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If you can’t explain it simply, you don’t understand it well enough.

Albert Einstein






Summary

Toxins are an ancient mechanism of interaction between cohabiting organisms: basal concentrations
serve as an informal cue, enough as a warning signal; too much and the dialog is over. As such, the
evolutionary race to arms led to the development of a vast trove of molecular unique biochemical
mechanisms, from small molecules to protein toxins. The study of these mechanisms is not only
essential for the treatment of toxin-related pathologies, but also as the potential source for novel

therapeutic drugs.

In this thesis, a series of studies of different toxins and toxin-like proteins are compiled. To further
understand the biological function and relevance of each toxin, their detailed study and
characterization were pursued. Here are described the advances made using a combination of
different complementary biophysical and structural methods, chosen in each case to specifically
target each molecule characteristics. In the first chapter, the general biological theme of this thesis is
introduced: toxins, particularly protein toxins, their description, and classification, as well as the role
of structural biology in the study of proteins in general. To set the theoretical background of the
following chapters, are also described the general principles of two of the most prominent methods
for the study of proteins in structural biology: nuclear magnetic resonance (NMR) spectroscopy, and
X-ray diffraction. In the second chapter, the interaction between human FKBP12 chaperone protein
and two similar bacterial small molecule toxins is detailed: rapamycin initially used as an anti-fungal
before the discovery of its potent immunosuppressive properties as a mTOR inhibitor; and
mycolactone, a bacterial toxin responsible for the disease Buruli ulcers in humans. In the third chapter,
the cell-free protein expression system is introduced as a technique best suited for the expression of
cytotoxic proteins and otherwise difficult targets, as explored further in the following chapters. In the
fourth chapter, advancements towards the structural and conformational characterization of the
membrane-inserted state of two similar pore-forming toxins are detailed: the bacterial Colicin la
protein; and the human Bax protein, an apoptosis effector; using X-ray crystallography, solution NMR
and solid-state NMR. Finally, in the fifth chapter, two FIC-domain bacterial toxins are investigated: the
bacterial VbhTA toxin-antitoxin protein complex, and the structural determination with its cognate
target, DNA GyraseB enzyme; and the auto-activation of the bacterial NmFIC protein; in both cases
using a combination of X-ray crystallography and NMR spectroscopy, as well as other biophysical

techniques.






Chapter 1

Introduction






1. General introduction

1.1. Toxins

Toxins are the collective term given to a broad family of toxic molecules produced by different
organisms, from microorganisms to animals. Their sole purpose is to directly exploit the negative
impact on target organisms, towards maximizing the chances of survival of the producer organism.
Thus, toxicity occurs upon direct toxin contact or absorption by the target organism. Different
organisms produce a structural and functional diverse molecular set of toxins, with widely different
mechanisms of action and consequently targets. Toxins exert their function through interaction with
membranes, cell-receptors, enzymes, or other macromolecules of the target organism, which lead to

the impairment or even disruption of its homeostasis (1, 2).

Prokaryotic toxins are kept in an inactive state due to either the lack of a cognate target, or complex
formation with a specific antitoxin. Hence, toxins are released either through excretion (exotoxins) or
cell lysis (endotoxins), targeting hosts through different transport systems such as secretory systems,

pore-formation, host-receptor binding, and other endocytic pathways (3-5).

Eukaryotic toxins are termed venoms and exhibit two main functions: predation and defense. The
complex chemical composition of venoms encompasses a mixture of different toxin types, often
targeting several targets. For instance, each of the hundreds of cone snail species (genus Conus) has a
specific venom profile, containing a mixture of up to thousands of different peptides, each targeting

a specific target organism receptor (6, 7).

A constant survival pressure represents the driving force for the continuous pursuit of novel toxins
with new biochemical properties, aiming towards new targets. In fact, toxin-encoding genes are
evolutionary hot spots within genomes, which lead to highly complex and diverse toxins (8, 9). In
general, the increase in organism complexity from prokaryotes to eukaryotes led to the increase of
both functional and structural complexity of toxins, from small molecules to peptides, and protein

toxins. Moreover, below are described the known distinct toxin classes.

1.1.1. Small molecule toxins

Small molecule toxins are a vast family of organic molecules of low molecular mass produced by
different organisms. Due to wild habitat and nutrient competition, bacteria, cyanobacteria, fungi, and

other species have developed a diverse arsenal of small molecule toxins, ranging from alkaloids and



macrolides to polyamines, which target host protein receptors as well as enzymes with distinct
mechanisms and pathologies (1, 3, 5, 10). As an example, the Ochratoxin, a common food contaminant
produced by the Penicillium and Aspergillus fungi species, is a known nephrotoxic with pleiotropic
effects in animals including humans, such as inhibition of macromolecular synthesis, increased lipid
peroxidation and inhibition of mitochondrial respiration (11, 12). Furthermore, small molecule toxins
are also found in the venom of several animal species (13). In chapter 3, two examples of small
molecule toxins and their interaction with a cognate protein target are described and discussed: the
known complex of rapamycin with the FK-506 binding protein 12 kilodalton (FKBP12), and the

proposed complex of the exotoxin mycolactone with the FKBP12 protein.

1.1.2. Peptide toxins

Peptide toxins are expressed by many organisms with different activities, and are mostly categorized
into three classes: receptor-binding peptides, as ion channels activity modulators (6, 13, 14);
membrane destabilizing/permeating peptides (13-15); and enzyme inhibitors (16, 17). Accordingly,
peptide toxins exhibit a variety of pathologies, though much of their properties, cellular targets, and
functional mechanisms remain poorly understood. For instance, the cone snail produces peptides
termed conotoxins for both defense and predation. These conotoxins are hypervariable peptides,

known to modulate the ion channel activity of the target organism (6, 7).

1.1.3. Protein toxins

Protein toxins are a vast group of proteins with widely diverse targets and mechanisms of action (2).
Toxins target the host organism essentially at three levels: extracellular space, including tissues and
fluids; cell membrane; and intracellular space. Membrane interacting toxins can be further classified

according to their mechanism: receptor modulators, membrane disruptors, and pore-formers.

Extracellular toxins

Certain toxins act on host fluids and tissues by the impairment of host defenses to further promote
toxin and pathogen diffusion. Snake venom serine proteases are known to modulate the host
homeostasis such as blood coagulation, blood pressure, fibrinolysis, and the complement as well as

nervous systems in addition to prompting host tissue-digestion (18-20).

Receptor modulator toxins

This group of toxins binds directly to a host cell membrane cognate receptor, leading to the disruption

of cell signaling pathways through an agonist or antagonist effect on the receptor. For instance, the



main component of the Elapidae snake’s venom: the three-fingered toxin a-cobratoxin (21), causes
paralysis upon prey injection by binding competitively to different nicotinic acetylcholine receptors

and thus preventing acetylcholine binding (22).

Membrane disruptors

Certain toxins disrupt host membrane integrity to facilitate pathogen dissemination and promote
disease. As such, the first ever described toxin enzyme: Clostridium perfringens phospholipase a-toxin,
is the major pathogenic factor responsible for the infection Clostridial myonecrosis, known as the
common gas gangrene (23). The phospholipase cleaves phospholipids into smaller secondary

messengers to disrupt the host’s signaling, promoting further infection (24).

Pore-forming toxins

Pore-forming protein toxins (PFTs) are one of Nature’s most common and effective biochemical
weapons. These toxins are found in a wide range of organisms, particularly bacteria, yet share
remarkable domain organization, structure, and function (25, 26). PFTs are classified according to the
secondary structure of its members, either a-helical (a-PFTs) or B-sheet (B-PFTs) proteins (25).
Members of the a-PFTs group, are generally expressed as non-active soluble a-helical bundles, where
the core hydrophobic a-helices are surrounded by amphipathic a-helices. The soluble structure of B-
PFTs is mainly composed of amphipathic B-sheets, which combine through oligomerization to form
integral membrane B-barrels. Due to their tendency to form fixed-stoichiometric oligomeric pores, B-
PFTs are the best-characterized class (27-29). In both cases, membrane interaction leads to the
formation of an integral membrane pore, as depicted in Figure 1-1. Pore formation enables either cell-

permeation of the cytotoxic domain, or directly to membrane disruption and consequent cell-death.

Figure 1-1 — Scheme of pore-formation. Pore-forming toxins, in orange, oligomerize upon membrane insertion
leading to the formation of a membrane pore permeable to different molecules.

Several a-PFT’s share a common structural topology, in particular members of the Colicin and Bacillus
thuringiensis Cry family of pore-forming toxins share a similar fold (30, 31). These proteins exhibit a
similar helical bundle pore-forming domain, where the central hydrophobic helix or hairpin leads to

the initial membrane insertion and consequent pore formation. Similarly, the T-domain of Diphtheria



toxin shows an inner hydrophobic hairpin, surrounded by several amphiphilic helices, as depicted in

Figure 1-2 (32).

A

1Cll 1F16

Figure 1-2 — Structures of (A) Colicin IA C-terminal 447-667, (B) human Bcl-2 member Bax and (C) Diphtheria
toxin T-domain with annotated helices and the respective PDB ID. Highlighted in color is the pore-forming
domain: the hairpin-forming central hydrophobic helices. In all cases, a helical bundle of hydrophilic helices
shields the hydrophobic hairpin in its core.

This domain forms a membrane pore responsible for the translocation of its catalytic channel domain
(C-domain) into the host (33). Interestingly, eukaryotic organisms evolved PFT-like proteins such as
perforins as part of the innate immune response (34), and the Bcl-2 protein family as part of the
cellular apoptosis regulation (Figure 1-2B) (35). Structurally, the common denominator of all a-PFT’s
seems to be the nuclear hydrophobic hairpin surrounded by amphipathic helices highlighted in Figure

1-2, indicating a common membrane insertion mechanism.

Still, much is unknown about the structure and mechanisms of most PFTs (36). In chapter 4, two
examples: the E. coli Colicin la C-domain; and the PFT-like human Bcl-2 member Bax; are described as

well as the advances towards their structural characterization.

Intracellular toxins
Intracellular protein toxins modify host-specific targets through a variety of mechanisms such as post-
translational modification (PTM) (37-39), cross-linking (40) protein hydrolysis or even non-covalent

interactions (37), in order to modulate and manipulate host cell physiology beneficially to the toxic



organism. Due to the complexity of cell-machinery, toxins have evolved to exploit most of the cell
macromolecular infrastructures, often in a pleiotropic fashion. For instance, the E. coli secreted
protein G (EspG), from enterohaemorrhagic E. coli, is implicated in tight junction disruption (37, 41).
In the host-cell, EspG binds non-covalently to the host guanosine triphosphate (GTP) hydrolases
(GTPases) of the ADP-ribosylation factor (ARF) family, locking them in the active ARF-GTP complex

state, which in turn inhibits endogenous-ligand binding, effectively blocking Golgi traffic (42).

Enzyme-catalyzed PTM is a common mechanism to alter protein function through covalent
attachment or removal of functional groups, such as AMPylation: the catalytic addition of an
adenosine monophosphate (AMP) group. The filamentation induced by cyclic AMP (FIC) protein
family, targets proteins for PTM altering their endogenous function, usually through AMPylation. This
family is found in most organisms (38), whereas in bacteria these are present as toxin-antitoxin (TA)
complexes, which use different modification mechanisms to modulate host physiology. Interestingly,
FIC proteins are also present in eukaryotic organisms. The human Huntingtin yeast-interaction protein
E (HypE) protein acts as an on-off switch through AMPylation of the Binding immunoglobulin protein
(BiP), a major chaperone in the unfolded protein response residing in the endoplasmatic reticulum

(ER) (122).

In chapter 5, the structural and functional characterization of two bacterial intracellular PTM toxins is
described: the Neisseria meningitidis FIC (NmFIC); and the Bartonella schoenbuchensis octopine Ti
plasmid virulence B homologous T and A complex (VbhT/A), in complex with its cognate target, the

Escherichia coli DNA topoisomerase lla Gyrase B (Gyr B).

1.1.4. Toxins as drug development leads

The unique properties of toxins such as: receptor targeting and cell type specificity (43), the capacity
to evade the innate immune system, cell proteases and degradation systems (15, 44), as well as their
distinctive catalytic mechanisms, make them an ideal lead for drug development and drug delivery
(45-49). In fact, many toxins were discovered through drug lead screening programs (50). Scientific
research and pharmaceutical industry have in the past explored toxins mostly as antibiotics, with very
successful results, although its excessive and often neglectful use has led to the rise of multiresistant
pathogens (51). Several potential therapeutic toxins have been described in the past (52); in fact,
numerous toxin-based pharmaceuticals are currently in clinical trial, and some approved products
made it to market launches (53, 54). Likewise, the pertussis toxin produced by B. pertussis, responsible
for whooping cough, is in clinical research for its therapeutic role in a number of common diseases,

such as hypertension (55), autoimmune diseases (56), and human immunodeficiency virus replication



(57). Effective research towards the better understanding of the structure and action mechanisms of
toxins provides the basis for new therapies towards pathogenicity and venom antitoxins. Additionally,
and more impactful, the extremely ingenious chemical space exploration of toxin molecules, paves
the way for the development of new strategies based on toxin derivatives, towards novel therapies

for human pathologies.

1.2. Structural Biology for protein structure and conformation characterization

With the advent of high-throughput genome sequencing and the completion of the Human Genome
Project (58), as well as other genomes, the available amount of protein sequence data has grown
exponentially. Nevertheless, the knowledge of protein sequence is not sufficient for the
determination of protein folding and function, representing only the first step towards this goal. The
understanding of proteome function requires extensive knowledge on both each protein’s interacting-
network, as well as their respective chemical environment; moreover, these fundamental
characteristics depend on each distinct protein structure. Each protein’s exposed surface properties,
such as charge, as well as hydrophobicity, minutely detail these interactions and its extent. Besides,
protein flexibility and conformational changes further modulate the functional properties of proteins.
Structural biology aims to determine and subsequently understand protein structures as well as
dynamics at atomic resolution. Further, this knowledge is not limited to understand the functional
principles of each organism, but as well to improve the current state of drug research. As a
consequence, structural knowledge permits the use of rational design for the improvement of current
drugs, as well as the identification of new drug leads for the research and subsequent development

of novel drugs and therapies with improved efficacy (59).

Currently, the three foremost techniques for structure determination at atomic or near-atomic
resolution in biology are X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and
cryo-electron microscopy. These research techniques vary significantly in their approach to structure
determination. Each technique different advantages and disadvantages can be used to complement

each other.

