case of DPC,
the number of detectable peaks as well as their dispersion increases, indicating that htrrapfatc
becomes more structured upon interacting with DPC micelles.
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Figure 4.14: Membrane interactions of the FATC domains of human ATM, SMG-1, and
TRRAP. Superposition of the 'H-'"N HSQC spectra of hatmfatc-gblent in the presence of
increasing amounts of DPC (a). The color coding and the respective DPC concentrations are
given at the top of the spectrum. To better discriminate the peaks corresponding to the FATC
part, the spectrum of ghlxa is shown in green on top. Superpositions of the 'H-"*N HSQC spec-
tra of hsmglfatc and htrrapfatc in the absence and presence of either DPC or DihepPC micelles
(50 mM each time). Positive peaks are colored in black, red and green, negative in blue, magenta
and cyan (b-d). Reprinted (adapted) with permission from [10] - Copyright (2013) JBC.

Both DPC and DihepPC micelles induce significant shifts of the tryptophan side chain Hel
protons, albeit the effect is stronger with DPC than with DihepPC. Shifts for the side chain
amide protons of glutamine and asparagines are only seen in the presence of DPC micelles. This
and the overall smaller shifts for the two tryptophan side chain protons as well as the smaller
number of peaks in the presence of DihepPC micelles, suggest that a higher concentration of
DihepPC may be needed to induce spectral changes of similar strength as observed with DPC
micelles. The reason can be either a lower affinity for DihepPC compared to DPC micelles or
because the number of DihepPC micelles at a concentration of 50 mM is lower than the one of
DPC micelles at the same concentration [161, 188].
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Figure 4.15: Association of hatrfatc with DPC micelles monitored by 1D 'H NMR spectra.
The spectrum of the free form is shown in blue, the one in presence of 50 mM dzg-DPC in red.
The top panel shows the full spectrum (a), the bottom left one only the amide region (b), and
the bottom right one the aliphatic region (c). In the amide region (b) almost all signals arise
from the protein, except the the strong signal at about 7.6 ppm, which is presumably from
chloroform or another substance present in the DPC stock. Adapted with permission from [10]
- Copyright (2013) JBC.

The interaction of a peptide corresponding to the FATC domain of human ATR (hatrfatc) with
DPC micelles could only be monitored based on one-dimensional 'H NMR spectra (Fig. 4.15a).
Overall the spectral appearance of the 1D 'H NMR spectrum changes dramatically in the
presence of 50 mM dzg-DPC. Looking only at the amide region (Fig. 4.15b), the number of
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resonances as well as their intensity and dispersion increases in the presence of micelles. This
includes the appearance of a small signal for the side chain amide proton of the single trypto-
phan (~10.4 ppm). An increase of the signal intensity is also evident for the aliphatic region
(Fig. 4.15c). However, in this chemical shift range signals from the buffer (Tris, TCEP) and
residual signals from d3g-DPC disturb the interpretation. Overall the data suggest that hatrfatc
interacts with DPC micelles and thereby may become more structured.

4.2.3.2 Secondary structure analysis

Also for the FATC domains of ATM, SMG-1, TRRAP, and ATR, the signal dispersion in
the NMR spectra increased upon addition of a membrane mimetic (Fig. 4.13, Fig. 4.14),
which indicates that the respective protein also have become more structured resulting in a
more diverse chemical environment for the different micelle-immersed residues. An analysis of
the 'H secondary shifts and the 3Jgnpa values (Fig. 4.16, 4.17) reveals helical secondary
structure in hatmfatc. The data indicate the presence of two helical stretches in about the same
regions as for DNA-PKcs (Fig. 4.10, 4.16). Moreover, residues 3051 - 3054 at the C-terminal
hatmfatc may form another short helix or helical turn (Fig. 4.16), because it has not a proline
at the third last position (3054) as DNA-PKecs (P4126), but at position 3050.
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Figure 4.16: Analysis of ' H* secondary shifts of the micelle-bound human ATM FATC domain.
The secondary structure content of micelle-immersed hatmfatc was estimated based on its ' H®
secondary shifts. The difference between the measured ' H® chemical shift and the random coil
value for the respective amino acid [115] was plotted as a function of the amino acid sequence
(micelle-bound hatmfatc-gblent in the presence of 150 mM DPC). Values significantly lower
than the random coil value indicate the presence of a-helical and those significantly higher of
B-sheet secondary structure. Adapted with permission from [10] - Copyright (2013) JBC.

The change in the secondary structure content of hsmglfatc, htrrapfatc and hatrfatc was moni-
tored by circular dichroism spectroscopy (Fig. 4.18). The hsmglfatc peptide shows a spectrum
characteristic of an unfolded protein in the free form (Fig. 4.18a). In the presence of 50 mM
DPC the absolute signal intensity increases and the minimum shifts from about 205 to 208 nm.
In addition a second minimum becomes visible at about 222 nm. Minima at 208 and 222 nm are
typically observed for proteins containing a significant amount of a-helical secondary structure.
The higher absolute mean residue ellipticity at 208 compared to 222 nm can be explained by
the presence of a remaining short unstructured stretch.
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Figure 4.17: Analysis of .J g nga coupling constants of the micelle-bound human ATM FATC
domain. 3Jgnma coupling constants were derived from a 3D HNHA spectrum (orange: un-
corrected, blue: corrected by 11% as suggested in the literature [168]). Values below about
6 - 6.5 Hz are typically observed in a-helical regions, whereas values above about 8 - 8.5 Hz
are characteristic for residues in S-sheets. Values in the range of about 6.5 - 8 Hz are typical
for protein regions undergoing conformational exchange. Adapted with permission from [10] -
Copyright (2013) JBC.

The spectrum of free htrrapfatc is also typical for an unfolded protein with a minimum around
200 nm, whereas the spectrum in the presence of DPC micelles show minima at about 208 and
222 nm that indicate the presence of a-helical secondary structure (Fig. 4.18b). The presence
of DihepPC micelles results also in significant spectral change and a minimum at about 208 nm,
however the minimum at 222 nm is not well resolved. Thus, the amount of helical secondary
structure in the DihepPC micelle-immersed state is expected to be lower than in the DPC
micelle-immersed one. This is consistent with the fact that fewer NMR signals are visible for
the DihepPC micelle-associated form than for the DPC micelle-associated one (Fig. 4.14b).
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Figure 4.18: Analysis of secondary structure changes of the FATC domains of human SMG-1
(a), TRRAP (b), and ATR (c) upon interaction with membrane mimetics. Superposition of
CD spectra of the hsmglfatc (left), htrrapfatc (middle), and hatrfatc (right) in the free form
(blue) and in the presence of 50 mM DPC (orange) and for htrrapfatc additionally with 50 mM
DihepPC micelles (green). Adapted with permission from [10] - Copyright (2013) JBC.

The spectrum of the free form of hatrfatc shows a minimum at 215 nm, which is typically
observed for proteins containing 8-sheet structure (Fig. 4.18¢). This S-sheet typical appearance
may be related to the observation that the free hatrfatc peptide has a tendency to aggregate.
Addition of 50 mM DPC results in a change of the spectral shape, which is characterized by
the appearance of minima at about 208 and 222 nm that are typical for a-helical secondary
structure. Due to the bad spectral quality, the two minima can however not be as clearly
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detected as for SMG-1 and TRRAP. The quality of the CD spectra of hatrfatc is lower because
smaller protein concentrations had to be used, as the protein had to be diluted to lower the
TCEP concentration to reduce too strong distortions from its presence at higher concentrations.

4.2.3.3 Analysis of membrane interactions by '°N relaxation and NMR diffusion

measurement

For hatmfatc-gblent the association with membrane mimetics was further confirmed by {1H }—
15N NOE data (Fig. 4.19).
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Figure 4.19: Analysis of changes in the backbone dynamics of hatmfatc-gblent upon interaction
with DPC micelles based on {IH }—15N NOE data. Superpostion of spectra of free and micelle-
bound hatmfatc-gblent without (reference) and with NOE effect (a-d). For both the spectrum
of ghlxa (in green) is additionally shown on top to identify the peaks corresponding to the
FATC part (b,d). Positive peaks are colored in black and red, negative in blue and yellow. For
some residues the assignment by the one-letter amino acid code and the sequence position is
indicated and the corresponding NOE value have been determined (Tab. 4.1, 4.2). Reprinted

(adapted) with permission from [10] -
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Already the fact that several of the backbone resonances of the free FATC domain of human
ATM appear not to be visible in the 'H-'N HSQC spectra (Fig. 4.13), indicates increased
backbone dynamics, presumably due to motional averaging, which may broaden some of the
signals beyond detection. Since the sequential assignment of the free state is hampered by
the lack of several 'H-°N correlations, the {1H }—15N NOE data for free hatmfatc-gblent is
only qualitatively interpreted making use of the fact that the signals of the GB1 tag can be
differentiated from the ones of the FATC domain based on spectral superpositions (Fig. 4.19b,
4.19d). As indicated by the presence of zero to negative intensity peaks in the spectrum with
NOE effect of the free form, most of the FATC part must be rather flexible (Tab. 4.1). For the
well-resolved peaks visible for the linker and the FATC part, the NOE values range between
—0.6 - 0.2. In contrast, in the presence of DPC micelles most of the peaks for the FATC part
are visible and show a positive intensity, thus also indicating positive NOE values (Tab. 4.2).
The NOE values for residues V3028 to V3056 range between ~0.3 - 0.75. This confirms that
the ATM FATC domain interacts with DPC micelles. Considering the range of NOE values
typically observed for structured and flexible regions of protein or protein complexes of similar
size (~5 - 25 kDa) [69, 200, 201], most of the micelle-immersed ATM FATC domain appears
rather well-structured with NOE values >0.5.

Table 4.1: NOE values of free hatmfatc-gblent. Adapted with permission from [10] - Copyright
(2013) JBC.

peak  NOE value peak  NOE value peak  NOE value

0 -0.56 +0.05 4 -0.89 £0.03 7 -0.55 £0.02
1 -0.45 £0.06 ) 0.19 £0.06 8 -0.44 £0.01
2 -0.09 £0.07 6 -0.34 £0.01 9 -0.30 £0.02
3 0.12 +0.02

Table 4.2: NOE values of micelle-bound hatmfatc-gblent. Adapted with permission from [10] -
Copyright (2013) JBC.

residue  NOE value residue  NOE value residue  NOE value

L3026 0.11 £0.02 A3039 0.64 £0.03 F3049 0.48 +£0.04
V3028 0.55 £0.06 D3041 0.32 £0.06 G3051 0.64 £0.05
G3029 0.61 +0.04 K3043 0.54 £0.03 W3052 0.72 £0.03
G3030 0.57 £0.03 N3044 0.56 +£0.04 A3054 0.56 £0.02
Q3031 0.54 £0.03 L3045 0.57 £0.04 W3055 0.48 £0.03
L3034 0.60 £0.05 53046 0.52 £0.03 V3056 0.29 +£0.03
L3035 0.59 £0.04 R3047 0.73 £0.05 WxHel  0.44 £0.02
Q3037 0.68 +£0.04 L3048 0.42 £0.05 WyHel  0.11 £0.01

linker  —0.27 £0.01 linker  —0.42 £0.01 linker  —0.29 £0.01
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Since the FATC domains of SMG-1 and TRRAP are not '?N-labeled, N relaxation data
can not be recorded. Instead, diffusion constants are obtained for both proteins (Tab. 4.3),
since the NMR samples of hsmglfatc and htrrapfatc have rather high protein concentrations
(~1 mM). The diffusion constants of the free forms are ~1.7 - 1.8 x1071% m2?s~!. Addition of
deuterated DPC micelles lowers the diffusion constant significantly to ~1.0 - 1.1 x10719 m?s~!
for hsmglfatc and ~0.9 - 1.0 x107!% m2?s™! for htrrapfatc (Tab. 4.3). This is in the range
expected for a complex of ~23 kDa arising from the association of a ~4 kDa peptide with a
~19 kDa DPC micelle and using only a DPC concentration of 50 mM. The diffusion constant for
the reduced and oxidized TOR FATC domain in the presence of 30 mM DPC, which corresponds
to a partially micelle-bound situation, is 1.32 and 1.13 x107'° m?s~! and in the presence of
170 mM DPC, which corresponds to the bound state, 0.59 and 0.72 x1071° m?s~! [69]. The
diffusion constant of the DPC micelle alone at 170 mM is 1.10 x1071% m2?s~! [69]. Thus the
diffusion data confirm the association of the SMG-1 and TRRAP FATC domains with membrane
mimetic DPC micelles. Diffusion measurements in the presence of DihepPC were hampered by
the huge signal from the undeuterated lipid, which impair the reliable detection and analysis

of the peptide signals.

Table 4.3: Diffusion measurements of SMG-1 and TRRAP FATC domains. Adapted with per-
mission from [10] - Copyright (2018) JBC.

protein free 50 mM d3g-DPC
cs [ppm] D (XlO‘lO) [mzs_l] cs [ppm] D (xlO‘lO) [mQS_l]
hsmglfatc 1.124 1.76 1.861 1.12
0.832 1.76 1.490 1.03
0.784 1.78 0.901 1.09
htrrapfatc 1.940 1.87 1.489 0.95
1.311 1.69 0.873 0.95
0.843 1.72 0.740 0.92
0.778 1.77 - -

4.2.4 Summary and discussion

It has been shown that the six known members of the PIKK family regulating a number of
cellular signaling pathways, share the conserved FATC domain that plays an important role for
the regulation of their function [1, 12|, which is furthermore confirmed in mutagenesis studies
[102, 16, 107, 15, 108]. Although it has been shown that some FATC domains mediate protein-
protein interactions [15, 108, 109], the question remained whether there is further a more general
common property of the FATC domain that influences PIKK function. Sequence alignments of
the FATC domain of all PIKKs show that they share characteristic features in their amino acid
sequence. Based on the presented NMR and CD data for the FATC domains of human DNA-
PKcs, ATM, ATR, SMG-1, and TRRAP combined with the earlier published data for TOR,
the ability to interact with membrane mimetics and thus a potential role for the mediation or
regulation of interactions at cellular membranes may be one function that is common to all

PIKK FATC domains.
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NMR membrane binding studies suggest that the FATC domains of DNA-PKcs, ATM, SMG-1,
TRRAP, and ATR have the ability to interact with membrane mimetics. Differences in the
distribution of hydrophobic and charged side chains in the respective FATC domains may thus
result in different preferences for specific membrane properties such as surface charge and cur-
vature or the packing density of the lipid acyl chains as well as the presence of cholesterol or
certain proteins. The analysis of the studies of the respective PIKK FATC domains with differ-
ent membrane mimetics shows that spectral changes occurred only above the respective CMC
and thereby the FATC domains appear not to recognize specific lipid headgroups and/or inter-
act with single lipids but only with membrane mimetic structures such as micelles, bicelles, or
liposomes. These results are in line with earlier data presented for the TOR FATC domain [69].

The interaction study of DNA-PKcs FATC with a negatively charged mixed phosphatidic acid
membrane mimetic induced strong changes in a region harboring a positively charged lysine,
which is in contrast to the results for the FATC domain of TOR showing similar changes for all
tested lipids [69]. It is supposed that the differences in the amino acid sequences of DNA-PKcs
and TOR FATC regarding the charge of amino acids cause varying binding behavior, such as
the weakened interaction between the lipid and the C-terminal region of DNA-PKcs due to
electrostatic repulsion. The FATC domain of DNA-PKcs interacts with neutral micelles and
bicelles, but has no apparent affinity for neutral DMPC SUVs, which is further in contrast to
the results for the FATC domains of TOR as well as ATM, which both interact with DMPC
liposomes. The observation that the FATC domain of DNA-PKcs has no significant affinity for
liposomes indicates that its interactions with membrane regions may be more sensitive to the
surface curvature and lipid packing than the those of TOR and ATM.

The analysis of CD, 3Jg n o coupling constants, 1>C® and '°N relaxation data show that free
DNA-PKcs FATC is rather unstructured. A comparison of °N relaxations and chemical shifts
of the free and micelle-bound FATC domain of DNA-PKcs confirm the association with micelles
and are consistent with a more structured state and reduced backbone dynamics. The CD data
for the FATC domains of SMG-1 and TRRAP, and the {*H }-'>N NOE data in the case of ATM,
also reveal that the respective FATC domains are rather unstructured and flexible. The inter-
action with micelles causes an increase in a-helical secondary structure content, which is visible
for all tested FATC domains in the CD, NMR diffusion measurements, or {1H }-15N NOE data.
In contrast, the oxidized form of the TOR FATC domain is rather well structured, consisting
of an a-helix and a disulfide-bonded loop [68]. Upon addition of DPC micelles the population
of a-helical secondary structure significantly increases in the respective FATC domain. Folding
upon binding to membrane mimetics, corresponding to higher population of a-helical secondary
structure in the presence of a membrane mimetic, has also been observed for other small pro-
teins such as the 30-residue long glucagon-like peptide 1 targeting G protein-coupled receptor
[202]. Therefore, the observed formation and/or stabilization of a-helial structure may enable
the interaction of the respective PIKK with specific membrane proteins.

Based on the *C® secondary shifts the a-helical structure of DNA-PKcs FATC in the presence
of DPC micelles is distorted at the alanine (A4111), which was also observed for TOR FATC.
The respective structures of the oxidized and reduced micelle-immersed states of the TOR
FATC domain show a distortion of the a-helix around A2453, which is not present in the free
form and which has been suggested to arise, because this alanine is a the interface between
the solvent and micelle [69]. The C-terminal region may further fold back onto the preceding
region, presumably facilitated by a conserved glycine, which is shared by the FATC domains
of all PIKKs, but TRRAP having an also rather small alanine at the equivalent position.
Secondary structure analysis for the FATC domain of ATM reveals that the helical regions are
interrupted after A3039 and P3050/G3051. Thus, alanine and glycine may play a role for the
formation of similar membrane-bound structures and/or for the positioning in the membrane,
as already proposed for the TOR FATC domain [69].
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Summarizing, this study shows that the ability to interact with membrane mimetics appears
to be a general property of the PIKK FATC domains. Differences in the distribution of hydro-
phobic and charged side chains in the respective FATC domains may thus result in different
preferences for specific membrane properties such as surface charge and curvature or the packing
density of the lipid acyl chains as well as the presence of cholesterol or certain proteins. This is
expected to result in different binding specificities for different cellular membranes or membrane
regions, which would be consistent with the different localization patterns and localized specific
activities of the various PIKKs in cells.

4.3 Detailed characterization of the membrane interactions
of the TOR FATC domain

4.3.1 Membrane interaction studies with ylfatc and mutant proteins

Recent data have shown that ylfatc can interact with different membrane mimetic particles.
Based on the structures of oxidized and reduced ylfatc immersed in DPC micelles and the
binding surface determined from the DPC titration of oxidized ylfatc [69], an initial model
for the membrane immersion was proposed. To define the membrane association properties in
more detail, additional structural studies were performed. Fig. 4.20a and 4.20c show super-
positions of the 'H-'N HSQC spectra of ylfatc in the absence and presence of either DPC
micelles or DihepPC/DMPC bicelles used as a reference for the following studies. Due to the
interaction with the rather small DPC micelles (19 kDa [188, 196]) or DihepPC/DMPC bicelles
(>250 kDa [197]), several peaks of ylfatc shift to new positions, as already described [69].

Since liposomes are considered to be a better mimetic for natural membranes as micelles as
well as bicelles, the interaction of ylfatc with neutral DMPC liposomes of the small unilamellar
vesicle (SUV) type was also analyzed. In the presence of liposomes at a DMPC concentration
below 30 mM (Fig. 4.20e) several peaks of ylfatc disappear in the respective 'H-15N HSQC
spectra. This indicates that y1lfatc also interacts with the very large DMPC liposomes resulting
in broadening of most of its resonances beyond detection. Furthermore, the interaction with
micelles composed of a neutral diacyllipid (DihepPC, Fig. 4.21a) was studied completing the
already existing data of neutral micelles composed of phosphocholine headgroups and micelles
with negatively charged diacyllipid headgroups [69]. The overall spectral changes are similar
as with DPC micelles and bicelles in which the rim is formed by DihepPC. Accordingly, most
resonances of ylfatc show also different chemical shifts in the presence of DihepPC micelles com-
pared to the free state. Since ylfatc can interact with neutral and negatively charged micelles,
bicelles, and liposomes (Fig. 4.20a, 4.20c, 4.20e, and 4.21a) its interaction with membrane
mimetics appears not to be very sensitive to specific membrane properties such surface charge
and curvature or the packing of the fatty acid tail, which has already been proposed earlier [69].