X-ray crystallography uses X-ray diffraction patterns to obtain static structures of molecules of
interest. It depends on the obtainment of well-ordered macroscopic diffracting crystals for each
molecule, which typically requires serialization testing of crystallization conditions. X-ray
crystallography can determine complex high-resolution structures ranging from small molecules to

molecules as large as the prokaryotic and eukaryotic ribosomes (60, 61), but it proves ineffectual for

10



dynamic and disordered systems, as it requires periodicity. The recent advent of X-ray free-electron
laser sources and serial femtosecond crystallography have been shown to overcome some of the
obstacles of X-ray crystallography, such as crystal size and radiation damage, while concurrently

possibly introducing time-resolved information (62—65).

Cryo-electron microscopy (cryo-EM) probes molecules of interest through exposure of frozen sample
grids to an electron beam at cryogenic temperatures. It requires minimal sample amounts while
allowing the study of proteins with different conformations and long flexible loops. Structure
determination relies on computer selection and averaging of thousands of particles, leading to a slow
throughput. Since the determination of the first near-atomic resolution structures (66), cryo-EM
structure determination has mostly relied on large and relatively stable complexes, such as ribosomes.
Due to recent developments such as improved detector hardware, and beam-induced motion
correction, cryo-EM is evolving at a rapid pace, currently on the verge of reaching atomic resolution
(67, 68). As a consequence, the previous macromolecule experimental lower size limit of 300 kDa is
closer to the theoretical size limit of 38 kDa (69), as the recently published structure of the cancer

target isocitrate dehydrogenase with a size of 93 kDa at 3.8 A resolution shows (70).

Solution NMR spectroscopy allows the structure determination of macromolecules at atomic
resolution and is ideally suited to dynamical characterization such as ligand binding, conformational
changes, and macromolecular dynamics. A significant drawback of biomolecular NMR is its size
limitation, as the slower molecular tumbling and shorter signal relaxation times of larger molecules
lead to peak broadening and loss of sensitivity. Besides, the increased number of nuclei complicates
the spectra and subsequent spectral analysis. In the last few decades, several advances in NMR
hardware and methodology such as: increased magnetic fields and improved electronics, water
handling, perdeuteration, transverse relaxation optimized spectroscopy (TROSY) based experiments,
heteronuclear isotopic labeling and multidimensional experiments (71-74), have increased the
current size limit for de novo structure determination to about 70 kDa. Furthermore, sophisticated
labeling schemes such as methyl group labeling increased the overall limits of molecule size which can

be guantitatively and qualitatively studied by NMR spectroscopy to 1 MDa (75, 76).

Magic-angle spinning (MAS) solid-state NMR spectroscopy allows the study of macromolecules in the
solid-state, where molecules typically lack motion and spin anisotropic interactions lead to peak
broadening. This can be overcome by both fast sample spinning (77), as well as specific radiofrequency
(rf) pulses that attenuate undesired couplings, enabling identical approaches used in solution-state.
Theoretically, molecular size is not a limitation for solid-state NMR (78). This allows both the structural

and dynamical characterization of huge macromolecule assemblies such as fibrils, an ideal application
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for solid-state NMR. Currently, solid-state NMR spectroscopy applications are limited due to sample
preparation, though advancements such as faster rotor spinning which allow proton detection, are

advancing at a fast pace (79-82).

The different advantages and drawbacks of the previously discussed techniques have led to the
procurement of integrated structural approaches. The NMR spectroscopy overall size limitation can
be overcome with solid-state NMR, cryo-EM and X-ray-derived structures. The dynamic rich
information and atomic resolution of NMR solved structures of individual monomers can be
complemented with the higher-sized complex structures achievable with both techniques. For
instance, the recent structure and assembly determination of the apoptosis-associated speck-like
protein containing a CARD (ASC)-filament, was solved with an iterative algorithm using an ensemble

of cryo-EM, solution, and solid-state NMR data in an integrated fashion (83).

1.2.1. NMR spectroscopy principles

NMR uses the spin angular momentum and magnetic moment of nuclei to study its local chemical

environment. A non-zero nuclear spin (S) is associated with a magnetic moment (u) via the relation

p=y.s
where y is the nuclear gyromagnetic ratio (84-86). In the absence of an external magnetic field, the
nuclei are oriented randomly. Under an external magnetic field (Bo) the bulk magnetization precesses

around the magnetic field (Figure 1-3) with a frequency

wo:V.Bo

known as the Larmor frequency (84, 87).

54
Gt

' X

Figure 1-3 — Spin precession. On the left is depicted the spin precession under an external field Bo. On the right
is shown the z-axis projection of the magnetic moment, the bulk magnetization.

Since y is nucleus-type specific, each nucleus has a specific Larmor frequency. The Larmor frequency

is independent of the angle between the magnetic field and the magnetic moment direction. A
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transversal radiofrequency pulse applied at the Larmor frequency forces the tipping of the bulk

magnetization towards the transversal plane.

Chemical shift

Nuclei with a non-zero spin, under a magnetic field, are splitinto different equally spaced energy levels
proportional to By, in a phenomenon known as the Zeeman splitting (85, 88). Each nucleus interacts
with the surrounding nuclei and electrons, further shifting and splitting these energy levels (89). This
specific chemical environment within the bulk magnetization slightly changes its precessing
frequency. Hence, the local electron chemical environment perturbation of each nucleus-specific

Larmor frequency wy is termed chemical shift (90-92).

1D NMR

An NMR experiment relies on the manipulation of a group of spins through rf-pulses. A high bandwidth
pulse produces a broad excitation of different nuclei frequencies. Also, when applied with a precise
duration the precession of the excited nuclei around the axis of the pulse corresponds to a well-
defined angle. Each experiment applies different pulses in sequence, separated by intervals, and is

usually composed of at least two time periods: relaxation and acquisition as shown in Figure 1-4.

Relaxation Aquisition

AW
VA

Figure 1-4 — Pulse-sequence with a 90° y pulse followed by an evolution delay t;, and an acquisition delay t,.
Below is shown the pulse sequence effects on the bulk magnetization excited spins (shown in blue). B, aligns
with the vertical z axis, x, and y transversal to it on the horizontal axis.

The relaxation delay allows the excited spins to relax back to equilibrium between consecutive pulse
sequences. After recovery, one or more pulses excite a group of spins tipping the bulk magnetization
to a particular angle. After all pulses and delays take place, the sum of all spins free-induction decay

(FID) is recorded during acquisition (100, 101). So, the deconvolution of the recorded data by a Fourier

13



transformation yields a frequency vs. intensity 1D plot as exemplified in Figure 1-5 (102). Also, to

increase the signal to noise ratio, each experiment is repeated multiple times in sequence.

f= + B cos(bx) + Csin(cx)

+00 Intensity

f f(HeT°tdt e—oF(w)

Figure 1-5 — A periodic function f (black), is composed of individual sinusoidal components (blue, green and
red) with different amplitudes (A, B, C) and frequencies (a,b,c). A Fourier transform deconvolutes the time-
domain signal sum, such as an FID, into the frequency domain, the specific frequencies of each sinusoid that
constitute it.

2D NMR

Signal overlap due to the high number of homonuclear spins present in macromolecules results in
complicated, frequency-overcrowded spectra. Therefore, the complex analysis of 1D spectra led to
the extension of NMR experiments from one to two dimensions (103). In two-dimensional NMR the
signal is recorded as a function of two time variables, t; and t,, where the evolution time t; is stepwise
increased, and for each different t; an FID is recorded. As a result, two Fourier transformations take
place one as a function of t; and the second as a function of t,, yielding a spectrum function of two

frequency variables F1 and F2 as depicted in Figure 1-6 (104).
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Figure 1-6 — 2D-NMR spectrum following the second Fourier transform. In A is shown a 2D- homonuclear type
spectrum, where F1 and F2 frequencies correspond to the same type of nucleus. In B is shown a 2D-
heteronuclear type spectrum, where F1 and F2 correspond to the frequencies of distinct nuclei types.

The introduction of a second dimension allows to better resolve overlapping signals in 1D NMR-
spectra, it also helps obtain new chemical shift information. Correlation experiments can differ on the
type of magnetization transfer. Homonuclear correlation spectroscopy, such as correlation
spectroscopy (COSY) and total correlation spectroscopy (TOCSY) identify same isotope correlated
spins, e.g., the HN-H® pair (105, 106). In two-dimensional homonuclear correlation spectra, both F1
and F2 frequencies result from the same isotope usually *H. Diagonal peaks correspond to the 1D
isotope spectrum; off-diagonal peaks have different frequencies in each axis and correspond to
coupled resonances (Figure 1-6-A). In a TOCSY experiment, between the evolution period and
acquisition, a composite spin-lock pulse is introduced during the mixing time (Figure 1-7). Spin-locking
achieves an isotropic mixing of protons, resulting in coherence transfer between coupled spins
belonging to the same spin-system. The extension of the mixing time allows the magnetization to

spread through farther bonds.

Relaxation

| Evolution
t

1

Mixing

Spin lock

Acquisition

t

2

Figure 1-7 — Scheme for a 2D NMR ['H,'H]-TOCSY experiment pulse sequence.

In heteronuclear NMR a two-dimensional spectrum is recorded where the F2 dimension coordinates
correspond to the chemical shift of one type of nucleus (e.g., **N), and the F1 dimension coordinates
to the chemical shift of another nucleus (e.g., H) coupled to the first (Figure 1-6-B) (107). In protein

NMR, the 2D-[**N,H]-HSQC experiment correlates in the F2 dimension the backbone —NH N, and in
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the F1 dimension the -NH 'H (108). The 2D plot shows resonance peaks for each —NH and its
distinctness is often termed as the protein’s fingerprint spectra. Peak chemical shift dispersion is a
measure of the protein folding state, as folded proteins residues have a local specific chemical

environment distinct from its respective random coil shifts.

Multidimensional NMR, assignment and structural determination

Specific resonance assignment marks the initial step towards structure determination, conformational
and dynamical characterization. For small molecules, sequential assignment is obtained through 2D-
homonuclear experiments (109) such as through-bond [*H,*H]-COSY (110), [*H,*H]-TOCSY (106, 111)
and through-space [*H,'H]-NOESY (104, 112) spectra. Spectral analysis for larger molecules is
complicated due to peak crowding. To solve this, multi-dimensional NMR experiments, which can
correlate three types of nuclei, *H, *°N, and *3C have been developed. As depicted in Figure 1-8, the
spread of resonances through a new dimension effectively reduces overlap, allowing sequential
assignment and extraction of additional chemical shift information from these nuclei. In protein NMR,
these are used for the specific backbone and side-chain resonance assignment (113). Moreover,
different residue types have distinct chemical shifts, which can be used in their identification and

conformation characterization.

i-1 i i+1

Figure 1-8 — Heteronuclear 3D-NMR spectrum, where F1, F2, and F3 correspond to the frequencies of three
distinct nuclei types. On the left is shown a 3D spectrum, with the crosspeaks of the 2D-F3, F2 projection of
the “root” spectrum, with each F1-dimension corresponding strip highlighted in corresponding colors. On the
right is shown the sequential assignment of residues i-1, i, and i+1, from connected cross-peaks of each F1-
dimension strip.
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After complete assignment, backbone and side-chain chemical shift data can be used to determine
protein secondary structure (114, 115). From scalar coupling data, protein dihedral angles can be
derived (116). Other phenomena such as the NOE, and residual dipolar couplings can be used as
conformational restraints for structural characterization; and relaxation data can be used to derive
protein dynamics information (109, 117, 118). Finally, in the last step towards structure
determination, an ensemble of structures is calculated and refined in agreement with the restraint
data, which leads to the characterization of the structure and conformation of a specific

macromolecule or complex of macromolecules.

1.2.2. X-ray crystallography principles

Structural X-ray crystallography uses X-ray scattering to study molecules of interest. Contrary to visible
light (A=400-700 nm), X-ray radiation (A=1 A) is able to diffract with the electron cloud of molecules.
Macroscopic crystals are composed of highly similar structural motifs that form each unit cell,
repeated periodically throughout the whole crystal. As each molecule diffracts X-rays identically, a
massive enhancement of identical constructive scattering events produces a measurable diffraction
pattern. From it, it is possible to obtain an image of the electron clouds that surround the molecules

in the crystal, and consequently a model of the molecule’s structure (119).

Protein crystallization

The study of protein structure using X-rays requires high-quality protein crystals. Proteins crystals are
grown through slow, controlled precipitation from aqueous solution under conditions that do not
denature the protein, while increasing the protein and precipitant concentrations through
evaporation, commonly by vapor diffusion. Under certain conditions, molecules solidify to form a
crystal, with individual proteins adopting one or a few identical orientations resulting in a three-
dimensional molecule matrix-bound through non-covalent interactions, hydrogen bonds and salt-

bridges (120-121).

After protein purification, crystallization serial trials are set up with common crystallization buffers in
search for crystal formation. After a successful condition is found, this is then finely optimized for
crystal quality and size, suitable for diffraction measurement. Seeding with crushed pre-formed
crystals can also be attempted for further optimization. As proteins often interact with partners or
ligands, in order to understand these interactions and their effect on structure, proteins can be co-
crystallized with its partner, or even soaked in the crystalline form with it, if small enough to diffuse

into the binding locus in the protein (121).
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X-ray diffraction

Molecule crystals are a three-dimensional repetition of an individual geometrical defined unit cell,
with specific dimensions and angles that define its shape, edges, and vertices that form the crystal
lattice (Figure 1-9). Within a unit cell, the smallest unit that can reproduce the whole unit cell through
symmetry operations is termed the asymmetric unit, shown in Figure 1-9; and the symmetry

operations that characterize a crystal lattice, define its space group (119, 122). In protein

crystallography, the asymmetric unit is usually a protein, domain or protein complex.

QWY — Q-; oy

Asymmetric Unit cell
unit

Figure 1-9 — Architecture of crystal lattice.

In the unit cell real space, three-dimensional Cartesian coordinates (x,y,z) define the position of each
molecule’s atom, with one of the vertices as its origin (x,y,z=[0,0,0]) (Figure 1-9). Each unit cell is
composed by an infinite number of atom planes, which diffract an incoming X-ray at a particular angle

(120). Thus, the scattered X-ray beam produces an observable pattern of reflections termed

diffraction pattern, as depicted in Figure 1-10.

X-ray beam

Protein
crystal

Diffracted

Crystal lattice

Detector

Figure 1-10 — X-ray beam diffraction by a protein crystal, and respective diffraction pattern.
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From each reflection both the position, which correlates with the diffraction angle and the intensity
of the diffracted spots can be measured. The distances between reflection spots outline the reciprocal
lattice, which inversely correlates with the crystal (real) lattice. In reciprocal space, each reflection
defined by a set of coordinates (h,k,l), correspond to a family of diffracting atom planes in real space.
Counting from the center of reflections h,k,1=[0,0,0], an integer coordinate is given to each reflection
during indexing. Moreover, the intensity of each reflection relates to the positions of electrons in real

space (122).