4.3.1.1 Membrane studies with DPC micelles

Tryptophans are known to play an important role for the membrane interactions of proteins
[194, 203]. Thus, the effect of replacing one or both tryptophans by alanine (ylfatc W2466A
and W2466A /W2470A) on the interaction with DPC micelles was initially analyzed. However,
neither mutant showed a significantly reduced affinity for DPC micelles [69]. This suggests that
the other aromatic and aliphatic residues in the y1fatc membrane anchor (Fig. 1.3) significantly
contribute to the binding affinity.
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Figure 4.20: Comparison of the membrane association of ylfatc wild type with the mutant
Y2463E/W2466E. Superposition of the 'H-1N HSQC spectra of ylfatc and Y2463E/W2466E
with 50 mM DPC micelles, DMPC/DihepPC bicelles (<250 mM), and DMPC lipsomes
(<30 mM) (a-f). Residues marked with black arrows show small chemical shift changes upon
binding to DMPC liposomes (f).
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Table 4.4: Membrane association studies with TOR FATC wild type and mutant proteins.
Mutants that were affected by the respective membrane mimetic are marked with +’, while '’
represents mutants that were not affected. Lipid binding studies with DihepPC/DMPC bicelles
and/or DMPC liposomes were not perfomed (n.p.) for all mutants.

ylfatc protein gblxa  micelles Dbicelles SUVs
wild type yes/no + + +
L2459A no + n.p. n.p.
H2462A no + n.p. n.p.
Y2463A yes/no + + ~—
F2469A no + n.p. n.p.
W2466A no + n.p. n.p.
W2466A /W24T70A no + n.p. n.p.
Y2463A /12464A /W2466A /W2470A no + n.p. n.p.
Y2463E,/W2466E yes/no + + ~—
Y2463D/12464D /W2466 A yes + + —
Y2463D/12464D / W2466E / W2470R yes + + ~
H2462R/Y2463D/12464D / W2466 A /F2469D yes + + -
G2465S/W2466S yes + + —
H2462R/Y2463D /12464D /G2465S /W2466S /F2469D yes + + -
L2459E/H2462R /Y 2463D /12464D /G2465S/W2466A /F2469D  yes + n.p. -
L2459S /H2462R /Y2463D /12464D /W2466E /F2469D yes + n.p. -
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To better understand the role of single residues for the interaction with membrane mimetics and
to find a mutant that is not able to interact with membrane mimetics anymore, an ensemble of 13
additional y1fatc mutant proteins (see Appendix, Tab. A.3 on page 105) was analyzed regarding
interactions with DPC micelles, DihepPC/DMPC bicelles and DMPC liposomes (Fig. 4.20, 4.22,
4.24, 4.25, and 4.26). In Tab. 4.4 an overview of all experiments performed with the respective
ylfatc mutant is presented.

First, ylfatc single mutant proteins were prepared by replacing each time one hydrophobic
residue in the membrane anchor by alanine (L2459A, H2462A, Y2463A, and F2469A). The
superpositions of the 'H-'"N HSQC spectra in the absence and presence of a high concentration
of DPC micelles are shown in Fig. 4.22. As the W2466A mutant, all newly prepared single
mutants show strong spectral changes and a spectrum different from the free form with well-
dispersed peaks. Thus all can still interact with DPC micelles. At 298 K oxidized micelle-
immersed wild type ylfatc reveals fewer peaks than expected based on the number of residues in
the sequence, because several of the peaks of the membrane anchor are not visible. They become
only visible if the temperature is raised to 318 K, which reduces the affinity of the interaction
with micelles (Fig. 4.21b, [69]). Based on a comparison of the number of peaks visible for the
respective micelle-immersed states at 298 and 318 K with the wild type (Fig. 4.20a and 4.21b),
single replacements by alanine have no significant effect on the affinity. At 318 K all mutants
show as the wild type an increase of the number of peaks, which appears only somewhat less
for the mutant Y2463A. However, the spectral appearance of H2462A and Y2463A (Fig. 4.22b
and 4.22¢) reveals a greater conformational heterogeneity compared to the well-structured free
and micelle-immersed wild type protein [68, 69]. Several peaks appear as some kind of doublet,
which can be seen looking at the number of resonances in the region around 10 ppm, where in
case of a single conformation (or very fast dynamics) only two cross peaks should be visible for
the side chain amide groups of the two tryptophans. Hence, residues H2462 and Y2463 may
play a role for the backbone flexibility or packing in the disulfide bonded loop in the free and
or micelle-immersed state. Moreover, they may influence the rate of cis/trans polymerization
of P2468 or alter the interactions with the surrounding micellar environment.

Because the replacement of one (L2456A, H2462A, Y2463A, F2469A, W2466A) or two
residues (W2466A /W2470A) does not significantly reduce the interaction with DPC micelles,
additional mutants were prepared in which more residues were replaced by alanine or in which
some residues were replaced by a polar or even a charged residue (see Appendix, Tab. A.3).
The quadruple ylfatc mutant Y2463A /12464A /W2466A /W2470A shows as the single or double
alanine mutants strong spectral changes in the presence of DPC micelles (Fig. 4.22e). How-
ever, in this case the number and intensity of the micelle-immersed peaks does not significantly
increase at higher temperature, indicating slightly decreased affinity compared to the oxidized
micelle-immersed wild type. Similarly, replacement of two hydrophobic residues by negatively
charged amino acid as in the ylfatc mutants Y2463E/W2466E or Y2463D/12463D/W2466A
(Fig. 4.20b and 4.22f) appears only to slightly reduce the affinity for DPC micelles.

Additionally, the change in the secondary structure content of several mutants was monitored by
circular dichroism spectroscopy (Fig. 4.23). The replacement of one residue shows a spectrum
of a partially a-helical protein in the free form (Fig. 4.23b, 4.23c, 4.23d, and 4.23g) represented
by the mimimum at about 208 nm. In the presence of 50 mM DPC the absolute signal intensity
increases and a second minimum becomes visible at about 222 nm. These minima are typically
observed for proteins containing a significant amount of a-helical secondary structure. The
CD spectra of L.2456A and H2462A mutants are similar compared to that of the wild type
(Fig. 4.23a), whereas the replacement of Y2463 and F2469 mutants appears to result in spectra
with less a-helical secondary structure content. The spectra of the quadruple mutant and both
negatively charged mutants in the free form appear all to have a bigger contribution from an
unfolded protein.
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Figure 4.22: Membrane association of untagged mutant proteins of ylfatc with DPC mi-
celles (a-f). Superposition of the 'H-1"N HSQC spectra of L2459A, H2463A, Y2463A, F2469A,
Y2463A /12464A /W2466A /W2470A, and Y2463A /12464D/W2466A respectively, with 100 mM
DPC micelles at 298 and 318 K.
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Figure 4.23: CD spectra of ylfatc and mutant proteins in the absence and presence of
DPC micelles (a-h). CD spectra of the wild type, L2459A, H2463A, Y2463A, F2469A,
Y2463A /12464A /W2466A /W2470A, Y2463E/W2466E, and Y2463A /12464D /W2466A respec-
tively. The free form is marked in blue, the micelle-bound in orange.

However, in the presence of DPC micelles they still show a significant a-helical secondary
structure characterized by the two characteristic minima (Fig. 4.23h, 4.23e, and 4.23f). In the
case of the ylfatc quadruple mutant, 6,z is only approximately determined, because the
protein concentration can not be accurately measured by UV /VIS. Overall, the CD data can
only be used for a qualitatively analysis.

Therefore, further mutants were designed with either more drastic replacements of hydrophobic
residues by polar or charged ones. For the following NMR interaction studies of additional y1fatc
mutant proteins, the GB1 fusion protein was used based on the results illustrated in Chapter 4.1
[157]. As reference the superposition 'H-*N HSQC spectra of the wild y1fatc as fusion protein
(ylfatc-gblxa) is used (Fig. 4.1c). Replacement of up to seven hydrophobic residues with mostly
polar or charged residues does not abrogate the interaction with membranes (Fig. 4.24). Finally,
ylfatc mutants were prepared in which G2465, that is suggested to facilitate the formation of
the disulfide bond, was replaced by serine (ylfatc G2465S/W2466S and H2462R,/Y2463D/
12464D/G2465S/W2466S/F2469A). The idea was that this mutant may not as easily form the
bulb-like structure determined for the oxidized as well as reduced micelle-immersed state [69].
However, also these two mutants are still able to interact with membrane mimetic DPC micelles
(Fig. 4.24).

In conclusion, all tested ylfatc mutant proteins can still interact with DPC micelles. Thus,
the remaining hydrophobic residues are still able to make interactions with the hydrophobic
interior of DPC micelles, whereas the present polar or charged residues presumably mediate
interactions with the positive and negative charges of the DPC headgroup.

4.3.1.2 Membrane studies with bicelles or liposomes

Because DPC micelles are rather small spherical particles with a high curvature and DPC is
also used as detergent, the association of various ylfatc mutant protein was analyzed with
DihepPC/DMPC bicelles that have a planar region consisting of a lipid bilayer. The superpo-
sitions of the 'H-'"N HSQC spectra of several ylfatc mutant proteins in the free form and with
DMPC /DihepPC bicelles (~270 mM) are shown in Fig. 4.20d and 4.25.
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Figure 4.24: Membrane association of tagged mutant proteins of y1fatc with DPC micelles (a-f).
Superposition of the 'H-1N HSQC spectra, of tagged mutant proteins with 50 mM DPC micelles
at 298 K. H2462R /Y2463D /12464D /G2465S/W2466S /F2469D (HYIGWF), L2459E /H2462R,/
Y2463D /12464D /G2465S/W2466 A /F2469D (LHYIGWF), L2459S/H2462R /Y2463D /12464D/
W2466E/F2469D (LHYIWF).
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Figure 4.25: Membrane association of mutant proteins of ylfatc with DMPC/DihepPC bi-
celles (a-f). Superposition of the 'H-1°N HSQC spectra of untagged and tagged mutant pro-
teins with DMPC/DihepPC (>250 mM). H2462R/Y2463D/12464D/G2465S /W2466S/F2469D

(HYIGWF).
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Figure 4.26: Membrane association of mutant proteins of ylfatc with DMPC liposomes (a-h).
Superposition of the 'H-'N HSQC spectra of untagged and tagged mutant proteins with
<30 mM DMPC liposomes. Residues marked with black arrows show small chemical
shift changes upon binding to DMPC liposomes (a). H2462R/Y2463D/12464D/G2465S/
W2466S,/F2469D (HYIGWTF), L2459E/H2462R/Y2463D /12464D/G2465S/W2466A /F2469D
(LHYIGWF), 124598 /H2462R / Y2463D /12464D / W2466E /F2469D (LHYTWF).