As a crystal is a three-dimensional lattice, its rotation (from the X-ray beam) exposes a different
section of atom planes capable of diffraction and therefore a different diffraction pattern. Therefore,
through crystal rotation, it is possible to obtain the full three-dimensional diffraction pattern that
describes the three-dimensional unit cell. In other words, the crystal structure is encoded in the
diffracted X-rays, the shape and symmetry of the unit cell define the directions of the diffracted

beams, and the locations of all atoms in the unit cell define their intensities.

From diffraction to structure

Each diffracted X-ray that produces a reflection is the sum of the contributions of all scatterers in the
unit cell, described as a Fourier sum, the structure factor equation Fnq (122). Each scattered X-ray
wave is characterized by an amplitude, frequency, and phase, however, unlike the amplitude and

frequency, it is not possible to infer the hitting wave’s phase from its diffraction pattern reflection.

In order to characterize the electron distribution in the asymmetric unit of the unit cell, it is necessary
to obtain the phases, in what is known as the phase problem. Different methods exist to solve this,
being the most popular heavy metal insertion, molecular replacement, in the case where a

homologous structure is known and increasingly anomalous diffraction (123).

After solving the phase problem, through the Fourier transform of the structure factors sum, it is
possible to obtain an initial approximate electron-density distribution. The known residue sequence
enables model building in a chemical and conformational appropriate state that fits the electron
density map. This can be improved in an iterative fashion between model building and refinement

until an accurate structural model of the target protein is obtained, as depicted in Figure 1-11 (122).
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Figure 1-11 — X-ray protein structure determination workflow.

1.3. Thesis outline

The complexity of protein toxin targets often requires an integrated structural approach. Different
biophysical methods, such as solution and solid-state NMR, X-ray crystallography, cryo-EM, and AFM
can be combined in order to unravel the molecular details of this complex group of proteins. In the
following chapters different practical examples are described, where the chosen approach was not

the choice of a single method but an integration between different methods.

In the second chapter, the set up, optimization and expression test of a cell-free protein expression
system required for expression of cytotoxic targets such as toxins are described, detailed in further
chapters. In the third chapter, two small molecule toxins and the interaction with their cognate target
are described. In the fourth chapter, two examples of pore-forming toxins are described, and the
advances towards their membrane-inserted characterization, using solution NMR spectroscopy, solid-
state NMR spectroscopy, and X-ray crystallography are described. Finally, in the fifth chapter, two
examples of PTM toxins are described, their structural and functional characterization, using both

solution NMR spectroscopy and X-ray crystallography, among other biophysical methods.
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Chapter 2

The small molecule exotoxin mycolactone
and purported cognate target FKBP12






2. The small molecule exotoxin mycolactone and purported

cognate target FKBP12

2.1. Introduction

Buruli ulcer is a chronic necrotizing skin disease caused by Mycobacterium ulcerans (1, 2). In humans,
topic infection leads to the systemic diffusion of the mycolactone small molecule toxin, causing local
analgesia, and impaired inflammation (3). Further, this macrolide has been shown to have pleiotropic
cellular effects, such as impaired protein translocation, immunosuppressive, and cell-death (4-7).
Macrolides are natural compounds produced by different organisms, which belong to the polyketide
class of secondary metabolites mainly produced by cyclization and derivatization of metabolites by
mega-synthases. Furthermore, these have a wide range of activities, such as antibiotic, antifungal,
immunosuppressant, and cytotoxic effects in animals (8-11). Due to their high biological activity and
easy derivatization, these compounds are commonly studied leads in drug discovery (12—14).
Mycolactone A/B is composed of an invariant 12-membered core macrocyclic lactone ring (in Figure
2-1 is shown the PG-119 derivative, which is composed of only the lactone ring) and two variable
polyketide-derived highly unsaturated acyl side chains. As such, it exhibits lipid-like characteristics,
such as hydrophobicity. Different bacterial strains express distinct congeners of mycolactone, which

differ in one of the unsaturated acyl chains (Figure 2-1) leading to different biological activities (15).

Rapamycin

PG-119 Wl/\/\/

Figure 2-1 — Chemical structures of rapamycin, mycolactone A/B and derivatives, C2 and PG-119.
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Previously, it has been suggested that mycolactone shares structural and functional features with
the immunosuppressant rapamycin, an antifungal macrolide produced by Streptomyces
hygroscopicus (Figure 2-1) (7). In mammals, rapamycin acts as an immunosuppressant through
inhibition of the mechanistic target of rapamycin complex 1 (mTORC1), a multi-factor sensor protein
complex involved in the regulation of cell growth, cell proliferation, cell survival, autophagy,
transcription and translation (16). Rapamycin forms a complex with both mTORC1 and cytosolic
MTORC1 associated FKBP12 protein (17-19), leading to the direct inhibition of mTORC1 through
steric hindrance (20). FKBP12 is a known chaperone foldase of proline-rich proteins, which
catalyzes the cis-trans isomerization of peptidyl-prolyl bonds (21). The exact cellular-target and
systemic infection molecular mechanisms that underlie the Buruli ulcer disease are currently not
completely known. Due to the structural and functional similarities between both macrolides, the
potential interaction between different mycolactone congeners with FKBP12, in comparison with
the known FKBP12/rapamycin complex, was addressed in this work using solution NMR

spectroscopy.

2.2. Material and methods

Protein expression and purification

The FKBP12 construct was kindly provided by Alvar Gossert (Novartis, Basel). A single colony was
picked from a fresh transformation in BL21 (ADE3) competent cells and inoculated into 5 ml
LB/kanamycin and grown overday at 37°C. At the end of the day, 1 ml was inoculated in 20ml of M9
minimal medium (**’N-ammonium chloride) and grown overnight at 37°C. On the next day, the pre-
inoculum was transferred to 1 | M9 minimal medium and grown at 37°C. At an ODg00=0.8 the culture
was induced with 1 mM IPTG. After 4h of expression the cells were harvested (10min, 5,500 rpm, 4°C,
SLA3000 rotor), resuspended in 30 ml buffer A (50 mM Tris-HCI, pH=8.0, 300 mM NacCl, 10% (v/v)

glycerol, 20 mM imidazole) and frozen at -20°C.

The cells were thawed, DNase | and lysozyme were added, and the solution was stirred for
approximately 15 min on ice. Afterward, the cells were lysed with a French press (2runs, 1500 PSl),
and the cell debris was cleared by centrifugation (30 min, 13,000 rpm, 4°C, SS34 rotor). The cleared
supernatant was applied to a 5 ml pre-equilibrated Ni-NTA gravity column (Genscript, USA) and
incubated for 30 min at RT on a shaking device. Afterward, the flow-through was collected, the column
was washed with 10 CV of buffer A, 10 CV 5% of buffer B (buffer A with 150 mM NaCl, 300 mM

imidazole) and then eluted with 5 CV of 100% buffer B. The elution was left dialyzing in 2 | dialysis
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buffer (150 mM NaCl, 300 mM imidazole, 1 mM TCEP and 0.5 mM EDTA) with a 3,000 MWCO (Thermo
Scientific, USA) dialysis membrane at RT. After 2 h, 50:1 mg of PreScission protease (protein:protease)

was added and left dialyzing overnight in 5 | dialysis buffer.

The next day the dialysate was transferred to a 2 x 2.5 | buffer A dialysis for 1h each and then cleared
by centrifugation (10 min, 12,000 rpm). The cleared dialysate was applied to a 5 ml pre-equilibrated
Ni-NTA gravity column and incubated for 30 min at RT on a shaking device. Afterward, the cleaved
protein was collected both in the flow-through and in the buffer A wash (10 CV). PreScision protease
and un-cleaved protein were eluted with 10 CV 100% buffer B. Both cleaved protein containing
fractions were pooled, concentrated (Amicon centrifugal filtering device with 5,000 MWCO) and ran
on a pre-equilibrated S75 SEC column (GE Healthcare; 25 mM KPOa, pH=7), using an Akta system (GE
Healthcare, USA). Final yield was 60 mg/l on H,O-based M9 minimal media, determined by UV/Vis

spectroscopy. An SDS-PAGE confirmed protein purity and the protein pooled stock frozen at -20°C.

Complex titration sample preparation

Both rapamycin and mycolactone (A/B, C2, and PG-119 congeners) were kindly provided by Gerd
Pluschke’s group (Swiss TPH, Basel). Due to the limited solubility of mycolactone in aqueous buffer, all
samples were prepared with either 1 or 10% (v/v) final DMSO-d¢. To ensure a constant percentage of
DMSO between titration points, each point was prepared separately. A mother solution with FKBP12
in KPi buffer, NaNs (0.02% (w/v) final concentration), DSS (1mM final concentration), and D,O (10%
(v/v) final concentration), was prepared and then mixed with different amounts of mycolactone or
rapamycin. For each titration point, either mycolactone or rapamycin (1 or 10% (v/v) final DMSO-ds
concentration) were added. FKBP12 was mixed with each of the macrolides in different ratios up to
1:10 (FKBP12:macrolide) whenever possible. In addition, complex formation was tested in the
presence of PPlase activity buffer (50 mM Hepes, pH8, 100 mM NaCl, 5 mM DTT, 0.005% (w/v) NP-40)
(21). For this, FKBP12 was buffer exchanged twice (using a 5,000 MWCO Amicon centrifugal filtering
device) with PPlase activity buffer, NaNs; (0.02% (w/v) final concentration), DSS (1 mM final
concentration), and D,0 (10% (v/v) final concentration), before adding Mycolatone A/B (1% (v/v) final

DMSO-ds concentration).

Solution NMR measurement and data analysis
Standard 2D [*°N,*H]-TROSY-HSQC (23) NMR spectra were recorded at 25°C on a Bruker Ascend 700

spectrometer equipped with a cryogenic triple-resonance probe. NMR data were processed

with TOPSPIN 3.0 (Bruker Biospin) and analyzed with CCPNMR (24).
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CSP = \/ [(AS(lH))Z +(0.2% A5(15N))2],

where A§(*H) and AS(*°N) are the chemical shift changes of the *H and °N nuclei, respectively.

2.3. Results

The previously characterized protein:ligand interaction between rapamycin and the protein FKBP12

part of the mTorC1 was first assessed (25). To establish a titration protocol, the FKBP12 protein was

first titrated with increasing amounts of rapamycin (in a buffer containing 10% (v/v) DMSO due to

rapamycin’s poor solubility) using solution NMR spectroscopy. The titration chemical shift

perturbation was analyzed using the known FKBP12 sequence-specific backbone assignment (Figure

2-2 A) (26). A full titration series was performed up to a 1:5 (protein to ligand) molar ratio. The FKBP12

last titration point with rapamycin in 10% (v/v) DMSO-ds spectra is shown in Figure 2-2 B.
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Figure 2-2 — 2D-['H,'>N]-HSQC spectra of apo FKBP12 in comparison with FKBP12/rapamycin complex. In A, is
shown the spectra of apo-FKBP12 in red. In B is shown the spectra superposition of FKBP12/rapamycin 1:5
complex in 10% (v/v) DMSO depicted in blue, and the apo-FKBP12 depicted in red.

The titration spectra allowed the identification of substantial chemical shifts corresponding to several

backbone resonances. Using the known FKBP12 protein backbone assignment, the measured chemical

shift perturbation was plotted vs. residue sequence. The analysis of the different chemical shift

perturbation showed a localized perturbation around FKPB12 residues 37-64 (Figure 2-3).
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Figure 2-3 — Chemical shift perturbation vs. sequence plot of the FKBP12/rapamycin 1:1 complex titration. In
yellow are shown the residues with a CSP above the sum of the average and the standard deviation of each
residues CSP, and in red the residues above the sum of the average plus twice the standard deviation.

The measured chemical shifts, which showed perturbation above the highlighted thresholds, were
mapped onto the known FKBP12/rapamycin complex structure (PDB ID: 1C9H). As shown in Figure
2-4, all significant backbone chemical shifts demonstrate a good correlation between the NMR

titration data and the known X-ray crystal structure of the protein:ligand complex (26).

Figure 2-4 — Chemical shift perturbation of the FKBP12/rapamycin 1:1 complex in 10% (v/v) DMSO mapped
onto the known complex X-ray structure in cartoon representation, with rapamycin depicted as stick
representation (PDB ID: 1C9H).

After demonstrating a suitable titration protocol for the soluble interaction between FKBP12 and an
interacting ligand, the titration with the FKBP12 purported ligand mycolactone A/B was tested. Due

to the limited solubility of mycolactone molecule, the titration was initially performed in the presence
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of 10% (v/v) DMSO. In stark contrast to the above results for rapamycin, mycolactone A/B did not
show considerable backbone chemical shift perturbation (Figure 2-5 A). To further rule out DMSO as

a solubility factor, the titration was repeated in 1% (v/v) DMSO with similar results (Figure 2-5 B).
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Figure 2-5 — 2D-[*H,*>N]-HSQC spectra of the titration end points between FKBP12 and mycolactone A/B. In A,
the spectra of FKBP12/mycolactone A/B 1:2 complex in 10% (v/v) DMSO, apo-FKBP12 is shown in dark blue,
and the complex in orange. In B, the spectra of FKBP12/mycolactone A/B 1:5 complex in 1% DMSO, apo-
FKBP12 is shown in grey, and the complex in pink.
The FKBP12 PPlase catalytic activity was previously studied with in vitro functional UV-Vis
spectrophotometric essays (21). As such, the FKBP12/mycolactone A/B complex titration was

repeated using the FKBP12 PPlase activity functional essay buffer. As before, the FKBP12 2D-[*H,**N]-

HSQC spectra showed no significant backbone resonance shifts (Figure 2-6).
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Figure 2-6 — 2D-[*H,*N]-HSQC spectra of the titration end point of FKBP12/mycolactone A/B 1:10 complex in
in PPlase activity essay buffer with 1% (v/v) DMSO. Apo-FKBP12 is shown in cyano, and the complex in purple.
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Due to mycolactone’s lipid-like nature, and consequent limited aqueous solubility, the FKBP12 protein
was titrated with different mycolactone congeners with substituted unsaturated acyl chains. Likewise,
both the acyl chain double substituted mycolactone C2 (Figure 2-7-A) and the unsaturated acyl chain
lacking PG-119, which consists of the macrocyclic lactone ring only (Figure 2-7-B), showed no

significant chemical shift perturbation.
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Figure 2-7 — 2D-[*H,**N]-HSQC spectra of the titration end points of FKBP12 with mycolactone C2 or PG-119.
In A, the spectra of FKBP12/mycolactone C2 1:5 complex in 10% (v/v) DMSO, apo-FKBP12 is shown in brown,
and the complex in teal. In B, the spectra of the FKBP12/PG-119 1:10 complex in 10% DMSO, apo-FKBP12 is
shown in dark red, and the complex in light green.

2.4. Discussion

The NMR titration of the FKBP12/rapamycin complex revealed significant backbone resonance shifts,
confirming complex formation. As shown in Figure 2-4, mapping of significant backbone resonance
shifts onto the X-ray crystal structure of the FKBP12/rapamycin complex shows the chemical shift
perturbation data to perfectly match the FKBP12 and rapamycin ligand interaction surface. Due to the
insolubility of these macrolides in aqueous buffer, all titrations were performed in the presence of
DMSO. Each FKBP12/ligand titration point was prepared separately, in order to maintain a constant
DMSO percentage and therefore eliminate the induced DMSO chemical shift change as a factor. The
successful complex titration experiment, demonstrated by interaction surface mapping, served both

as a positive titration control as well as to eliminate DMSO as a constraint.

In the same conditions, the titration of FKBP12/mycolactone A/B, FKBP12 showed no significant
chemical shift perturbations, indicating no complex formation. To further exclude DMSO

concentration as a concern, the titration was repeated with 1% instead of 10% (v/v) DMSO. Still, no
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significant chemical shift perturbation was observed. To further exclude the tested experimental
conditions as a factor, the previously described FKBP12 functional activity assay buffer was tested.
The presence of a small concentration of surfactant, NP-40, was thought to enhance mycolactone’s
solubility by hindering the formation of micelle-like structures in solution, effectively limiting the
availability of the compound to interact with FKBP12. Again, mycolactone A/B produced no significant
chemical shift perturbations. A different mycolactone congener, mycolactone C2, with an extra upper
acyl chain was also tested with similar results. The macrocyclic PG-119 compound, composed of only
the lactone ring, was also tested to exclude the possibility both mycolactone A/B and mycolactone C2
congeners might form micelle-like structures due to the presence of the acyl side chains. Likewise, this
compound produced no significant chemical shift perturbations. Hence, after testing the
FKBP12/mycolactone purported interaction under different buffer conditions, DMSO concentrations,
as well as distinct mycolactone congeners, the lack of significant backbone chemical shift perturbation
leads to the conclusion that under the described experimental conditions the FKBP12/mycolactone

complex is not present.
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3. Cell-free protein expression of eukaryotic proteins

3.1. Introduction

Functional and structural protein studies are often limited by the availability of suitable amounts of
protein. In particular, NMR spectroscopy requires several milligrams of isotopically labeled material.
Historically, in vivo prokaryotic systems have been extensively used for heterologous protein
expression. This is mainly due to the system’s robustness and associated low cost of the preparation.
However, the low achievable yield of important soluble targets, degradation, and aggregation
represent the main disadvantages of this approach. Alternatively, Eukaryotic systems have compelling
advantages, such as correct folding and PTM’s. These are however expensive, difficult to set up and
to maintain, and generally have low yields. In the last decades, in vitro protein synthesis has become
a viable alternative for the production of problematic proteins. Improvements in both, the system and
extract preparation, has led to the system’s current state with many advantages such as considerable
high expressed protein yields, fast expression times, easy screening and robust optimization of
expression conditions, supplementation with suitable compounds (e.g., membrane mimetics and co-
factors) (1-3), expression of toxic proteins (4, 5) and specifically for NMR the scrambling-free labeled
amino acid incorporation (6, 7). The system continues to evolve at a fast pace (8, 9). Recently,
microfluidics cell-free reactors have been introduced (10, 11), which have enabled research towards

the development of single-dose protein production bioreactors for point-of-care systems (12).

System description

In cell-free systems, a target protein is translated by ribosomes extracted from cell lysates. Coupled
transcription-translation systems combine exogenous DNA transcription with mRNA translation in a
simultaneous process, avoiding RNA problematic isolation. The required gene of interest is under the
control of a specific promoter, enabling specific transcription initiation through the addition of an
exogenous purified RNA polymerase. Which leads to expression specificity and yield enhancement,
through the increase of copy numbers for the gene of interest. Early systems expressed protein in a
single container, the so-called batch-mode (13), which were limited to a few hours of expression
before byproducts would inhibit expression. The continuous exchange method was introduced to
overcome this issue (14, 15). In this system, the reaction mixture (RM) containing high molecular
weight compounds is stored in a dialysis membrane surrounded by the feeding mixture (FM)

containing molecular weight essential substrates (Figure 3-1). The continuous exchange between by-
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products and substrates allows a near steady-state, allowing protein expression until exhaustion of

substrates, allowing expression of milligrams of each protein of interest per reaction milliliter.
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Figure 3-1 - Cell-free continuous exchange system setup, showing the main components of both the RM and
FM compartments. In the RM, are present the high molecular weight components essential for transcription
and translation, separated by a dialysis membrane from the FM, where the free-flowing small metabolites
are in dynamic equilibrium with the RM, replenishing essential metabolites and removing by-products.

Newer methods have been developed through the reconstitution of the complete protein synthesis
machinery from purified components (16). PURE is a modular, tailored system for cell-free expression.
However, the limited yields, up to a third of conventional cell-free systems, and high cost, have limited

its general application (17).

Cell-free system protein production for NMR

Cell-free protein expression systems have been shown in the past to successfully express complex
targets such as toxic and transmembrane proteins in sufficient amounts for structural biology (4, 18).
Several unique characteristics such as the lack of a functional metabolism and the inherent flexibility
allow efficient isotope labeling of proteins, avoiding scrambling. The open nature of cell-free systems
allows the manipulation of the reaction conditions and co-factor supplementation, in order to further
enhance and stabilize tricky protein targets for high throughput production. Approaches such as the
stereo-array isotope labeling method (SAIL), which uses specially synthesized amino acids containing
stereospecific and region-specific isotope labeling patterns optimized for NMR, allowing spectra

simplification (19).
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3.1.1. Cell-free protein expression targets

The cell-free system is an ideal system for cytotoxic, such as toxins, as well as otherwise complicated
expression targets, due to its lack of metabolism, and the possibility of supplementation with required
ligands incompatible with conventional expression systems. The cell-free protein expression system
robustness was tested with two distinct problematic eukaryotic targets, where expression had proven

difficult with common expression systems.

Human Abelson tyrosine kinase

Protein kinases are key regulators of several cellular processes and have been implicated in
neurological, cancer, infection, and immunological disorders (20, 21), one of the most pursued classes
of targets for drug research (22). The high incidence of kinase inhibitor resistance during patient
treatment has created a high demand for the development of novel drugs (23). Human Abelson
tyrosine kinase (Abl) has been implicated in numerous processes (24), such as cell differentiation (25,
26), cell adhesion (27) and stress response (28). The abnormal, reciprocal translocation between Abl1
gene in chromosome 9 and the breakpoint cluster region (Bcr) gene in chromosome 22 generates the
deregulated fusion protein Bcr-Abl associated with chronic myeloid leukemia (29, 30). Imatinib was
one of the first-generation kinase inhibitors developed, used in the treatment of multiple cancers.
Despite the early therapeutic success of developed inhibitors, the occurrence of different single point
mutations in the Bcr-Abl tyrosine kinase domain has led to patient relapse upon treatment due to
drug resistance. Of these, the “T3151” gatekeeper (GK) mutation exhibits resistance to most currently
available kinase inhibitor drugs (31, 32). The design of next-generation drugs to overcome drug
resistance can benefit from structural insights on the gatekeeper mutant and its resistance

mechanism.

Human LPS-binding protein

Septic shock is a sepsis-induced hypotension, which leads to abnormalities in cellular metabolism.
Patient infection can cause multiple organ failure and death in up to 50% of the cases (33). Bacterial
infection leads to the immunity system exposure to lipopolysaccharide (LPS), the main component of
the outer leaflet of Gram-negative bacteria. The septic response has been shown to be associated
with the LPS-binding protein (LBP) and the opsonic receptor CD14 (34). The interaction complex
between LPS and LBP is structurally uncharacterized. Due to the high affinity of LBP to LPS, the lack of
LPS in cell-free expression makes it an ideal system for the expression of LBP. The structural
characterization of the human LBP and LPS complex should benefit rapid patient diagnosis and

treatment (35, 36).
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3.2. Materials and methods

Cell-free extract preparation

E. coli S30 cell extract preparation was prepared following published protocols (37). In short,
harvested A19 cells were washed three times with S30 buffer A1 (10 mM Tris-acetate pH 8.2, 14 mM
Mg(OAc),, 0.6 mM KCI, 6 mM B-ME). After resuspension in S30-buffer B1 (10 mM Tris-acetate pH 8.2,
14 mM Mg(OAc)z, 0.6 mM KCI, 1 mM DTT, 0.1 mM PMSF), cells were lysed using a French press and
centrifuged twice at 30,000xg, 4°C. To remove endogenous mRNA, the extract was incubated 45 min
at 42°C and then dialyzed at 4°C overnight against S30-buffer C (10 mM Tris-acetate pH 8.2, 14 mM
Mg(OAc),, 0.6 mM KCI, 0.5 mM DTT) with a 12-14 kDa MWCO. To remove the remaining cellular
debris, the cell extract was centrifuged at 30,000xg, 4°C, aliquoted, flash frozen in liquid nitrogen and

stored at -80°C.

DNA amplification

High amounts of purified target DNA are required for cell-free expression. The isolation of plasmid

DNA was performed using midiprep or maxiprep kits (Macherey-Nagel) and respective protocols.

T7 RNA polymerase expression and purification

A pT7-911 expression plasmid containing T7-RNA polymerase under the control of a T7 promoter
carrying an ampicillin resistance gene with N-terminal 6xHis-tag was obtained from Stephan Grzesiek
(Biozentrum, Basel). Using the QuickChange protocol (Agilent), and two consecutive reactions with
the forward primers 1% half: 5'-CGCATCACCATCACCATCACGGAGAAAACCTGTCCATGAACACG and 2™
half: 5’-CCATCACGGAGAAAACCTGTACTTCCAGTCCATGAACACGATTAACA and reverse primers 1% half:
5'-CGTGTTCATGGACAGGTTTTCTCCGTGATGGTGATGGTGATGCG and 2™ half: 5-TGTTAATCGTGTTCA
TGGACTGGAAGTACAGGTTTTCTCCGTGATGG, a TEV cleavage site (residues -ENLYFQ-) was introduced

between the N-terminal 6xHis-tag and the protein sequence (see Appendix for complete sequence).

For protein expression single colony was picked from a fresh transformation in BL21 (ADE3) competent
cells and inoculated into 5 ml Luria Broth (LB) medium with ampicillin (Amp) and grown overday at
37°C. At the end of the day, 1 ml was inoculated in 20 ml of LB/Amp medium and grown overnight at
37°C. On the next day, the pre-inoculum was transferred to 1 | LB/Amp medium and grown at 37°C.
At an ODg0=0.8 the culture was induced with 0.5 mM IPTG. After 4h of expression the cells were
harvested (10 min, 5,500 rpm, 4°C, SLA3000 rotor), resuspended in 30 ml buffer A2 (50 mM Na;HPO,,
pH=7.5, 300 mM NaCl, 5% glycerol, 1 mM DTT, 20mM imidazole) and frozen at -20°C.
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For purification the cells were thawed, DNase | (Roche), cOmplete (Roche), and lysozyme (Carl Roth)
were added and stirred for 15 min on ice. Afterward, the cells were lysed with a French press (twice,
1500 PSl), and centrifuged (30 min, 16,000xg, 4°C, SS34 rotor). The cleared supernatant was applied
to a 5 ml pre-equilibrated Ni-NTA gravity column (Genscript) and incubated for 2 h at 4°C on a shaking
device. Afterward, the flow-through was collected, the column was washed with 10 column volume
(CV) of buffer A, 5 CV 5% buffer B1 (buffer A1 with 500 mM imidazole) and then eluted with 5CV 75%
buffer B1. The elution was left dialyzing in 2 | dialysis buffer (10 mM K;HPQ,, pH=8, 150 mM NaCl, 1
mM DTT and 0.5 mM EDTA, 5% (v/v) glycerol) with a 10,000 MWCO (Thermo Scientific) dialysis
membrane at 4°C. After 2 h, 30:1 mg of TEV protease (protein:protease) was added and left dialyzing

overnight in 5 | dialysis buffer at 4°C.

The next day the dialysate was cleared by centrifugation (10 min, 16,000xg, 4°C). The cleared dialysate
was applied to a 5 ml pre-equilibrated Ni-NTA gravity column and incubated for 1 h at 4°C on a shaking
device. Afterward, the cleaved protein was collected both in the flow-through and in the dialysis buffer
wash (5 CV). TEV protease and un-cleaved protein was eluted with 5 CV 100% buffer B. Both cleaved
protein-containing fractions were pooled, concentrated (Amicon centrifugal filtering device with
30,000 MWCO) to about 15-20 mg/ml, and the glycerol adjusted to 50% (v/v), to a final protein
concentration of 7.5-10 mg/ml. Final yield was 70 mg/l in LB medium, determined by UV/Vis
spectroscopy. Protein purity was confirmed by an SDS-PAGE, afterward, the protein was aliquoted,

flash-frozen in liquid nitrogen and stored at -80°C.

Cell-free protein expression

A pET-based expression plasmid containing enhanced green fluorescent protein (GFP+) with C-
terminal 6xHis-tag was used as a positive control of expression (38). Both Bcr-Abl, GK-Bcr-Abl and LBP
constructs were obtained from Stephan Grzesiek’s group (Biozentrum, Basel). For analytical-scale
expression, 55 pl reactions were prepared in in-house built mini-continuous exchange cell-free (CECF)
reactors used to optimize expressing conditions, with an optimal FM/RM volume ratio of 14.5. Protein
expression was left overnight in a thermoshaker at 120 rpm, 30°C in a VWR Incubating Mini Shaker.
The next day, the reaction mixture was centrifuged (10 min at 10,000 rpm, Eppendorf Centrifuge 5810
R), and both the resuspended pellet and the supernatant were diluted 1:7 with SDS-buffer and ran on
an SDS-PAGE.

For each new batch of T7 RNA polymerase, an analytical-scale reaction comparing the expression of
GFP+ with the previous T7 RNA polymerase optimal concentration and a range of concentrations for
the new batch was set up. After overnight expression, the reaction mixture was pipetted from the

analytical-scale reactor, and centrifuged (10 min, 12,000 rpm, Eppendorf Centrifuge 5810 R). The
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supernatant was discarded, and the precipitate resuspended in an equal volume of buffer. For each
reaction (in duplicate), both the precipitate and supernatant were run on an SDS-PAGE. For each new

batch of extract, the optimal magnesium concentration was tested similarly.