However, even a ylfatc mutant with six residues of the membrane anchor replaced by polar or
charged residues shows still significant spectral changes in the presence of the high concentra-
tions of bicelles indicating a significant affinity of all ylfatc mutants for bicelles (Tab. 4.4).

Finally, the affinity for liposomes better resembling natural membranes was probed, since all
tested ylfatc mutants can still interact with rather high concentrations of DPC micelles or
DihepPC/DMPC bicelles. The liposomes were prepared from lower lipid concentrations with a
final concentration of <30 mM in the sample. Oxidized wild type y1lfatc interacts with DMPC
liposomes resulting in the disappearance of the majority of its resonance (Fig. 4.20e). Replace-
ment of two aromatic residues by glutamate (Y2463E, W2466E) significantly reduces the inter-
action with liposomes. Accordingly, only very minor spectral changes can be seen comparing
the 'H-1°N HSQC spectra in the absence and presence of liposomes (Fig. 4.20f). Even replace-
ment of only one aromatic residue by alanine (Y2463A), here as fusion protein Y2463A-ghlxa,
results in similar minor spectral changes upon addition of liposomes (Fig. 4.26a). Consistent
with this, mutation of three or more residues cause no spectral changes at all (Fig. 4.26).

In summary, the NMR interaction studies of y1fatc with different membrane mimetics show that
at least in case of the TOR FATC domain high concentrations of micelles and bicelles appear
not to be suitable to find rather moderate mutations that abrogate membrane interactions.
Only the use of liposomes (DMPC SUVs) at low concentrations results in clearly different
binding behavior of the mutant proteins compared to the wild type and demonstrates that the
replacement of one or two residues is probably sufficient to abrogate the binding of the TOR
FATC domain to cellular membranes.
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4.3.2 NMR experiments with spin labeled micelles

For the membrane immersion of the oxidized and reduced TOR FATC domain an initial model
was derived using the respective calculated structures and the micelle binding surface from the
titration of oxidized ylfatc with DPC [69]. Based on this model several hydrophobic residues
in the C-terminal region (12456 - W2470) may penetrate the micelle and interact with the
hydrophobic interior, whereas a rim of charged residues (E2457, R2458, C-terminal carboxyl
group) may interact with charges in the lipid headgroups [69]. For a more detailed determination
of the immersion depth, 'H-N HSQC spectra of oxidized or reduced y1fatc in the presence of
micelles (50 mM DPC) and increasing concentrations of either 5- or 16-SASL (1 to at maximum
4 mM) were recorded and the respective spectral changes analyzed. The CMC value determined
for 5-SASL (Fig. 3.1g) is 3.5 uM [204] and this for 16-SASL (Fig. 3.1h) presumably in the same
range, therefore both spin labels are expected to incorporate into DPC micelles. Nitroxide
radicals are supposed to significantly enhance the transverse relaxation of the neighboring nuclei
due to their large electronic relaxation time constants, whereas the pseudocontact shifts are
negligible [205]. Thus, residues embedded in the micelle are supposed to reveal significant
paramagnetic relaxation. In addition, they may show changes of their chemical shifts due
to changes in the chemical environment compared to pure DPC micelles. Both effects are
depending on the distance to micelle embedded 5- or 16-SASL, respectively. The immersion
depth of the doxyl spin label in the micelle depends on its position along the stearic acid acyl
chain. Whereas for 5-SASL the doxyl group is at the C5 position and thus approximately in
the center of the C18 fatty acid chain, for 16-SASL it is close to the terminus and further away
from the carboxyl group (Fig. 3.1g, 3.1h).

In the presence of 1 mM 5-SASL, the 'H-">N HSQC spectra of micelle-bound oxidized ylfatc
show significant shifts for several residues, which become stronger upon increase of the con-
centration to 2 mM (Fig. 4.27c). Consistent with the previously established model for mem-
brane immersion, several residues in the bulb-like C-terminal loop (G2465 - W2470) reveal the
strongest shifts, whereas residues that are expected to be closer to the micellar surface smaller
shifts (Fig. 4.28a, 4.28¢c, blue bars). At higher 5-SASL concentrations, up to 4 mM (Fig. 4.27b),
the signals of the membrane anchor shift further. The change of the signal intensity due to
paramagnetic relaxation enhancement reveals a rather moderate decrease being similar for all
residues at 1 mM 5-SASL (data not shown). Increasing the 5-SASL concentrations, the reduc-
tion of signal intensity becomes gradually more different as a function of the sequence, but does
not simply correlate with the observed chemical shift changes (Fig. 4.28a, 4.28¢). As expected
several residues from the bulb-like hydrophobic region (12456, G2465, F2469, W2470) show a
strong reduction of their signal intensity. Nevertheless, the intensity of N-terminal residues
(L2440 - V2442) that are expected to be exposed to the solvent, is also significantly reduced.
The reason might be the proximity to the doxyl group, additional dynamic effects of the pro-
tein itself, the movement of the protein and the spin label in the micelle as well as the on- and
off-rate for micelle association.

This indicates that the change in the chemical shifts appears more sensitive to the immersion
depth of the respective residues than the reduction in intensity for a peripheral membrane
associated protein. Using concentrations of 1 to 2 mM 16-SASL, the induced chemical shift
and intensity changes are overall stronger as observed for 5-SASL (Fig. 4.27d). As with 5-
SASL, several residues of the C-terminal region (G2465 - W2470) show the strongest chemical
shift changes in the presence of 2 mM 16-SASL. However, most residues N-terminal of the
hydrophobic bulb (K2448 - Q2452) that are expected to reside at the micelle water interface
or at the micelle surface reveal also significant chemical shift changes (Fig. 4.28a, 4.28¢). The
reduction in signal intensity is also strongest in the C-terminal region G2465 - W2470 (data
not shown). However, it is rather strong along the whole sequence and appears as with 5-SASL
not only to depend on the immersion depth of the respective residues.
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Figure 4.27: Characterization of oxidized and reduced ylfatc using spin labeled DPC micelles.
Superposition of the 'H-'>N HSQC spectra of oxidized ylfatc with DPC micelles at 298 and
318 K (a). Superposition of the 'H-'>N HSQC spectra of oxidized micelle-bound ylfatc in
the presence of increasing amounts of 5-SASL, full spectrum (b). Superposition of the 'H-1°N
HSQC spectra of oxidized micelle-bound y1fatc in the presence of increasing amounts of 5- and
16-SASL, respectively (c-d). Superposition of the 'H-15N HSQC spectra of reduced micelle-
bound ylfatc in the presence of increasing amounts of 5- and 16-SASL, respectively (e-f). The
color coding and the respective spin label concentrations are given at the top of the spectrum.
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(c) Chemical shift changes of oxidized micelle-bound y1fatc, 2 mM.
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(d) Chemical shift changes of reduced micelle-bound ylfatc, 2 mM.

Figure 4.28: Diagram of the chemical shifts of oxidized and reduced micelle-immersed ylfatc
due to the presence of 1 mM or 2 mM 5-doxyl (a, c) and 16-doxyl (b,d) stearic acid.

Reduced micelle-bound y1fatc shows strong chemical shifts changes in the presence of 5-SASL
(Fig. 4.27e) for the C-terminal region such as F2469, but also rather strong ones for several
residues along the a-helix (Q2445 - 12450). Again the chemical shift changes are stronger in
the presence of micelles containing 16-SASL instead of 5-SASL (Fig. 4.27f, 4.28b, 4.28d) and
overall smaller as for the oxidized form (Fig. 4.27d). As for the oxidized form, the decrease in
signal intensity with either 5- or 16-SASL (data not shown) appears not to be very sensitive to
the immersions depth of the different residues of the membrane anchor and is rather uniform.

4.3.3 MD simulations of spin labeled micelles

In the literature, NMR, data of proteins embedded in 5- or 16-SASL tagged micelles is often
interpreted based on the assumption that the doxyl group of 16-SASL is incorporated deeper
in the hydrophobic core of the micelle and the one of 5-SASL is expected to reside closer to the
micelle solvent interface [206, 139, 207]. If this would be the case, one would expect to observe
stronger chemical shift and intensity changes with micelles containing 5-SASL than with such
containing 16-SASL for a peripheral membrane-associated protein such as ylfatc. However,
oxidized and reduced ylfatc show stronger chemical changes in the presence of 16-SASL com-
pared to 5-SASL tagged micelles. In order to resolve this discrepancy, several MD simulations
are run to obtain insights in the conformation of 5- and 16-SASL in DPC micelles as well as
about the relative orientation of ylfatc and SASL in DPC micelles. Currently, only the pure
DPC micelle consisting of 50 molecules with either one molecule 5- or 16-SASL are analyzed
(Fig. 4.29).

Based on these simulations, 5-SASL orients and immerses in DPC micelles as assumed earlier
with the carboxyl group (C1) close to the DPC head group, the w-end (C18) embedded in the
hydrophobic micelle interior and the doxyl group (C5) is located in between. In contrast to
earlier assumptions, the fatty acid chain of micelle-immersed 16-SASL bends such that both, the
carboxyl group (C1) and the doxyl group (C16) close to the w-end are rather close to the micelle
water interface. Thus, the doxyl group of 16-SASL is even closer to the micelle water interface as
the one of 5-SASL. This is consistent with electron spin-echo studies of ionic micelles containing
2-SASL (x = 5,7,10,12,16) that show that the doxyl spin label is the most deepest immersed
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for x = 10 and locates again closer to the surface the more the doxyl group moves towards
the w-end (z = 12,16) [208]. This indicates that the energy cost for locating the doxyl group
deep in the hydrophobic interior, if it is close to the w-end, is higher than for bending the fatty
acid chain. Based on these observations, the stronger spectral changes with micelles containing
16-SASL compared to 5-SASL for ylfatc can be explained. The majority of residues of ylfatc
is expected to be located at the micelle water interface and in the hydrophobic interior region
close to the DPC headgroups. Therefore the resonances for most ylfatc residues are supposed
to show significant shifts in the presence of 16-SASL tagged DPC micelles. However, fewer
residues are expected to immerse deeper in the micelle. Thus, spectral changes due to the
presence of 5-SASL tagged DPC micelles are expected to be smaller.