Purification of cell-free expressed GFP+

The recovered cell-free GFP+ supernatants of 10 analytical-scale reactions were pooled and then
incubated with 0.5 ml of Ni-NTA beads (Genescript, USA) for 60 min. After incubation, the beads were
washed with 5 CV 2.5% buffer B1 and eluted with 20% buffer B1. The eluate was left dialyzing
overnight in 5 | of 50 mM Hepes pH=7.5, 150 mM NacCl, 2mM DTT, with a 10,000 MWCO (Thermo
Scientific) dialysis membrane at RT. The following day, the protein was concentrated (Amicon
centrifugal filtering device with 10,000 MWCO). The concentration of GFP+ was measured to be
2.2 mg/ml with the BCA method (ThermoFisher Scientific, USA).

3.3. Results

Cell-free system optimization

The T7 RNA polymerase optimal concentration for protein expression was tested by comparing
performance in the cell-free system. For each new batch of T7 RNA polymerase,GK abl an analytical-
scale reaction was set up, comparing the soluble expression of GFP+ between batches of T7 RNA
polymerase. The optimal soluble expression of GFP+ was found to be between 0.04—0.08 mg/ml, so

the latter was chosen as the optimal concentration (Figure 3-2).
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Figure 3-2 — SDS-PAGE of T7 RNA polymerase new batch test expression, comparing expression levels of GFP+
in the supernatant (S) and precipitate (P) between two different (old and new) batches.

Since expression rates are strongly dependent on the concentration of magnesium ions, magnesium
concentration was adjusted for each batch of cell extract. In Figure 3-3, is exemplified the expression

of GFP+ at different concentrations of magnesium. For this particular cell extract batch, the optimal
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magnesium concentration was found to be between 18 mM and 20 mM per reaction mixture, where

maximum protein yield was observed.

[Mg*™] 16 18 20 M (KDa)
(mM)

Figure 3-3 — SDS-PAGE of magnesium optimal concentration for cell-free soluble protein expression screen.

After optimization of vital components concentrations in the cell-free medium, the total quantity of
soluble protein expression per ml of reaction medium was checked, once again with GFP+ as a control
protein. A standard curve of purified GFP+ was prepared and analyzed in a fluorescence plate reader

(Synergy H1, Biotek, USA) in triplicate (Figure 3-4).
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Figure 3-4 — Fluorescence intensity of standard curve prepared with purified GFP+.

The fluorescence values of a fresh magnesium optimization expression were measured and found to
vary between ~10-18 mg/ml of GFP+ mg per ml of cell-free reaction volume, depending of magnesium
concentration (Table 3-1).

Table 3-1 - Fluorescence intensity values and calculated GFP+ concentration, based on the calculated standard
curve, of a GFP+ magnesium optimization reaction series.

[Mg?] (mM) 12 14 16 18
1 (515nm) 5520.5 6153 8356 9575.25
[sGFP] (mg/ml) 9.8 11 14.9 17
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Protein expression

After successful setup and testing of in vitro protein expression, both eukaryotic proteins LBP and Abl
were tested for soluble expression in comparison with GFP+ as positive control, shown in Figure 3-5.
LBP protein expressed well, but as a precipitate. Different constructs were tested, with similar results.

No further optimization was tried. Abl protein expressed poorly and solely as a precipitate.

GFP+I LBP . Abl
M(KDa) S P S1 P1S2 P2 ST P1S2 P2
250
150
100 = oo — GBS — G - S - G
se8 E B-E B
50 -.; E . B -
37 T eSes=s =
25 okap— =, =
20 ‘:-‘-——'4—'# -~
15
10

o
(
(
<

»

Figure 3-5 — SDS-PAGE of in vitro cell-free expressed LBP, Abl and positive control GFP+ supernatant (S) and

precipitate (P) numbered when in duplicate.

Q.

The GK Abl mutant was also tested for in vitro expression. Yersinia pestis protein tyrosine phosphatase
H (YopH) toxin was tested for expression and co-expression with its cognate target Abl. In addition,
two Abl inhibitor drugs (GNF5 and Desatinib) were supplemented in the cell-free medium to test for

soluble enhanced expression (Figure 3-6). In all cases, GK Abl expressed as a precipitate.
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Figure 3-6 — SDS-PAGE of in vitro cell-free expressed Abl GK mutant (indicated) co-expressed with YopH
phosphatase in the presence of inhibitors GNF5 and Desatinib. Supernatant (S) and precipitate (P) fractions
are numbered when performed in duplicate.
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3.4. Discussion

The cell-free continuous flow system was set up successfully, as shown with the in vitro expression of
GFP+. The protein was expressed well-folded with a yield between 10-17 mg/ml of cell-free medium,
avery high-level of expression. The cell-free system was set up primarily for the expression of cytotoxic
proteins. The in vitro expression system robustness was also tested for the successful soluble
expression with two significant eukaryotic protein targets of known difficult expression. Human LBP
expressed in high amounts but insoluble, so no further optimization was tested. Abl and the
gatekeeper mutant are challenging low expressing proteins in both prokaryotic and eukaryotic
traditional expressions systems. Cell-free protein expression of the gatekeeper mutant was tested in
the presence of different commercial kinase inhibitors as well as in the presence of YopH a bacterial
toxin that targets Abl kinase, to test for protein stabilization. In all cases, almost all protein was
expressed in the precipitate form. Protein expression optimization was not performed. Co-factors,
such as chaperones could be used in the future to enhance correct folding and therefore solubility of

the gatekeeper mutant.

These two examples also serve to demonstrate the current limitations of in vitro protein expression
systems. The optimal protein high yield of prokaryotic systems proves to be insufficient possibly due
to lack of post-translation modifications, required for specific eukaryotic targets. In sub-chapters 4.2
and 5.2, the successful expression of two labeled protein toxins is shown, using the described in vitro

cell-free continuous flow protein expression system, in sufficient amounts for NMR studies.
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4. Structural and conformational elucidation of membrane-bound

and the membrane-inserted states of pore-forming toxins

4.1. The bacterial toxin Colicin la

4.1.1. Introduction

Colicin family

Colicins are a family of bactericidal proteins produced by E. coli to kill competing susceptible bacterial
strains. This protein family exhibits distinct cytotoxic activities, and thus far four cytotoxic classes of
colicin have been identified: the pore-forming colicins such as ColB, Colla, and ColN; RNase colicins,
such as ColE3; DNase colicins such as ColE9; and inhibitors of cell wall synthesis such as ColM (1, 2).
Though they exhibit different activities, all share domain function and structural organization. All
members contain three domains each involved in the three parasitic stages: the N-terminal
translocator domain (T-domain) responsible for outer membrane (OM) translocation; the middle
receptor binding domain (R-domain) responsible for binding to each respective receptor in the OM of
susceptible targets (typically OM porins); and the C-domain, which is responsible for the onset of cell
death (2, 3) (Figure 4-1). Colicins can further be subdivided depending on which host system is
exploited for their translocation. Group A colicins, exploit E.coli’s Tol-dependent translocation system,
whereas group B exploits the Ton-dependent translocation system. Both groups hijack and exploit the

proton motive force of the host cell for colicin insertion into the inner membrane (1, 2).

Colicins are plasmidic proteins, which are co-expressed with their specific immunity protein. The
immunity protein inactivates the toxic activity of the colicin, protecting the expressing cell, which is
achieved through the formation of a tight 1:1 complex with the C-domain. Disassembly of the complex

occurs upon interaction with the OM receptor of the host cell, prior to OM permeation (2).

Colicin la

Colla is a 626 residue (69 kDa) a-helical protein. Structurally, the N-terminal translocator-binding
domain is separated from the C-terminal pore-forming domain through a long coiled-coil, with the
receptor-binding domain sitting in between as depicted in Figure 4-1. The C-domain is the cytotoxic

domain, exhibiting pore-forming activity in the presence of membranes.
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Figure 4-1 — General domain architecture of colicin family members and known full-length structures of
different colicin members with respective PDB ID. The three domains involved in receptor binding (R-domain),
translocation (T-domain) and cytotoxicity (C-domain) are highlighted in different colors. For colicins ColB and
ColN the T as well as the R-domain are comprised of a single domain and are indicated as “T,R” shown in red.
For ColE3, the complex with the immunity protein (IM3) is shown.

Colla is part of the colicin group B since it exploits the host Ton system as energy donor for
translocation (4). Further, it uses the colicin | receptor (Cir; 70 kDa B-barrel protein) both as the
receptor (4) and translocator (5) (Figure 4-2). During OM translocation the R-domain first binds to Cir
with high affinity, then the T-domain acts as a scaffold to subsequently search for a second copy of Cir
to which it binds with lower affinity. Subsequently, the inner membrane (IM) host Ton system
recognizes a TonB box in the N-terminal part of Colla, which provides the necessary energy for
translocation. This, in turn, leads to a necessary partial or possibly full unfolding of both T and C-
domain. It was previously suggested that both the release of the immunity protein and C-domain

cleavage occurs at this point. Nevertheless, the order of events and the precise insertion mechanisms
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are currently unclear (1, 2). Likewise, other non-pore-forming colicins were shown to require the
cleavage of the C-domain for cytotoxicity (6, 7). The mechanism and conformational changes occurring
after translocation of the C-domain into the periplasm, leading to the insertion of the C-domain into

the IM are still unclear.

Membrane
insertion

Cell | death
o

Figure 4-2 — Translocation of Colicin la into E.coli. In the first step, the R-domain (blue) binds the Cir receptor
with high affinity. Meanwhile, the T-domain (red) recognizes the Cir translocator, helping the C-domain
(yellow) permeate the outer membrane (OM). In the last step, Colla inserts itself in the inner membrane (IM)
forming a pore through oligomerization.

Colicin la C-domain

Due to the limited cavity size of the translocator Cir, Colla is thought to unfold during translocation,
as has been shown for other colicins (4, 8). Very little is known concerning the Cir bound T- and R-
domains fate following C-domain translocation and pore formation. It represents a steric barrier for
several Colla’s to bind adjacent Cir’s in order to span the membrane to form an oligomeric pore within
the IM, while the R-domain remains bound to Cir. The most plausible explanations include the release
of the R-domain or the cleavage of the C-domain. Conversely, dissociation constant in the nanomolar

range (9) poses an impressive energy barrier for the former. While for the latter, it is possible that the
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unfolding of the C-domain exposes an unknown cleavage site necessary for translocation. This would
energetically and sterically corroborate the multimeric pore complex hypothesis. Interestingly, it
could be shown that the C-domain alone is not cytotoxic, whereas a mutant lacking the receptor
domain showed about half the killing efficiency of the whole Colla (5). This lower efficiency can be
attributed to the lower binding affinity of T-domain to the Cir translocator. Therefore, pore formation
remains possible due to the second binding event. Furthermore, the fact that the R-domain’s absence
does not preclude pore-formation, indicating that full-length Colla bound to the Cir receptor copy on
the OM is not a prerequisite for the formation of the pore, shows that the long coiled-coil linker

between the domains, including helix 1, is not essential for pore formation.

Colicin la C-domain morphology

In the full-length Colla amino acid sequence, helix 1 (residues 359-467; Figure 4-3) is situated between
the C- and R-domains. The exact sequence limits between helix 1 and the C-domain are not clearly
defined (10). Due to the lack of detailed understanding of the translocation mechanism, the
significance of Colla C-domain’s helix 1 in translocation and IM channel formation remains unclear. It
is generally agreed that the C-domain comprises residues 438/453-626 of full-length Colla, including

several residues attributed to helix 1 (10) (Figure 4-3).
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Figure 4-3 — Colicin la protein feature view of PDB entries mapped to UniProtKB P06716 sequence.

Helix 1 is a prime target for the location of the previously mentioned cleavage site, responsible for
Colla’s C-domain release before IM insertion. In the soluble structure of full-length Colla, the C-domain
exhibits the common PFT compact fold as shown in Figure 4-4 (11). It consists of ten a-helices including
part of helix 1. The hydrophobic pore-forming hairpin comprised of helices 8 and 9 is embedded within
the core of the protein, surrounded by several amphiphilic helices. The C-terminal transmembrane

helix 10 completes the PFT analogous fold.

The early steps of Colla’s translocation are currently well described in the literature, but the C-
domain’s unfolding and the subsequent insertion mechanisms remain elusive. So far the only structure

of a colicin IM pore is based on the imaging of an oligomer of full-length Colla in a lipid bilayer by
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negative staining electron microscopy (12), showing a low-resolution structure of a hexamer assembly

protruding from the membrane.

Figure 4-4 — Structure of the C-domain of Colla (PDB ID: 1Cll), showing both top and side views and annotated
helices. The pore-forming domain (helix 8 and 9) and the transmembrane domain (helix 10) are highlighted in
red.

4.1.2. Material and methods

Construct cloning

The CT-M C-domain construct (10) containing residues 438-626 of FL-Colla with an N-terminal Hise-
His-tag followed by a thrombin cleavage site was changed to a TEV cleavage site using the Quickchange
Il site-directed mutagenesis (Agilent) protocol and the following primers: 5’-CATCACAG
CAGCGGCGAAAACCTGTACTTCCAGCATATGCTCGAGGAG-3’ and 5’-CTCCTCGAGCATATGCTGGAAGTAC
AGGTTTTCGCCGCTGCTGTGATG-3'. From here forthwith, amino-acid sequence numbering refers to

the cleaved product of the used construct (from the full-length sequence 438-626 to 4-192)

Protein expression and purification

A single colony was picked from a fresh transformation in BL21 (ADE3) chemically competent cells,
inoculated into 5 ml LB/Amp and grown overday at 37°C. Afterward, a 1:20 inoculation in 20ml of LB
(unlabeled protein) or M9 minimal medium (protein labeled with »*NH4Cl only or **’NH,Cl and 3C-
glucose in D,0) was grown overnight at 37°C. The following day, the pre-inoculum was transferred to
11 of medium and grown at 37°C until ODgye=0.8, when the culture was induced with 1 mM IPTG. After
4 h of expression the cells were harvested (10 min, 5,500 rpm, 4°C, SLA3000 rotor), resuspended in 30
ml buffer A (20 mM Hepes, pH=7.0, 100 mM NacCl, 20 mM imidazole) and frozen at -20°C.

For protein purification, the cells were thawed and both DNase | as well as lysozyme were added and
the suspension was stirred for approximately 15 min at room temperature. Afterward, the cells were

lysed with a French press (2 runs, 1500 PSl), and the cell debris was cleared by centrifugation (30min,
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13,000 rpm, 4°C, SS34 rotor). The cleared supernatant was mixed with 5ml of pre-equilibrated Ni-NTA
beads (Genscript, USA) in a gravity column and incubated for 30min at RT on a shaking device.
Afterward, the flow-through was collected, the column was washed with 10 column volume (CV) of
buffer A, 10 CV of 5% buffer B (buffer A with 500 mM imidazole) and then eluted with 5 CV of 75%
buffer B. The elution was left dialyzing overnight against 5 | Buffer A (pH=7.2) with a 10,000 MWCO

(Thermo Scientific, USA) dialysis membrane at RT.

The resulting dialysate was then cleared by centrifugation (10 min, 12,000 rpm) and was run on a 5ml
Hitrap SP HP (GE Healthcare, USA) prepacked column equilibrated with IEX buffer A (50mM Hepes,
pH=7.2), using an Akta (GE Healthcare, USA) system. The protein was eluted with IEX buffer B (IEX
buffer A supplemented with 1 M NaCl) over a gradient of 10CV. The elution fractions were collected
pooled, and then incubated with 20:1 mg of tobacco etch virus (TEV) protease (protein:protease ratio),
and left dialyzing overnight in 5 | TEV dialysis buffer (50 mM Tris-HCI, pH8, 150 mM NaCl, 1 mM DTT
and 0.5 mM EDTA) with a 10,000 MWCO (Thermo Scientific, USA) dialysis membrane at RT.

Subsequently, the dialysate was transferred to a 2x 2.5 | buffer A dialysis for 1 h each, and then cleared
by centrifugation (10 min, 12,000 rpm). The cleared dialysate was applied to a 5ml pre-equilibrated
Ni-NTA gravity column and incubated for 30 min at RT on a shaking device. Afterward, the cleaved
protein was collected both in the flow-through and in the buffer A wash (10 CV). TEV protease and un-
cleaved protein were eluted with 10 CV 100% buffer B. Both cleaved protein containing fractions were
pooled, concentrated with a 5,000 MWCO Amicon centrifugal filtering device (Sartorius, Germany)
and ran on a pre-equilibrated S75 SEC column (GE Healthcare, USA), (20mM NaOAc, pH=4.5, or 50

mM Tris-HCI, pH=8) as a polishing step. Protein purity was checked with an SDS-PAGE.

Bicelle preparation

A 40% w/w 250 pul stock with g=2.8 DHPC/DMPC (Avanti Polar Lipids, USA) was prepared by weighting
individual DMPC lipid and DHPC into a sample vial, adding milli-Q water, and left shaking on a vortex
overnight at 4°C. In the morning the bicelle solution was quickly spun-down and heated at 42°C before

storing at -20°C. A 10% and 40% stock of CHAPSO/DMPG stock was prepared similarly.
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Crystallization

An 8% bicelle/Colla (15-20 mg/ml) solution was prepared from a 40% bicelle stock solution
(DMPC/DHPC, g=2.8), and incubated for 30 min at 4°C. A series of screening plates were set up using
the sitting-drop vapor diffusion method with 1:2 bicelle/protein to reservoir solution, against 80 pl

reservoir, set up manually at 4°C and stored at RT.

After successful condition screening, crystal quality was improved through crystal seeding. For that,
the mother liquor was prepared by mixing 4:1 solution of protein buffer (50mM Tris pH8, 300mM
NaCl) with bicelle stock, and then mixed with 0.1M potassium thiocyanate, 30% w/v PEG monoethyl-
ether 2000 at a 1:2 ratio. Initial crystals were transferred to a sample vial with 50-100ul of mother
liquor solution, and then crushed with the help of a pipette and subsequently vortexed. The seed stock
was diluted 1:10 with mother liquor five times, every time using the previous diluted solution to a final
dilution factor of 1:100,000. For the seeding trials, to 9 pl bicelle/protein mixture 1ul of each seeding
dilution was added. In each crystallization plates well, 0.5 pl of different bicelle:protein seed dilution
and 1pul of reservoir solution were pipetted. In the second well, the same solutions were pipetted,
except for the seed dilution. The screening plate was then sealed and stored at RT. Drops with seeding
optimized crystals were cryoprotected with a drop of perfluoropolyether, and then the crystals were

fished and flash frozen in liquid N,.

Solution NMR measurement and data analysis

2D [**N,'H]-TROSY-HSQC (13) NMR spectra were recorded at 30°C on a Bruker Ascend 700
spectrometer equipped with a cryogenic triple-resonance probe. NMR data were processed with
TOPSPIN 3.2 (Bruker Biospin, USA) and analyzed with CCPNMR (26). For the sequence-specific
backbone resonance assignment of [U-99%,2H,*3C,*>N]-Colla, the following NMR experiments were
recorded: 2D [**N-'H]-TROSY-HSQC (13), 3D TROSY-HNCA, 3D TROSY-HNCACB, 3D TROSY-HNCO, 3D
TROSY-HN(CO)CA, and 3D TROSY-HN(CA)CO (14). For side-chain resonance assignment, the following
NMR experiments were recorded: 3D H(CCO)NH and 3D CC(CO)NH (15, 16).

4.1.3. Results

X-ray structure determination of Colla C-domain

Bicelles were used as a membrane mimetic in an attempt to study the membrane intermediary and
inserted states using both NMR spectroscopy and X-ray diffraction, due to the adequate bicelle size
for solution NMR, and optimal membrane-mimetic properties due to the combination of the soluble

detergent and lipid environment. At first, crystallization was attempted with the common
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DHPC/DMPC bicelles. After an initial screening, crystal diffraction patterns showed peak twinning
artifacts. A seeding trial was set up to improve the quality of the crystals. After optimization, crystals
diffracted to ~1.8 A (Figure 4-5). Processing of the acquired dataset showed a P1 space group and six
molecules per asymmetric unit (unit cell constants: 37.15, 37.17, 209.63, 94.4, 90.44, 119.93) (Figure
4-6 A).

Figure 4-5 — Crystals of Colla grown in the presence of DMPC/CHAPSO bicelles, which diffracted to a resolution
of 1.8 A. Scale bar: 200 nm.

Figure 4-6 —In A is shown the electron density of the asymmetric crystal unit cell; B shows the superimposition
of the each Colla C-domain structure models in stick representation; in C, the backbone is colored by the
crystal B-factors where blue is less dynamic and red is more dynamic.

The known structure of full-length Colla (PDB ID: 1Cll) was used as search models for molecular
replacement. The resulting model revealed an identical conformation to the known soluble structure
of Colla C-domain. Figure 4-6 B and C, show the alignment of the six individual C-domains models,
where the N-terminal helix 1 is shown to be considerably more flexible than other helices as evidenced

by the increased B-factors.

Assignment of the soluble form of Colla

Sequence-specific resonance assignment of Colla was accomplished, using a triple-labeled (2H,*°N,3C)

Colla sample and several triple-resonance experiments (Figure 4-7, Figure 4-8 and Figure 4-9). With

62



these experiments, 90.5% (172 of 190 assignable residues) assighment of the backbone, and 64% of

the proton side-chain assignments were achieved (Figure 4-9).
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Figure 4-7 — Colla 3D backbone assignment strips corresponding to residues 4-10 of the C-domain. In the upper
half in green are shown the HNCACB strips corresponding to the CB; and CB;.;. In the middle panel, in blue are
shown the HNCACB'’s Ca; and Caii.; peaks, and in light blue the HNcoCA Cai;.; peaks, with sequential interresidue
connections shown in red. In the bottom panel are shown in dark blue the HNcaCO’s CO; and CO;4, and in
purple the HNCO’s CO; ;. The sequential interresidue connections are shown with a red dashed line.

The thirteen missing backbone assignments reside in helices 8 (residues 150-156) and 9 (residues 170-
174, and 177-178), which comprise the pore-forming domain. To check for incomplete —NH
deuterium/water exchange, a 2D-HSQC was run for a sample incubated for three days at 50°C (Figure
4-12), the superposition with the reference spectrum showed no additional resonances. The complete
chemical shift list file was analyzed with the Chemical Shift Index (CSI) 3.0 (17), which utilizes backbone

chemical shift and protein sequence data to identify secondary structure (Figure 4-11 C).

63



—116
—118
8N
_120 (ppm)
—122
[ 124
AN /
1435022
\ \9\&6158 T139 / . — 105
G104 Gﬂ?%moq’ g N
\ \o YN G191 G159 G4 /
G163 8113715%' < 0’1 : 110
{14\9 ) v N18§_,;E
G50 9 o MRS EB?l 16 126 .0/140'
G4e g S181 S30 % N L 115
Estﬁ; .J E K49 149 615N
T112 D17 ; /‘ (ppm)
161 v135-—9 A48
K36 ¥ ¢ 120
A11554 '\M 48
F?TP AR 0
N75L93 L3 F134 Q\ma Va9 125
E13° 121 A124
14A16
0 L91 Kgo 130
108 s
0 ,/’/
|- 135
| | | | |
10 9 8 7 6

&8'H (ppm)

Figure 4-8 — Sequence- specific backbone resonance assignment of the soluble form of Colla C-domain, shown
on a 2D-[**N,*H]-TROSY-HSQC. The crowded region in the inset is shown in detail above.
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Figure 4-10 — Colla sequence showing backbone and sidechain assignment. For the sidechain full assignment
is shown in black, carbon only in grey.
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In addition, the difference between the CA and CB chemical shifts to the random coil values was
plotted versus the residue sequence (Figure 4-11 D). The resulting secondary structure elements were

compared with the here described as well as known crystal structures (Figure 4-11 A and B).
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Figure 4-11 — Secondary structure of Colla. A — Secondary structure from Colla PDB ID: 1Cii (residues 448-624),
calculated with DSSP; B - Secondary structure from Colla crystal structural model, calculated with DSSP; C —
Predicted secondary structure of Colla from assigned chemical shift data, calculated with CSI 3.0; D — Plot of
the differences between experimental 13Ca and 13CB chemical shifts and their corresponding “random-coil”

chemical shifts. A weighting function with weights 1-2-1 for residues (i-1) — I — (i+1) has been applied to the
raw data.
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Figure 4-12 — 2D-[**N,*H]-TROSY-HSQC of free Colla (teal) and Colla heated at 50°C (pink).
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Colla Bicelle titration

After the unsuccessful crystallization of the membrane-inserted form of Colla using DHPC/DMPC
bicelles, CHAPSO/DMPG bicelles were tested for membrane interaction. As shown in Figure 4-13, Colla
was titrated with each bicelle type, and the detergents DHPC or CHAPSO as a detergent interaction
reference to rule out detergent solubilization. In the case of DHPC, Colla was shown to strongly
interact with both the detergent and the bicelle, as a dramatical resonance disturbance was observed,
leading to the conclusion that Colla strongly interacts with the detergent, being preferentially
solubilized by the detergent. As for the CHAPSO bicelles, the chemical shift perturbation of Colla
resonances showed minimal resonance shifts for both cases, leading to the conclusion, that Colla does

not strongly interact with neither.
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Figure 4-13 — 2D-[15N,1H]-TROSY-HSQC of Colla (pink) in comparison with bicelles (DHPC/DMPC q=0.3;
CHAPSO/DMPG q=0.3) and bicelles detergent only (DHPC and CHAPSO).
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4.1.4. Discussion

As bicelles have shown to be a successful membrane mimetic for crystallization (19), crystallization
trials using bicelles as membrane mimetic were set up. The Colla C-domain crystallization trials
resulted in the recrystallization of the soluble structure of Colla, and as such, complete structure

refinement was not further pursued.

The promising preliminary crystallization results prompted the procurement of the full backbone and
sidechain assignment for the soluble form of Colla, towards the solution study of bicelle interaction,
through titration studies with different bicelle derivatives in search for the membrane-bound
intermediate. Residue specific assignment of 90% of backbone residues was achieved for the Colla C-
domain, where the missing assignments were found to lie on the purported pore-forming hairpin
helices 8 and 9. Limited H/D-exchange was experimentally ruled out as the cause for peak absence.
Therefore, it could be concluded that the missing residues are in an intermediate exchange regime,
which leads to peak broadening and consequent peak vanishing. This result indicates the existence of
different conformations of the pore-forming hairpin in the soluble form. The secondary structure
obtained from the NMR chemical shift assignments was found to match closely with the known crystal

structure.

Using solution NMR spectroscopy titration studies, the initial success with the DHPC/DMPC bicelles
was experimentally attributed to detergent solubilization. The alternative CHAPSO detergent was
shown to only mildly interact with Colla, and could in principle constitute a starting point for further
extensive titration studies using different lipid, and pH combinations. Crystallization trials could be
repeated in parallel with solution NMR, to search for a suitable combination of detergent/lipid
composition. The lipid screen for a suitable membrane-mimetic could be investigated with other

methods such as lipidic cubic phase and specifically AFM, which avoid detergents altogether.
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4.2. The proapoptotic Bcl-2 protein Bax

4.2.1. Introduction

Bcl-2 homology family and its role in apoptosis

Apoptosis is a crucial step in the regulation of cellular fate. It is involved in different stages of the life
cycle of an organism, such as development, tissue homeostasis, and senescence (20-22). Apoptosis is
also involved in the progress of several diseases, like cancer and several autoimmune diseases (23,
24). Due to its ubiquity and importance, apoptosis is tightly regulated at different levels. One
important family of proteins involved in apoptosis is the Bcl-2 (B-cell ymphoma 2) homology family.
More than 20 members have been described so far, leading to a substantial complex family (20-22,
25, 26). The different members include four highly structurally conserved Bcl-2 homology (BH)
domains, outlining both the structural and functional homology between the different members as
depicted in Figure 4-14. The BH family can be divided into two main groups: antiapoptotic proteins,
which inhibit apoptosis, such as Bcl-2 and B-cell lymphoma-extra large (Bcl-XL); and proapoptotic
proteins, which promote it. The proapoptotic BH proteins are further subdivided in death effectors
(pore-formers) such as the Bcl-2 homologous antagonist/killer (Bak) and the Bcl-2-associated X protein
(Bax); and the BH3-only activators such as the BH3 interacting domain death agonist (Bid). Different
group members are regulated by homo- and heterodimerization, which leads to the activation or
inhibition of its partner (21, 27, 28). A delicate balance between the expression levels and cytoplasm

availability for each group decides between homeostasis or cell death (21).