(c¢) Conformations of DPC micelle with 5-SASL. (d) Conformations of DPC micelle with 16-SASL.

Figure 4.29: MD simulation of the spin labeled DPC micelle. Structure pictures of simulated
DPC micelles (50 molecules) containing either one molecule of 5- or 16-SASL (a,b). Superim-
posed structures of 5- or 16-SASL from 50 time points of the 500 ns simulation period (c,d).
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4.3.4 Oriented CD spectroscopy of bilayer immersed protein

Oriented CD spectroscopy is used for the determination of the orientation of a-helices embedded
in lipid bilayers. First, reference CD measurements of free oxidized and reduced ylfatc show
that both populate a-helical secondary structure, indicated by minima around 205 and 222 nm
(Fig. 4.30). However, oxidized y1fatc reveals a significant higher amount of a-helicity compared
to the reduced form (Fig. 4.30, blue and blue dashed spectra), which may be caused by the
higher flexibility of the C-terminal end of reduced y1lfatc. This is consistent with the structure
and dynamic data for free oxidized ylfatc and the observed spectral differences in the 'H-1°N
HSQC spectra of oxidized and reduced ylfatc [68]. Reconstitution of oxidized and reduced
ylfatc in DMPC liposomes with a protein-lipid-ratio (P/L) of 1:50 (Fig. 4.30, orange and
orange dashed spectra) results in an increase of a-helical secondary structure compared to the
free state. Using liposomes prepared from a 1:1 mixture of the neutral lipid DMPC and the
negatively charged lipid DMPG (P/L of 1:50), the a-helicity for both redox states increases
even further (Fig. 4.30, green and green dashed spectra).
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Figure 4.30: CD spectra of oxidized and reduced ylfatc in the absence and presence of liposomes
composed of only neutral DMPC or a negatively charged mixture of DMPC/DMPG (1:1). The
used liposomes including the ratio and the respective color coding is given in the spectrum.

Based on an estimate of the secondary structure content with the online server dichroweb [143]
that employs the CONTIN-LL and CDSSTR algorithms [162, 163, 165, 164], the amount of
a-helical secondary structure in the presence of either DMPC or DMPC/DMPG liposomes is
20 % and 30 %, respectively (see Appendix in Tab. A.6a, A.6b). The a-helical secondary
structure content is lower than estimated for the DPC micelle-immersed oxidized and reduced
ylfatc based on the determined NMR structures [69], which was estimated around 57 % and
60 %, respectively. The difference can be explained by several reasons. First, the P/L in these
CD measurements was 1:50 and the membrane mimetic concentration for the NMR structure
determination was very high (150 - 200 mM DPC) corresponding to a protein/DPC ratio of
about 1:300-400. Thus, more protein is expected to be in the membrane mimetic immersed
state, in which the a-helix is stabilized, compared to the free state.
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Figure 4.31: OCD spectra of oxidized and reduced ylfatc in the absence and presence of li-
posomes composed of only neutral DMPC or a negatively charged mixture of DMPC/DMPG
(1:1) (a) and normalized to 6 at 223 nm of oxidized ylfatc DMPC bilayer (b). The used
liposomes including the ratio and the respective color coding is given in the spectrum.

Second, ylfatc may have a higher affinity for DPC micelles compared to DMPC and DMPC/
DMPG lipsomes and/or the micelles may better stabilize the a-helix in oxidized and reduced
ylfatc due to their higher curvature.

CD data of proteins containing a single a-helix reconstituted in oriented lipid bilayers (OCD
data) allows to estimate the orientation of the long axis of the helix with respect to the mem-
brane bilayer [209, 210]. As illustrated in the method section (Chapter 3.3.2 and Fig. 2.16) the
theoretical spectrum for a single a-helix orients either perpendicular (I-spectrum) or parallel
(S-spectrum) to the lipid bilayer, respectively. The estimation of the angle between the long
axis of the helix and the membrane normal is based on the decomposition of the contributions
from the I- and S-spectra. Fig. 4.31 shows the OCD spectra (each time averaged over all
measurement angles) of oxidized and reduced y1fatc in oriented bilayers formed by only neutral
DMPC or a 1:1 mixture of neutral DMPC and negatively charged DMPG. The OCD spectrum
of oxidized ylfatc in pure DMPC bilayers (Fig. 4.31, orange spectrum) shows minima around
209 nm and about 223 nm with similar intensity representing rather similar contributions from
the I- and S-spectra, which indicates a tilt angle with respect to the membrane normal roughly
between 30° - 60°. The shape of the spectrum of the reduced form in DMPC bilayer (Fig. 4.31,
orange dashed spectrum) is rather similar but appears to have a slightly bigger contribution
from the I-spectrum (parallel orientation to bilayer), corresponding to a tilt angle of the helix
with respect to the membrane normal in the range of about 35° - 65°. However, the overall
signal intensity is much lower, presumably because of a lower affinity for DMPC vesicles and
thus a smaller amount of protein reconstituted in the oriented bilayers.

The OCD spectra of both redox states in lipid bilayers consisting of DMPC/DMPG look differ-
ent from those in neutral bilayers composed of only DMPC (Fig. 4.31, green and green dashed
spectrum). The minimum at about 209 nm is less deep than the one at about 223 nm indi-
cating a bigger contribution of the I-spectrum and a steeper orientation of the helix of ylfatc
with respect to the membrane bilayer. The tilt angle of the helix long axis with respect to the
membrane normal is in the range of 5° - 35° for oxidized and 0° - 30° for reduced ylfatc with
lower signal intensities for both redox states compared to the neutral DMPC bilayers.
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Based on the previously determined NMR experiments of both states in neutral DPC micelles
and the corresponding model for membrane immersion, the steeper tilt angle may be due to
electrostatic repulsion between the acidic N-terminal region and the negatively charged mem-
brane surface. Combining all data, a refined model for the membrane interactions of oxidized
and reduced ylfatc in neutral bilayers can be established (Fig. 4.32).

DPC 16-SASL 5-SASL

oxidized f')

Figure 4.32: Refined model of the membrane immersion of oxidized (upper two panels) and
reduced (bottom two panels) ylfatc. The membrane region is indicated by the grey shaded
area with two horizontal lines marking the head group region. The 1%¢ column shows ribbon
representations of the determined NMR structures of oxidized and reduced ylfatc [69]. The side
chains are additionally shown in a neon representation (C — yellow, G — orange, P - magenta,
aromatic residues — green, aliphatic — dark blue, polar and charged — light blue). The 2"¢ column
shows representations of the surface charge (blue — positive, red — negative). As a reference, the
374 column shows in all panels a CPK representation of a DMPC molecule at the same scale
as ylfatc. For the 4" column the chemical shift changes observed earlier for oxidized y1fatc
titrated with DPC, are mapped onto the structures of oxidized and reduced y1fatc (red - strong,
orange - medium, yellow — weak, white no, grey — no data, see [69]). For the 5" column the
chemical shift changes observed for oxidized and reduced ylfatc in the presence of 50 mM DPC
and 1 mM 16-SASL are mapped onto the surfaces of the respective structures and for the 6t*
column the chemical shift changes observed for oxidized and reduced ylfatc in the presence of
50 mM DPC and 2 or 1 mM 5-SASL, respectively (red - strong, orange - medium, yellow —
weak, white - very weak, grey — no data). See appendix for more information.
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4.3.5 Summary and discussion

TOR has been localized at various cellular membranes and in the nucleus and furthermore the
regulation of the localization of TOR is probably mediated by a whole network of interactions
involving protein-protein and protein-lipid interactions at membranes. It is supposed that the
latter may be mediated by the FRB and the FATC domain [69, 186, 65].

For a better understanding of the role of different residues of the membrane anchor of the FATC
domain, several mutants were analyzed regarding their membrane association. All prepared
mutants are still able to interact with DPC micelles and DihepPC/DMPC bicelles, even after
mutation of seven residues or replacement of G2465, which facilitates the formation of the
disulfide bond. Only in the association studies with DMPC liposomes an abrogation is detected
for a rather mild mutation of one hydrophobic residue in the C-terminal region (Y2463A). The
different affinity of the ylfatc mutants to the tested lipids can be explained by the different
concentrations of lipids used for the NMR studies. For the DPC micelles, concentrations were
in the range of 50 - 150 mM and for bicelles the total lipid concentration was ~270 mM,
thus rather high and as a consequence also the available membrane mimetic surface area. In
contrast, the concentration of SUVs in the liposome samples was significantly below 30 mM as
a result of lipid loss during the preparation procedure. Another reason might be the difference
in curvature of the various lipids. While DPC micelles are rather small and spherical particles
consisting of ~55 DPC molecules and a molecular weight of 19 kDa [196, 188], bicelles have
a molecular weight of ~270 kDa with a rather planar region that is formed by a long chain
phospholipid as DMPC, and the rim formed by a short chain lipid such as DihepPC showing a
high curvature [197]. Liposomes of the SUV type are also rather spherical, but less curved and
are overall much larger compared to bicelles. Based on the presented and earlier data dealing
with the membrane association, the wild type FATC domain of TOR appears not to have specific
preferences for membrane properties such as the presence of specifically shaped headgroups or
the surface charge and curvature or the packing properties of the lipid acyl chain. The binding
studies with different mutants suggest that liposomes (of the SUV type) are more suitable in
general to find mutants that may also abrogate membrane association in in vivo localization
studies in cells. Furthermore, the influence of the remaining residues in the membrane anchor
in the micelles and bicelles studies is still enough to mediate hydrophobic interactions with
micelles. The N-terminal region may have larger contribution to the association than initially
expected, which would also be in line with the PRE data showing significant spectral changes
for the residues in the N-terminal region of the a-helix.