Bcl-2 homology family relation to protein toxins

The endosymbiotic theory explains the evolution of eukaryotic cells from prokaryote symbiosis. A
prime example is the mitochondrium, which is derived from prokaryotic cells capable of oxidative
phosphorylation. This is further emphasized by the fact that mitochondrial DNA is closely related to
prokaryotic genomes (29). As discussed before, the Bcl-2 homology (BH) family shares a high structural
homology between both the putative pore-forming domain of the colicin protein family and the
translocation domain of diphtheria toxin (30, 31). The antiapoptotic members of the BH family form
inhibiting complexes with the proapoptotic member, which closely resembles the inactivation
mechanism of colicins C-Domain through complex formation with their co-expressing immunity
conferring proteins. This has lead to the speculation that the BH family, and therefore apoptosis, has
its roots in the prokaryote ancestor of mitochondria (32, 33). Although not technically toxins, the

structure and function of this family suggest a close link with the a-PFTs.
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Bax as a member of the Bcl2 homology family

Bax is a proapoptotic member of the Bcl-2 homology family (Figure 4-14), and it has been shown to
trigger cytochrome c release from mitochondria, through pore formation, a crucial step within
apoptosis (34). The transition from the monomeric inactive form to the active cytotoxic membrane-
inserted form and its precise mechanisms has been named the “holy grail”’ of apoptosis research (26).
However, the description of this crucial step has so far been elusive, due to the lack of atomic

resolution information on the intermediate steps.
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Figure 4-14 — Scheme comparing the secondary structure and domains of some of the different BH family
members where structural data is available. Data was obtained both from PDB and Uniprot.

Bax soluble conformation

Bax is a 21 kDa a-helical protein bundle consisting of 9 helices (Figure 1-2 B and Figure 4-15). Occluded
from the exterior sits a hydrophobic hairpin formed by helices 5 and 6 in the center of the protein,
surrounded by several amphipathic helices (Figure 1-2 B). The C-terminal helix 9 sits on a hydrophobic

cleft-pocket formed by helices 2, and 3, termed BH3 domain.
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Figure 4-15 — Bax protein feature view of PDB entries mapped to UniProtKB Q07812 sequence.

Physicochemistry of Bax

Many bacterial toxins undergo a pH-dependent conformational change from the soluble to their

membrane-inserted form, whereas the translocation domain of diphtheria toxin and the colicin family
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of pore-forming toxins are the best-understood examples (35-37). Similar findings were observed for
several members of the BH family such as Bcl-XL (38), Bcl-2 and Bax (39-41). These observations
indicate a pH-dependent activation mechanism, leading to the exposure of the membrane-targeting
domain of Bax and subsequent membrane insertion. Nevertheless, recent experimental work by cell-
free assays (42), EPR (43) and in vitro fluorescence kinetics (44) using liposomes has demonstrated the

pH-dependent membrane association and pore formation in a broader pH range.

The exposure of Bax at 43°C to isolated mitochondria leads to the release of cytochrome ¢, while
exposure to either antiapoptotic Bcl-XL or cytosolic extract abrogates this effect (45). In addition to its
pH stability, Bax shows remarkable heat stability (46, 47). These observations suggest an alternative
activating mechanism for Bax, decoupled from exogenous activators, based on an intermonomeric
interaction triggered by heat. Heat-shock proteins are known to stabilize sensible proteins to avoid
cellular stress. Conversely, Bax could have an opposing role, leading under extreme conditions to its
activation and subsequent cell death. Other indications to the activity of Bax are found in its resistance

to chaotrops (46).

The high stability of Bax under extreme conditions suggest the possibility that direct physical or
chemical agents in vivo can regulate Bax activation. Both temperature and pH-induced conformational
changes, and its relation to membrane insertion might be either ancient evolutionary rendered
redundant forms of activation/regulation or actual alternative apoptosis regulation pathways, related

to cell stress, that further fine tune the precise regulation of apoptosis.

Conformational changes of Bax

The structural similar BH family members (Figure 4-14) can be subdivided into groups according to
their activity. These two groups have opposing roles in apoptosis, either pro or anti. The fact that some
members have at least two distinct structural forms (the known cytosolic soluble form and the still
elusive membrane-inserted form) and probably other intermediate conformations leads to a highly

structurally and functionally complex family.

Bax was initially discovered through co-immune-precipitation experiments with Bcl-2, a known
antiapoptotic protein at the time (21). The overexpression of Bax was found to counteract the death
repressor activity of Bcl-2, leading directly to cell death. Homodimerization and heterodimerization
between Bcl-2 members were found to regulate available free monomer, in order to facilitate or

hinder membrane interaction (41).

The most significant advancement in the field since the description of the soluble structures of

different BH family members (20-22) was the description of the mechanisms that govern Bax

71



activation and consequent conformation changes mainly by Gavathiotis and coworkers (48, 49).
Comparing monomeric and ligand-activated Bax or a detergent mimic thereof, using circular
dichroism, thermofluorescence, and protease digestion (46) as well as NMR spectroscopy to analyze
ligand based conformational changes (49, 48) a series of events was made clear. First, and in excellent
agreement with previous data, where Bax N-terminal region had been shown to be displaced from its
original position to a protease available form (46) exposing an essential hallmark of Bax activation by
epitope mapping (47, 50, 51); through ligand titration chemical-shift perturbation mapping, the
initially buried helix 1, 2 loop, was found to be the displaced region (48). This displacement was
concluded to be the first event in the BH3-only direct activation of Bax. The Bcl-2 member conserved
BH3 domain (helix 2) implicated in both Bax homodimerization, and interaction with BH3-only
activator proteins was thought to be responsible for activation propagation (46, 49, 52). This
hypothesis was tested with the titration of ®N-Bax with a BH3-only peptide mimic, where chemical
shift mapping showed the binding locus to be at the helix 1, 6 interface, in line with helix 1-2 loop
displacement (49). The displacement leads to the exposure of Bax BH3 domain, and further activation
propagation to other monomers, and constitutes the second step in Bax-ligand activation. Finally, in
the third activation step, the C-terminal helix 9 is displaced from a core-protected helix within the
monomeric state to a loose helix in the activated form (46, 49, 52). This hydrophobic pocket closely
resembles the BH3 antiapoptotic pocket of Bcl-2 and Bcl-XL (44, 52). Its hydrophobic nature allows the
stabilization of several hydrophobic residues of amphiphilic helix 9, increasing Bax solubility through
the exposure of helix 9 hydrophilic side (52). These three sequential steps outline the fundamental
interaction between BH3-only activators and Bax, which lead to its activation. Over decades of
extensive research, a clear set of events has become clear: the ligand-activation of Bax sets in motion
a chain of events, which results in a conformational reorganization leading to membrane permeation

and ultimately cell death.

Pore activity evidence

One of the most significant issues studying Bax conformational changes is the difficulty in acquiring
structural information other than the inactive monomer. Different electrophysiological studies
showed Bax to cause destabilization of the membrane and to form different sized ion-conducting
channels (39, 40, 44, 53-56). The overall trend in this studies is that two types of channels are
observed: at first an initial small channel is formed producing simple current recordings, later larger
channels appear with higher currents and more complex patterns. A general observation is that low
pH enhanced pore formation (38—40). Both observations suggest that Bax might form different

oligomeric structures in the membrane.
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Two recent publications managed to image Bax in the membrane-embedded form by AFM, showing
Bax pores with diameters ranging from 10-20 to 100—-300nm (43, 57). Several studies managed to
image liposome (43, 58, 59) and nanodisc (60) pores in the presence of Bax, using cryo-EM. In one
instance, large solitary pores between 50-90nm in size were shown to increase with time and Bax
concentration (59). Fluorescence microscopy studies show the localized release of fluorescein from
liposomes upon Bax membrane insertion (44, 61). In both cases, the kinetics of fluorescence loss,

indicate a concentration-dependent 10-40nm pore.

The wide range of results from different techniques indicates a heterogeneously shaped pore.
Depending on conditions such as pH, protein concentration, and the presence of BH3-only members,
Bax seems to form pores with different sizes and properties. The precise clarification of the
conformation or conformational steps of Bax in the membrane is vital for the understanding of the

role of Bax and the Bcl-2 family in apoptosis.

Bax and the Bcl-2 family have shown to be a remarkable topic of research and discussion within the
apoptosis field. Which is in part due to its importance in human biology and therefore pharmacological
industry, but also on its intrinsical complexity. Clarifying the role of each Bcl-2 family member in Bax
oligomerization, pore formation, and the eventual cascade of effects it leads to, is crucial for the
elucidation of the complete picture. This is essential in order to understand the underlying

mechanisms of mitochondrial apoptosis and clarify this delicate and intricate puzzle.
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4.2.2. Sample preparation and initial characterization of the membrane-inserted

apoptosis Bax pore by high-resolution solid-state NMR spectroscopy

Abstract

The Bcl-2 family of proteins has a central role in the regulation of apoptosis. A mitochondrial
membrane-bound form of the Bcl-2 protein Bax leads to pore formation and apoptosis. The structural
and conformational changes Bax experiences towards its membrane-inserted form are currently not
understood at the atomic level. Here, we show that optimized cell-free expression protocols in
combination with solution and solid-state NMR experiments allow monitoring these states at atomic
resolution. Using bicelles as a size-constrained membrane mimetic provides access to a trapped,
monomeric intermediate step of membrane-associated Bax. Fully formed Bax pores in liposomes,
corresponding to the apoptosis-active membrane-inserted form of Bax, are studied by solid-state
NMR spectroscopy. In the membrane-inserted state, the C-terminal helices 7-9 contain dynamic
residues, and at least one isoleucine residue is shown to be mobile. Our approach provides an
experimental route to study the pore-state of Bax at atomic-resolution, as well as intermediate states

of the insertion mechanism.

Statement of contribution

In the experimental part, | was responsible for cloning, cell-free system set up, testing and expression
of Bax protein, solution NMR data acquisition, and NMR data analysis. As for the manuscript, | was

responsible for writing as well as preparing all the figures and tables present in the manuscript.
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Introduction

Apoptosis is an essential function for the regulation of individual cellular fate within an organism. It is
involved in several stages of life: including development, tissue homeostasis, and senescence (62-64).
Also, it is crucially involved in the progress of certain diseases, such as cancer and autoimmune
disorders (65, 66). Due to its prominence, apoptotic progress is tightly regulated at several levels, in
particular by the Bcl-2 homology (BH) family of proteins, which comprises more than twenty members
(20-22, 25, 26). The BH family consists of anti-apoptotic proteins, which inhibit apoptosis, and of pro-
apoptotic proteins, which promote its progress. BH proteins can form homo- and heterodimers in
different combinations, leading to mutual activation or inhibition (21, 27, 28). The pro-apoptotic BH
proteins are further subdivided in death effectors (pore-forming proteins), and activators (BH3-only

proteins).

Within the pro-apoptotic group, Bax plays a key role as the final executor of cell death. Within the cell,
Bax exists in equilibrium between a cytosolic soluble inactive form and a mitochondrial membrane-
inserted active form. Its insertion into the mitochondrial membrane triggers cytochrome c release,
one of the hallmarks of apoptosis (34). In its soluble form, Bax forms a compact a-helical bundle,

sharing remarkable structural similarities with bacterial pore-forming toxins (Figure 4-16) (30, 31, 34,

52).
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Figure 4-16 — A- Structure of Bax in aqueous solution. The numbered helices are shown in cylinder
representation and different colors, the surface is represented in light gray [PDB 1F16 (52)]. B- Amino-acid
sequence of full-length Bax, with drawn secondary structure elements (PDB 1F16).
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Enclosed in its core are the two hydrophobic helices 5 and 6, the putative pore-forming hairpin (67).
Additionally, the C-terminal transmembrane helix 9 is trapped in the hydrophobic BH3 groove formed
by helices 2, 3, 4 and 5. Its release and exposure constitute the priming event for oligomerization and
membrane interaction. Despite the elucidation of the mechanisms that lead to the exposure of helix
9 (48, 49, 68), structural details of the subsequent events that lead to Bax pore-formation in the
mitochondrial outer membrane (MOM) are yet unclear. A structural model based on EPR constraints
has provided substantial information on the helix topology (69), but atomic-resolution information,
which would be necessary for a full description of the insertion mechanism, is still lacking. Importantly,
the membrane-inserted, active Bax pore does not possess a single, well-defined oligomeric structure,
but a variable stoichiometry, making its crystallization particularly challenging. Solid-state NMR
spectroscopy does not require the formation of repetitive crystal lattices and thus has the potential
to provide an atomic resolution structure of the membrane-inserted form of Bax. In addition, solution

NMR spectroscopy can provide structural information of trapped intermediate states.

The use of NMR spectroscopy requires protein samples that are labeled with stable isotopes. Bax
expression vyields in E.coli cell culture are low, due to membrane self-insertion and consequent
cytotoxicity, and as a result, multiple liters of cell culture are required for a single isotope-labeled
protein sample, making extensive studies overly expensive (52). In contrast, cell-free systems often
circumvent the toxicity problem due to lack of a functional metabolism and cell-delimiting
membranes. Cell-free expression systems have been successfully used to express challenging protein
targets such as toxic and transmembrane proteins in milligram amounts for structural biology (70, 71).
Also, their inherent flexibility and open nature allow manipulation of the reaction conditions and co-
factor supplementation, such as to enhance and stabilize protein targets for high throughput

production.

In this work, we describe an optimized cell-free protein expression protocol for the production of an
isotopically labeled sample of Bax in milligram quantities, suitable and sufficient for solution and solid-
state NMR experiments. Solution NMR spectra of Bax attached to bicelles, and solid-state NMR
spectra of Bax proteoliposomes were recorded. The data provide concrete insights into the
conformational changes Bax experiences upon membrane binding and insertion in the presence of
different membrane mimetics. Our approach opens a new experimental route to study the insertion

and pore formation mechanism of Bax at the atomic level.

80



Materials and Methods

Cell-free extract preparation

E.coliS30 cell extract preparation was prepared following published protocols (72). In short, harvested
A19 cells were washed three times with S30 buffer A (10 mM Tris-acetate pH 8.2, 14 mM Mg(OAc),,
0.6 mM KCI, 6 mM B-ME). After resuspension in S30-buffer B (10 mM Tris-acetate pH 8.2, 14 mM
Mg(OAc),, 0.6 MM KCI, 1 mM DTT, 0.1mM PMSF), cells were lysed using a French press and centrifuged
twice at 30°000xg, 4°C. To remove endogenous mRNA, the extract was incubated for 45 min at 42°C
and then dialyzed at 4°C overnight against S30-buffer C (10 mM Tris-acetate pH 8.2, 14 mM Mg(OAc),,
0.6 mM KCI, 0.5 mM DTT) with a 12—-14 kDa MWCO. To remove the remaining cellular debris, the cell
extract was centrifuged at 30'000xg at 4°C, aliquoted, flash frozen in liquid nitrogen and stored at —

80°C.