An unspecifically interaction of peptides and proteins with micelles and bicelles, since highly
mutated ylfatc proteins show still differences in the spectral appearance with all tested lipids,
can be excluded by observations made for proteins with similar molecular weight such as GBI,
a peptide corresponding to the loop of Formin C and unpublished data for PknG, which all
reveal no interaction with micelles and bicelles [157, 200]. As a consequence, different affinities
for different membrane mimetics have to be examined in the context of the current knowledge
of the protein function.

The NMR spin studies using micelles containing 5- or 16-doxyl stearic acid provide valuable
information about the immersion depth and the interactions of ylfatc with different regions of
the micelle. The studies indicate significant shifts and intensity losses for residues interacting
with the micelle. The induced chemical shift changes for oxidized and reduced ylfatc are
stronger for 16-SASL compared to 5-SASL and are strongest in the C-terminal region. The
signal intensity appears not to be very sensitive to the immersion depth of the different residues
of the membrane anchor. In the course of these studies it becomes apparent that several factors
have to be considered for the interpretation such as the conformation, the location, and the
number of the spin labels as well as the dynamic of the whole system. Preliminary results of
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MD simulations of only the tagged DPC micelles illustrate the position of the doxyl group in
the micelle revealing that in 16-SASL the fatty acid chain is bended such that the doxyl group
at C16 is rather close to the micelle water interface and not as formerly assumed rather deep
in the hydrophobic interior [206, 139, 207]. Based on this simulation, it can be explained why
a peripheral membrane protein as ylfatc shows stronger spectral changes with 16-SASL than
expected based on earlier assumptions.

The OCD and CD analysis allows a rough estimation of the angle of the a-helix of oxidized and
reduced ylfatc with respect to the bilayer normal in neutral DMPC (~30° - 60°) or negatively
charged DMPC/DMPG bilayers (~5° - 35°). In negatively charged bilayers the orientation
is steeper, which can be explained based on repulsion with the acidic N-terminus of ylfatc.
The TOR FATC domain is a peripherally associating protein, which shows a smaller degree of
reconstitution in the bilayer compared to a transmembrane protein resulting in a lower signal
intensity, S/N ratio, and data quality. Hence a more detailed, quantitative analysis is not
possible. The estimate of affinity to DPC micelles by NMR. diffusion data has shown that the
one of reduced ylfatc is slightly lower compared to that of the oxidized form [69]. Moreover, due
to the rather acidic N-terminal region, the affinity for negatively charged membrane mimetics
is assumed to be slightly lower than for neutral membrane mimetics, for both, oxidized and
reduced ylfatc. In agreement with this, the signal intensity for oxidized y1lfatc in neutral bilayer
is the highest and for reduced ylfatc in negatively charged bilayers the lowest.

To sum up, using the presented data in combination with the previously determined structures of
oxidized and reduced micelle-immersed y1fatc [69], a refined model for the membrane association
is established that includes information about the angle of the helical long axis from OCD
measurements and the immersion depth from the PRE binding studies. Currently performed
MD simulations of DPC micelles containing not only 5- or 16-SASL but also the C-terminal
half of the FATC domain that mediates the major interactions with the micelles will give more
detailed insights for the analysis of the PRE data.
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Chapter 5

Conclusion and Outlook

The scope of this work was the investigation of the FATC domains of the known PIKKs,
which are composed of rather hydrophobic and aromatic residues, regarding the ability to
interact with a membrane mimetic environment. The results presented show that the FATC
domains of DNA-PKcs, ATM, SMG-1, TRRAP, and ATR associate to the tested lipids and
thereby it appears that a general common property of the FATC domains exists. However,
each FATC domain has different preferences for specific membrane properties and thus different
binding specificities for cellular membranes or regions. Future detailed interaction studies with
differently composed membrane mimetics and different mutant proteins as well as structural
studies of the membrane-bound forms for each individual PIKK FATC domain are needed to
clarify their specific membrane preferences as well as structural differences in the membrane-
associated states.

During the last years the PIKKs have been shown to be part of various signaling pathways
and/or regulate different processes. A tight control of their cellular localization by a network
of interactions may be one possibility to ensure a specific signaling output in response to the
signaling state of the cell. Another aspect that may be considered for future membrane inter-
actions studies, is the effect of reactive oxygen species (ROS) or oxidized lipids on cysteines
in the highly conserved region of the FATC domain or about 60 - 80 residues N-terminal of
that domain (ATM, SMG-1). It has been shown that ATM has a function in cellular redox
signaling [6] and oxidation of C2991 in the less conserved part of the FATC domain region
results in the formation of a dimer in which a different accessibility of the FATC domain for
interactions with regulators and membrane patches may be present [211]. Also DNA-PKcs,
TOR, and SMG-1 have been related to redox influenced cellular processes or states such as the
mitochondrial metabolisms and/or hypoxia [104, 212, 213, 214, 31]. Finally, posttranslational
modifications may influence the protein and/or membrane interactions of the FATC domain
and thereby have to be analyzed, such as for example the acetylation of lysine 3016 in the ATM
FATC [108, 215].

Further localization studies in cells will be needed to clarify the cellular localization patterns of
PIKKs, especially TRRAP, and how they vary in response to specific signals. In addition, the
influence of mutations on the ability to interact with membrane mimetics has to be analyzed
as well as the effect of mutations that abrogate these interactions on the cellular localization,
cellular stability, or response to specific signals.

Another part of this work was the characterization of the FATC domain of TOR by NMR, CD
and OCD, as well as MD simulations to better define the immersion depth and the orientation
of the helix in lipid bilayers. Complementary, mutant proteins of TOR FATC were analyzed
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for a better understanding of the influence of different residues in the membrane anchor on the
interaction with different membrane mimetics. It was shown that for a protein as ylfatc with
a broad membrane mimetic binding affinity, only interaction studies employing SUVs at low
concentrations are useful to find mutations that may also abrogate membrane interactions in
vivo. Furthermore, the mutagenesis data reveal that the liposome association of the rather mild
FATC single mutant Y2463A or the more harsh double mutant Y2463E/W2466E is abrogated.
Therefore they could be useful to be incorporated in full-length yeast TOR1 or TOR from a
higher eukaryote for in vivo studies to evaluate the influence on the localization pattern of TOR.
Y2463 and W2466 are in the bulb-like C-terminal region and appear not to be critical for the
loop formation but rather for interactions with lipids based on the structural available data [69,
68]. Based on the NMR data, both are still able to form the disulfide bond between C2470 and
C2467. However, to separate the effect of these mutations on the membrane association from
other effects on the function, reference experiment such as in vitro kinase assays determining
the effect on the catalytic activity have to be performed. A recent model of a crystal structure
of truncated human TOR in complex with LST8, Y2452 and W2545 (correspond to Y2463 and
W2466 in ylfatc) suggests that both residues participate in substrate recognition mediating
hydrophobic interactions [74]. This function may only be reduced if only tyrosine is mutated to
alanine, whereas replacement of tyrosine and tryptophan by a negatively charged residue will
presumably cause a complete abrogation. Moreover, the FATC domain interacts with the kinase
domain and with one residue also with LST8, providing a hydrophobic surface region, which
might not only be used for substrate binding as suggested but also for membrane interactions
that participate in the regulation of TOR localization pattern.

In contrast to previous assumptions, the MD simulations reveals that the nitroxide group of
16-SASL is actually not incorporated in the DPC micelle interior but due to bending of the
fatty acid chain rather close to the micelle water interface. The evaluation of NMR and MD
simulation data further indicate that not only the number of the spin labels per micelle but
also the dynamic reorganization properties of the whole system have to be considered. To
conclude, the structural studies about the membrane-binding properties of the TOR FATC
domain, combined with the established method of monitoring membrane interactions using GB1
fusion proteins, provide a good reference for future characterization studies of the membrane-
binding properties of the other PIKK FATC domains. Coming back to the initial motivation of
this work, the data presented give important insights and may support on the open questions
regarding the interactions of TOR and the general common properties of the PIKKs.
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Appendix A

Appendix

A.1 Sequences and parameters

Fig. A.1 on the next page shows the vector map and the multiple cloning site of the commercially
available vector pET-21(+) (Novagen, Merck, Germany), which was used in the scope of this
thesis for expression and cloning purposes.

A.1.1 Primer sequences for site-directed mutagenesis
Mutant versions of ylfatc were obtained by site-directed mutagenesis. The primers were de-

signed according the rules described in the manufacture’s manual and are listed in Tab. A.1 on
page 103 and A.2 on page 104.

A.1.2 Protein sequences
The amino acid sequences of ylfatc wild type and mutants are given in Tab. A.3 on page 105

and these of the FATC domains of DNA-PKcs, ATM, ATR, SMG-1, and TRRAP and the GB1
tag in Tab. A.4 on page 106.

A.1.3 Protein parameters
Molar extinction coefficients and molecular weights [216] of ylfatc wild type and mutants are

listed in Tab. A.5a on page 107 and these of the FATC domains of DNA-PKcs, ATM, ATR,
SMG-1, and TRRAP and the GB1 tag in Tab. A.5b on page 107.
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A.1. SEQUENCES AND PARAMETERS APPENDIX A. APPENDIX

Sty 1(57) Eag (166)

PET-21(+) sequence landmarks Not I(166)
T7 promoter 237-253 g'afl‘f(:;'g)")
T7 transcription start 236 Sac 1(190)
Multiple cloning sites Eg?nl?-ll(lzfgzg)
(Bam HI- Xho I) 158-203 Dra lli5127)

HissTag ° coding sequence  140-157

T7 terminator 26-72

lacl coding sequence 640-1719 R

PBR322 origin 3153 ¢ ApaB 1(674)
bla coding sequence 3914-4771

f1 origin 4903-5358

Sca |(4464)

Mlu 1(990)
Pvu 1(4354) Bcl I(1004)

Pst 1(4229) BstE Il(1171)

Bmg I(1199)
Apa I(1201)

Bsa 1(4045)
Eam1105 1(3984)-

pET-21(+)
(5369bp) BssH 11(1401)
coR V(1440)

Hpa [(1496)

AlwN 1(3507) PshA 1(1835)

Psp5 11(2097)
Bpu10 I(2197)
BspLU11 [(3091)

Sap 1(2975)
Bst1107 I(2862)
Tth111 1(2836)

BspE 1(2617)

(a) Vector map.

T7 promoter primer #69348-3

Eagl Ava l* .
T7 promoter lac operator BamH ||EcoR | Sac| ~ Sall Hindll _Notl | Xhol His-Tag
TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCATTCGAGCACCACCACCACCACCAC
Bpul1102 | Sty T7 terminator

TGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCT CGGGTCTTGAGGGRTTTTTTG

-
T7 terminator primer #69337-3

PET-21(+) cloning/expression region

(b) Multiple cloning site

Figure A.1: The vector pET-21(+) vector (figure adapted from Novagen). The vector map
(a) and the multiple cloning site (b) are depicted. The restriction sites for the endonucleases
BamH I and Xho I (highlighted in red) were used for cloning purposes.
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APPENDIX A. APPENDIX

Table A.1: Mutant versions of ylfatc and the corresponding primers (I).

OOV VLV DVO LLD LVD LOL VVD DLD LOV DDD DLV VOV DOV LLD VOD
DOL OVV LDD LOL LVD DOD LDV DVD DLL VOV DLV DVV DLD ILVL LOD

VI9FZM
HIOPT M /HEIFTA

DOV VLV DVD LLO LVD DVD DVD DLD DOV DOD DLV VDD DDV LLD VOO
DOL OVV LOD DOL LVD DOD LDD DVD DLO DLO DLV DVV DLD LVL LDD

VOLYZM/VIOFTM
VOLYZM/VIIFTM/ VFIVTI/ VEIVTA

DOL DOD VOO DOL VVO DDD VILL DVD DLD DLD DLD ad£y prim

OVO DVD DVD DILO VVL DOD DLL VOO DOL DOD VDD VOLVEM/VIIVTM

OV VLV DVD LLD LVV LVL VVD DLD DOV DDD DLV VOV DOV LLD VDO ad£y prim
DO LOV VLD DLO LLV DOD DLD DOV DOL LVL VLL VOV VOL DLV LLD V99T
OV VIV DVO LLD IVV LVL VVD DLV DOV DDD DILO DDV DOV LLD VDD od£y prim
DD LOV VLD DLO DDV DOD DLD DLV ODOL LVL VLL VOV VOL DLV LLD V69red
OV VLV DVD LLD OVV LVL VVD DLV DOV DDD DLV VOV DOV LLD VOD ad4y prim
DO LOV VLD DLO LLV OO0 DLD DLV DOL LVL VLL DOV VOL DLV LLD VEIVTA
00D DLV DVD LLD LVV LVL VVD DLV DOV DDD DLV VDV DOV LLD VDO od£y prim
DD LOV VLD DLO LLV DOD OLD DLV OOL LVL VLL VOV VOL DLV DDD VCIvcH
OV VLV DVD LLD LVDO DVL VVD DLV DOV DOD DLV VOV DOV LLD VOD ad£y prim
DO LOV VLD DLO LLV DOD DLD DLV DOL LVL ODL VOV VOL DLV LLD V6svel
(,£4-.G) 1ow1d os1oAdl 9ouANDOG pruserd posn)

(,g¢.q) 1owd premioy aousnbag JueINUI
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SEQUENCES AND PARAMETERS

Al

Table A.2: Mutant versions of ylfatc and the corresponding primers (II).

OV LVV DLL LOD VOL VOV DLL DOV DLV DLV DDL DLD VOO DOL OLD
OV DVD DOD LDV DVD DLV DLV DLD OVV DLD LVD LOD VVV DLL VLD

ae69ved/vo9rTM/avorel/ ALV A/ He9reH
A69¥2d/H99%T M/ AFIVTL/ ALIVEA /UGIVTH/S657T T

0DD LOV VOV LVV DLL LOD DLL VOV DLL DOV DLV DLV LDOD VDO
DOL DOV LVD LVD LDD VVD LDL VVD DDV VVO LLV LOL LOV DOD

A69¥2A/SI9FTM/SSIVTD/AVIFTI/ ALIVT A/ dTIFTH
a69¥ed/ VIITTM/SSOrTD/Ar9rel/ AoV A/ deIveH/A657e T

OD VVL VOV DLL DOV DLV DLV LDD VDD VOD DDL DLD VOO VLL DVD
OL OVV LOD LOV DVD DOD LDD LOD VLV DLV DLD DOVV DLD LVL LOD

a69ved/vI9rTM/AvIrel/ ALV A/ Ue9reH
A69¥A/S99FT M/ SSIVED/ AVIFE/ ALIVT A/ dT9FTH

OO0V VLV DVD LLD ILVV LVL VVL DDV DOV DDD DLV VOV DOV LLD VOD
DOL DVV LOD LOL IVD DOOD LDD LOD VVL VLV LLV DVV DLD LVL LOD

V99¥TM
S99¥TM /SEIVED

DD VVL VOV DLL DOV DLV DLV DDL DDD VOO DODL DLD VOO VLL DVD
OL OVV LDD LOV DVD DOD LDD DVD DLV DLV DLD OVV DLD LVL LOD

VI9Ve M/ AVIVEl/ALIVTA
a69¥ed/ VIIrTM/AFIVTl/ACIVTA /HEI¥TH

0D VVL VOV VLI DLV DLV DLV DDL DLD VOO DOL VVD DOD VLL DVD
OL DVV LOHD DOL LVD DOD LOV DVD DLV DLV DLV DVV DLO LVL LDD

V99re M/ AP9IVEl/ALIVTA
HOLVSM/H99% M/ AFIVTI/ ALIVTA

OOV VLV DVO LLD LVD LVD LVDO DLD DOV DDD DLV VOV DOV LLD VOO VI9¥TM
DOL DVV LDD LOL LVD DOD LDD DVO DLV DLV DLV DVV DLD LVL LDD V99VZ M/ AVIVET/ AEIVEA
(.£4-.G) 1owrid os1oadl 9ouLNDOG pruserd posp)
(,g¢—.¢) rownd premioj souenbog JuRINT
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Table A.3: Protein sequences of the mutant versions of ylfatc.

MAIDTOATIODSUHAIS LYV OOITIIAADAIAATAN

A69¥cA/H99¥7c M/ AFIVTL/ ALIVSA /HTIVTH/S6SVE T

MAIDVSATIOOHUAISLVODITIAADAJIATTAN

aA69YTd/ VIIFTM/SSIVTD/AFIVEl/ALIVEA /MToreH/H6SHT T

MAIOSSATIOD THAISLVODI TIIAADAIATTIN

a69¥2A/S99¥TM /SSIVTD/AVITE]/ALIVT A/ dTIVTH

MAIDSSIAHOD TUHAISIVODITIAADIJIAQTIN

S99VEM /SSIVTO

MAIDVOAAIOD TIAISIVODITIAADAJIATTIN

aA69¥cd/ VIIFTM/AVIVTl/ACIVT A/ UeI¥TH

HAIOADATHOD TIHISLV OOITIAADAJIATTAN

HOLVTM/H99¥T M/ AVIVTL/ ALIVTA

MAIDVOAAHOO THAISIVOOITIAADAJIATTAN

V99T /AVIVEI/ALIVEA

MAIDADITHOD TUAISLY OOITIAADAJIATTAN

HOIVEM /HEIVTA

VAdOVOVVHOD TUAISIVODITIAADIJIATTIN

VOLVYZM/VIOPTA/ VIIVTI/ VEIVTA

VAIDVOIAHOD THAISIVODTITIAADAIATTAN

VOLYCM/VIIVTM

MAJDVOIAHOD THAISLVODITIAADAIAATAN

VI9VeM

MV IDOMDIAHOD THHISLY OO I TIAADAIAQTAN

V69¥cd

MAIDMOIVHOD TIAISIVODITIAADAIATTAN

VEIVTA

MIIDMOIAVOD THHISIVOOITIAADIIAATAN

V¢ovcH

MAIDOMDIAHOD VHHAISIVOOITIIAADAIATTAN

V6S7e1

MAIOMDIAHOD THHISLVODITIAADHIJIAATIN

(od4y piM) DIV THOL 1584

oouanbas proe ourmre

uRINUI
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Table A.4: Protein sequences of PIKKs.

UDAISD YIATALALAL MIVAAAILMID AADNANVADNM AAMAVIVVAA VALLLADMTL MONTITIAON

ex1q38

HLALAL MIVAAALMAD AADNANVADM AAMAVIVVAA VALLLADMTL MONTITIADIN

193

TMIHMVYIANIDINATSNYV VATLNAMSHDDHAD

OLVd dVHY.L uewny

AMVIMOIATOVINAINLVAMIAATADIVASING Y

OLVAd T-DINS uewny

WAJIMOTANOD TINIALVAOITAHAHDHAISTA'T

OLVAd Y1V uewny

AMV IMDIATISIN MJAIVODITI NADDODASTAL

OLVd WLV uewny

AMVIMOIATY SINMIAIVOD ITINADDDAS TAL
3AAAdsd YdATILALAL SILVAAALMED AADNANVADS AAMAVIVVAA VALLLADM L SMDONIITIADN

(1u9) ureroad worsny N Ly uewny

NMd HMODHMIEDTI NdALVOANTD MADILAASTOS

DLV $93d-VN( uewny

NMJIIMOIML YOTINAALVO dANTOMADLAA STOS
UOHISD YIATALALAL MIVAAALMAD AADNANVADI AAMAVIVVAA VALLLADMTL MONIITIADIN

(rex) uogoad uorsny oM J-YN(J wewny

NMJIIMOIMIY DTINIALYVOA WIDMADLAAS TOS
MAAAdSD HIATALALALL MIVAALMID AADNANVADNM AAMAVILVVAA VALLLADM L MONTITIADN

(yue) ureroxd uworsny soMJ-YN({ UewNy

oouanbas proe ourmue

urejoad
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Table A.5: Protein parameters.

(a) TOR FATC and mutants.

protein 950 [M~tem™] M, [Daq]
ylfatc (residues 2438 . 2470, UniProt ID ) 12615 3960.4
ylfatc-gblxa 29585 11188.4
L2459A 12615 3918.4
H2462A 12615 3894.4
Y2463A 11125 3868.4
F2469A 12615 3884.4
W2466A 7115 3845.3
W2466A/W2470A 1615 3730.2
Y2463A /12464A /W2466A /W2470A 125 3596.0
Y2463E/W2466E 5625 3869.3
Y2463E,/W2466E-gblxa 15595 11139.4
Y2463D /12464D /W2466 A 5625 3799.2
Y2463D /12464D /W2466E /W2470R~gb1xa 10095 11097.2
H2462R,Y2463D /12464D /W2466A / 15595 11056.2
F2469D-gblxa

G2465S/W2466S-gblxa 17085 11161.4
H2462R /Y 2463D /12464D / G2465S 15595 11102.2
W2466S /F2469D-gb1xa

1L.2459E/H2462R,/Y2463D /12464D/ 15595 11102.2
G2465S/W2466A /F2469D-gblxa

1.2459S/H2462R /Y 2463D /12464D / 15595 11088.1

W2466E /F2469D-gblxa

(b) PIKKs and GBI tag.

protein €980 [Mflcmfl} M,, [Da)
hdnapkfatc (residues 4096 - 4128, UniProt ID P78527) 16500 3809.2
hdnapkfatc-gblent 26470 11170.2
hdnapkfatc-gblxa 26470 11037.2
hatmfatc (residues 3024 - 3056, Uniprot ID13315) 11000 3649.3
hatmfatc-gblent 20970 11010.3
hatrfatc (residues 2612 - 2644, UniProt ID Q13535) 9970 3879.4
hsmglfatc (residues 3629 - 3661, UniProt ID Q96Q15) 13980 3870.3
htrrapfatc (residues 3827 - 3859, UniProt ID Q9Y4Ab5) 11000 3671.1
gblxa 9970 7246.0
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A.2. PROTOCOLS APPENDIX A. APPENDIX

A.2 Protocols

A.2.1 SDS-PAGE

Polyacrylamide gel electrophoresis (PAGE) was performed under denaturing conditions em-
ploying sodium dodecyl sulfate (SDS). Polyacrylamide percentages of 15% and 16% (SERVA,
precast gels) were used for analysis of samples, respectively. Usually, 15 uL of protein samples
were mixed with the 5 yL of 4xSDS-loading buffer. Following incubation at 95 °C for 5 min, the
samples were chilled at room temperature, and 10 ul. each were loaded. Prestained SDS PAGE
Protein Marker (Serva, 6.5 - 200 kDa) and Ultra-low Range Molecular Weight Marker (Sigma,
1.06 - 26.6 kDa) were used according to the manufacturer’s instructions. Electrophoretic separa-
tion of proteins was accomplished in an electrophoresis chamber (Mighty Small II, Hoefer) and
by applying a voltage of 220 V. The running period was approximately 1 - 1.5 h. Gels, running
buffer, staining and destaining solutions of gels were prepared according to Laemmli [217].

A.2.2 RP-HPLC

Fig. A.2 illustrates the RP-HPLC protocol used for the purification of ylfatc mutant proteins:
The GBI tag and undigested fusion protein were removed by RP-HPLC using a Phenomenex®
Jupiter 5 u C4 300 A column connected to an Akta purifier 900TM system with a UV-900
monitor for UV measurement at 280 nm. After equilibration of the column with 70 % RP-
HPLC buffer A and 30 % RP-HPLC buffer B the digested fusion protein sample was applied.
Usually, 2 mL of sample were diluted 1:1 with 70 % RP-HPLC buffer A and 30 % RP-HPLC
buffer B, 500 ul of 10 % TFA solution were added and then loaded on the column using a 5 mL
sample loop. The elution was performed by increasing the ratio of RP-HPLC buffer B from
30 % to 80 % over a period of 60 min. Finally, the remaining protein was removed from the
column by washing the column with 100 % RP-HPLC buffer B [154].

100 |
90 F | |
80 | |
CIN S |
60 |
0o || |
40 F | load |

variabel
30 (~15 min)
20 |

| | elution
30%-80% B (60 min)

Gradient [%B]

10 [ equilibration
(10 min), |
| 1 | 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Time [min]

Figure A.2: RP-HPLC protocol.
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A.3 Additional alignments of ATM and ATR FATC

For the FATC domain of ATM and ATR some additional amino acid sequence alignments from
different organisms are shown in Fig. A.3 on the following page. Compared to the alignment
shown in Fig. 1.4, more variation can be seen if lower eukaryotes and/or plants are included.

A.4 Secondary structure analysis

Secondary structure analysis was performed using the programs CONTIN (Fig. A.6a on page 111)
and CDSSTR (Fig. A.6b on page 111) on the Dichroweb web server [143].

A.5 Parameter for the membrane immersion model

The detailed parameter for the refined model of the membrane immersion of oxidized and re-
duced ylfatc (Fig. 4.32 on page 83) for 16-SASL (fifth column) are:
The chemical shift changes observed for oxidized ylfatc in the presence of 50 mM DPC and
1 mM 16-SASL are divivded in red Aéd > 0.040 ppm, orange 0.020 ppm < Ad < 0.040 ppm,
whiteAd < 0.015 ppm and for reduced ylfatc in red Aé > 0.03 ppm, orange 0.01 ppm
< A < 0.03 ppm, white Ad < 0.01 ppm. For both, grey corresponds to no data due to
spectral overlap.

The detailed parameter for the refined model of the membrane immersion of oxidized and re-
duced ylfate (Fig. 4.32 on page 83) for 5-SASL (sixth column) are:
The chemical shift changes observed for oxidized ylfatc in the presence of 50 mM DPC and 2
or 1 mM 5-SASL are divided in red Aé > 0.045 ppm, orange 0.015 ppm < A§ < 0.045 ppm,
white Ad < 0.015 ppm and for reduced ylfatc in red Aé > 0.03 ppm, orange 0.01 ppm
< A < 0.03 ppm, white A§ < 0.01 ppm. For both, grey corresponds to no data due to
spectral overlap. In the case of the oxidized form in micelles with 5-SASL the chemical shifts
changes at 2 mM were used.

Due to the settings of the used program H2462 is also treated as positively charged residue.
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1 10 20 30
013315 _human TVLSV|GG[QVN D|P KN[#S RIL. FIP[ElL|K A W[V
B3VMJ2_dog TVLSV|GGIQVN DPKN}HS R|L. F|P KAWV|
QGPQDS_pig TVLSV|GGIQVN DP KNS K|LL F|S KAWV|
062388 mouse TVLSV|GGIQVN DPKN}HS R|L. F|P KAWV|
D4ACL8_rat TVLSV|IGGIQVN|LATIQOEIMDPKNIHSR|L F|P KAWV|
O5MPF8_frog MVILSVIGGIQVNHIHI QQORIMDP KN®S S| F|P KAWV|
Q59ISS_zebrafish TVLSV|IGGIQVN|LATIQOEIMDPKNIHSR|L F|P QAWV
HZMBY9_japanesericefish AVLSVIGGQVNLHI QOREIMDPKNASRLF|S QAWWV|
QQN3Q4_seaurchin VTLSVAGQVS|ILMI QERIRDPKNAS RL Y|P SPWL
Q9N304 worm TAQSSNLIQIRRMLRERET|SIADNIHS RMF|C MPF|L
Q5EAK6_fruitfly GDISNVIEAQVE L{P SNMMCM|L F|P DPH|L
Q9IM3G7_mouseearcress EMRSIHG|QAQ D|TD|IR}AS HM F|P GAWM
B9RB21_castorbean ELRSVHGIQVQ DADRJACQ|L F|P GAWM
P38110_bakersyeast NGLSVES|ISVQ D|P SN}AS V|T Y|M SPF|Y
074630_fissionyeast STILSV|IEA|SVG DP S[YIALMF|C SAF|Q
(a) ATM FATC.

1 10 20 30
013535_human LPLSIEGHVHYLIQEATDENLLCOMIYLIGWTPYM
G3QYI4_gorilla LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
H2PBM9_orangutan LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
F7HT00_macaque LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
EZQXA4_dog LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
FlSKGZ_pig LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
G3TF68_elefant LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
Q09JKK8_ mouse LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
D3Z822_rat LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
GlSGCS_rabbit LPLSIEGHVHYLIQEATDANLLICOUYLGWTPYM
HOV935_guineapig LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
F6TZV8_oposum LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYL
G3WTE5_tasmaniandeVil MVNGMGPMGTEGLFRRACEVTMRLIYRDQREPLM
F6T1S2_turkey LPLSIEGHVHYLIQEATDENLLICOUYLGWTPYM
F1NGW1_chicken LPLSIEGHVHYLIQEASDDNLLICOUYMGWAPYM
G1lKDD8_ chameleon LPLSIEGHVHHLIQDATDETLL|ICOWUYLGWAPYM
QQDE14_frog LPLSIEGHVHYLIQEATDENLL|SOIUYLGWAPYM
F1R689_zebrafish LPLSIEGHVHYLIQEAT DDNLL|ICMIUYLGWGPYL
H2M90Q9 japanesericefish LPLSIEGHVHYLIQEATDEKLL|CIOUYLIGWGPYL
H2UEP9_fugu LPLSIEGHVHYLIQEAT DDKLL|ICOIUYLGWGPYL
Q22258_worm HPMQVSQLASSLIELATSEEKLISEIMYLGWMATL
Q9VXG8_fruitfly IPLSTEGQVINFLINEATKVDNLASIUY I|GWGAFL
Q9FKS4_mouseearcress VPLPVEGQARRLIADAVISLENLGKWUY IWWMPWF
A2YH41_riceindian LPLSVEGQARRLIAEAV|SHSNL|GKIUY VWWMAWE
QSZ987_ricejapanese LPLSVEGQARRLIAEAV|SHSNL|GKIUY VWWMAWE
QSQLRZ_candidaalbicans LPMNIHGQVIDVLIQEAT|SLERL|S|IOIUYAGWAAYM
P38111_bakersyeast LVLSVAGQTETLIQEATISEDNL|SKIUY IGWLPFW
Q075DB8_ashbyagossypii LPLSVPGQVDTVVOQASISDENLAQIY IGWLPFW

(b) ATR FATC.

Figure A.3: Sequence conservation of the FATC domains of ATM (a) and ATR (b) illustrated
by alignments of the respective sequences from different organisms including lower eukaryotes
and/or plants. All sequence alignments were generated using ESPript 2.2 [17].
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Table A.6: Secondary structure analysis by CONTIN and CDSSTR.

(b) CDSSTR.

(a) CONTIN.
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