Protein expression and purification

A pET15b-based expression plasmid containing full-length Bax (FL-Bax) with N-terminal Hise-tag and
thrombin cleavage site was obtained from Gerhard Wagner (Harvard Medical School). The N-terminal
Hise-GB1-tag containing construct was obtained by inserting the Bax sequence into pCFX3 (73) using
the Xhol and the Notl restriction sites. The RF cloning protocol (74) was used to replace the N-terminal
GB1 tag with the His1o-SUMO tag into pCFX3, using the 5’- and 3’-oligonucleotide primers 5’- ATA CCA
TGT CTG GTT CTC ATC ATC ATC ATC ATC ATC ATC ATC ATC ATG GAG GTT CTG ACT CCG AAG -3’ and 5'-
GCT GCT CCC CGG ACC CGT CCA TGC CAC CAATCT GTT CGA GG -3'.

For analytical scale, 55ul reactions were prepared in home-built mini-continuous exchange cell-free
(CECF) reactors used to optimize expressing conditions. For preparative-scale protein production, a
home-built maxi-CECF reactor (72) was used with a 0.5-3.0 ml Slide-A-Lyzer dialysis cassette with a 10
kDa MWCO (Pierce, Rockford, IL, USA) and a feeding/reaction mixture volume ratio of 14.5. Final
concentrations of critical components such as PEG8000 (2%), Mg?* (16 mM) and T7-RNA polymerase
(9.5 mg/ml of reaction mixture) were carefully optimized for maximal protein expression. Both [U-
5N], and [U-'3C,**N] amino acid labeling was achieved with a cell-free twenty amino acid mix
(Cambridge Isotope Labs) at a final concentration of 0.8 mM in the reaction mixture, and 0.4 mM in
the feeding chamber. Protein expression was left overnight in a thermoshaker at 120 rpm, 30°Cin a

VWR Incubating Mini Shaker.

The reaction mixture was centrifuged (10 min at 10’000 rpm, Eppendorf Centrifuge 5810 R) and the
supernatant was diluted 1:2 with buffer A (25 mM HEPES, 500 mM NaCl, 20 mM imidazole, 1 mM
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TCEP, pH 7.5) and then incubated with Ni-NTA beads (Thermo Fisher Scientific), pre-equilibrated with
buffer A, under gentle agitation for 30 min. Afterward, the flow-through was collected, the beads were
washed with 10% buffer B (25 mM HEPES, 500 mM NaCl, 500 mM imidazole, 1 mM TCEP, pH 7.5) and
then eluted with buffer B. The elution was buffer exchanged with a PD-10 column (GE Healthcare,
Piscataway, NJ). The buffer-exchanged eluate was incubated with Hise-ULP1 SUMO protease at a
molar ratio of 50:1 for 30 min, and then with Ni-NTA beads, under gentle agitation for another 30 min.
Afterward, the flow-through was collected, the beads were washed with 10% buffer B and then buffer
B. The protein was concentrated and buffer exchanged by ultrafiltration (Vivaspin 10-kDa-cutoff
concentrator, Vivascience) with NMR buffer (25 mM HEPES, 50 mM NaCl, pH 7.0). The purity of the

protein was assessed by SDS-PAGE.

Bicelle preparation and titration
DMPG/CHAPSO bicelles with a molar lipid/detergent ratio of g=0.3 were prepared at 10 or 40% (w/w)
stock concentration in water. The detergent was solubilized in water with slow agitation for 30min.

The detergent solution was then added to the lipid

and incubated for solubilization for 1h. The 40% stock was agitated overnight at 4°C. For the bicelle
titration, these were added to FL-Bax in defined steps (0.3, 0.5 and 1% (w/v)), resulting in final molar

ratios of 1:0.52, 1:0.86 and 1:1.72, respectively.

Liposome preparation

E. coli polar lipid (ECPL) extract in chloroform solution (Avanti Polar Lipids) was evaporated under a
stream of nitrogen gas with gentle agitation to form a lipid film and left overnight exposed to vacuum
in a desiccator to completely dry. The resulting film was re-suspended in buffer (50 mM Tris-HCI, 100
mM NaCl, pH 7.5) under agitation, to a final concentration of 12.5 mg/ml. The lipids were subjected
to five freeze-thaw cycles and vortexed in-between. Liposomes were prepared by no less than 10

passes in a home-built pressure extruder using 100nm polycarbonate filters (Whatman).

Ni-NTA-Gold negative staining TEM

Bax protein was incubated with liposomes at a 1:6 w/w ratio of protein:lipid (1:160 molar ratio), for 2
h at 30°C with agitation. After proteoliposome assembly, 3 pl of the solution was adsorbed to 200-
mesh carbon-coated copper grids rendered hydrophilic by glow-discharging in air for 20s. After
blotting the excess solution, the grids were stained with a 1:5 dilution of Ni-NTA-Nanogold, rinsed in
double-distilled water and stained with 2% uranyl acetate. Pictures were taken on a Philips CM10

equipped with a LaBg filament and operated at an accelerating voltage of 80 kV.
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EM and image processing

For cryo-EM, crystal solution on glow-discharged carbon-coated holey carbon grids (Quantifoil R2/2,
Quantifoil Micro Tools, Jena, Germany) was blotted and rapidly plunge frozen in liquid-nitrogen-
cooled liquid ethane, using a Markll Vitrobot (FEI, Eindhoven, Netherlands). The frozen grids were
transferred to a Gatan-626 cryo-holder and analyzed in a Philips CM200 transmission electron
microscope, equipped with a field-emission gun and operated at 200 kV. Pictures were taken at a
nominal magnification of 50,000x using low-dose imaging techniques with an electron dose of
approximately 5 e-/A2 and defocus values ranging from 0.5 to 0.9 um. Images were recorded on
Kodak SO-163 film, which was developed for 7 min in full-strength Kodak D19 developer solution.
Image quality was assessed by optical diffraction on a home-built laser diffractometer. The best
images were digitized using a Heidelberg Primescan D 7100 scanner with a step size of 1 A/pixel at the
specimen level. Digital images were processed using the 2dx software suite (75,76), which is based on
the MRC programs (77). Images were corrected for crystal disorders by three rounds of unbending.
This was followed by astigmatism and contrast transfer function correction. Symmetry was

determined using the allspace program (78) within 2dx.

Proteoliposome preparation and pulldown

Liposomes were incubated with purified protein at different protein to lipid ratios for 1h at 30°C, and
ultra-centrifuged at 150°000xg for 1 h in PC tubes (TLA 120.1 rotor, in an OPTIMA Max-XP centrifuge,
Beckman Coulter, Fullerton, CA). The supernatant was then pipetted out, and the pellet was re-

suspended in liposome buffer. Both supernatant and pellet were analyzed by SDS-PAGE.

Solution NMR spectroscopy
2D [**N,'H]-TROSY-HSQC (13) NMR spectra were recorded at 25°C on a Bruker Ascend 700

spectrometer equipped with a cryogenic triple-resonance probe.

Solid-state NMR sample preparation

Proteoliposomes were prepared by mixing ECPL liposomes with 1:3 w/w ratio of protein:lipid (1:80
molar ratio) and agitated at 30°C overnight. The proteoliposomes were ultracentrifuged overnight at
150,000xg directly into a 1.9mm rotor (Bruker), using a home-built tool (79) in a Beckman L90-K with
a swinging-bucket rotor (SW40 Ti, Beckman Coulter, Fullerton, CA). Solid-state NMR spectra were
recorded on a Bruker Avance Ill spectrometer at a 20 T static field at 20°C. Several 2D correlation
experiments were recorded; 2D [*H-'3C]-INEPT, 2D [*H-'*N]-HSQC, and 2D [**C-13C]-TOBSY (32-37,
Table 4-1). All spectra were recorded at 35 kHz MAS, except for the 20 ms 2D DARR spectrum which
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was recorded with 18 kHz MAS frequency. NMR data were processed with Topspin (Bruker) and

analyzed with CcpNmr (86).

Table 4-1 — Experimental parameters for the solid-state NMR spectra.

Experiment HSQC INEPT INEPT-TOBSY
MAS frequency [kHz] 35 35 25
Transfer 1 HN ref-INEPT HC ref-INEPT HC ref-INEPT
Field [kHz]-*H 100 100 100
Field [kHz]-3C - 62.5 62.5
Field [kHz]-*>N 50 - -
Carrier [ppm] - - -
Time [ms] 10.4 5.0 5.0
Transfer 2 NH ref-INEPT - TOBSY €93
Field [kHz]-*H 100 - -
Field [kHz]-13C 50 - 75
Carrier [ppm] - - 57
Time [ms] 10.4 - 8.0
t! Increments 2048 512 2048
Sweep width (t1) [kHz] 12 20 67
Max acq. time (t1) [ms] 85.0 12.8 15.4
t2 Increments 4096 3072 3072
Sweep width (t;) [kHz] 20 85 85
Max acq. time (t2) [ms] 102.4 18.0 18.0
'H Decoupling [kHz] 3.0 90 1.1
Interscan delay [s] 1.33 2.2 2.2
Number of scans 64 64 32
Measurement time [h] 48 20 40

Results

Optimization of Bax expression by cell-free synthesis

Cell-free expression systems lack a cellular membrane, making them a method of choice for pore-

forming toxin expression. For solid-state NMR spectroscopy, protein amounts in the mg range are

required, and we have thus optimized a continuous-exchange cell-free system to produce isotope-

labelled Bax samples. In a first step, to optimize expression and solubility conditions, three different

Bax constructs were designed: Bax with N-terminal Hise-tag in a pET15b vector (pET15b-Bax), Bax with

N-terminal Hiss-GB1 solubility tag in a pCFX3 vector (73) (pCFX3-GB1Bax) and Bax with N-terminal

His10-SUMO tag in a pCFX3 vector (pCFX3-SUMOBax). For each of the constructs, the macromolecular

crowding concentration was optimized for maximum yield (Fig. 4-17).
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Figure 4-17 — Expression optimization of Bax. A- Comparison of solubility and expression optimization of
pET15b-Bax with 1.5% spermidin and increasing percentages of PEG (0-2%) showing both the insoluble (P) and
soluble (S) fractions in duplicate; B- Comparison of pCFX3-GB1Bax solubility, while expressed in the presence

of different crowding agents (2% PEG and 1.5% Spermidin) of both insoluble and soluble fractions.
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Comparison between the different percentages of the two crowding agents Spermidin and PEG8000,
led to the conclusion that 1.5—-2% PEG8000 gave consistently the highest protein yields. Expression of
full-length Bax without solubility tag (pET15b-Bax) resulted in mostly insoluble protein (Figure 4-18 A).
When fused to the GB1 solubility tag (pCFX3-GB1Bax), total expression of Bax increased, but around
half of the total protein remained insoluble (Figure 4-18 A). The SUMO tag fusion further increased
the fraction of soluble Bax (Figure 4-18 A). Expression temperature was varied from 25—-30 °C, which
showed no noticeable yield improvement (data not shown). After expression optimization, the
expression yields of Bax was ~1mg per ml of cell-free reaction volume. During protein purification and
concentration, some loss of protein was observed after SUMO tag cleavage (Figure 4-18 B). Overall, a
total yield of purified protein of ~0.33mg per ml of reaction volume was obtained. Importantly, these

yields are sufficiently high to allow routine expression of isotope-labeled Bax samples.
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Figure 4-18 — Bax expression and purification. A - Solubility of different Bax constructs (pET15b-Bax; pCFX3-
GB1Bax; pCFX3-SUMOBax) comparing fractions in the supernatant (S) and precipitate (P). B- Ni-NTA and
reverse Ni-NTA of 10-His-SUMO-Bax; Arrows indicate Bax in the first Ni elution 1 (E1), buffer exchange (Bex1)
and reverse Ni (RNI) flow through (R.FT).
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Cell-free produced Bax is functional

To assess the functionality of our cell-free expressed Bax preparations, liposomes before and after

incubation with Bax were imaged using negative-stain transmission electron microscopy. Empty

liposomes appeared flattened upon blotting, but overall their shape seemed intact (Figure 4-19 A).

Figure 4-19 — EM images of Bax proteoliposome preparations and empty liposome controls. A- Negative
staining EM of empty ECPL liposomes; B- Negative staining EM of empty ECPL liposomes with Ni-NTA-Au
staining (negative control); C- Bax in 0.025% DDM Ni-NTA-Au staining (positive control); D- Bax
proteoliposome preparation with Ni-NTA-Au staining; E- Cryo-EM image of empty liposomes; F- Cryo-EM
image of Bax proteoliposomes. Scale bars: 100 nm.

Bax was localized using Ni-NTA-gold nanoparticles that bind the N-terminal Hise-tag of FL-Bax. The
negative control showed no nanoparticle background signal (Figure 4-19 B). Staining of Bax
proteoliposomes showed co-localization of multiple Bax molecules at the membrane interface (Figure
4-19 D). When imaged by cryo-EM, empty liposomes showed well-defined unilamellar shape (Figure
4-19 E). In remarkable contrast, Bax proteoliposomes featured mostly broken liposomes and in some
instances a Bax pore-like structure spurring a clear rupture of the membrane curvature (Figure 4-19

F). Overall, these data show that our cell-free produced Bax is functional, as it inserts into liposomes

forming large pores, in agreement with published data from other preparations (43, 59).
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Characterization of a Bax membrane-bound intermediate state by solution NMR

spectroscopy

Bicelles were chosen as membrane mimetic to characterize the early stage of Bax association into lipid
bilayers. Due to their limited size, bicelle-bound Bax cannot form large oligomers, and this state may
thus correspond to an initial stage of membrane insertion. DMPG/CHAPSO bicelles with g=0.3, which
have a diameter of ~8nm (42) were titrated to Bax and the conformational change monitored by 2D

[*°N,*H]-TROSY NMR experiments (Figure 4-20).
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Figure 4-20 — Comparison of free Bax spectra with Bax in bicelles and liposomes calibrated with DSS. A- 2D
[*°N,*H]-TROSY-HSQC of free Bax in 25mM HEPES pH7, 50mM NaCl. B- 2D [**N,H]-TROSY-HSQC of 50uM [U-
15N]-labeled Bax in CHAPSO/DMPG (q=0.3) bicelles at a 1:1.72 molar ratio showing the transferable assigned
resonances of Bax in the membrane-mimetic; C- solid-state NMR 2D [**N,*H]-HSQC of [U-'3C,**N]-labeled Bax
in liposomes (Table 2).

Upon bicelle titration most of the resonances broadened beyond detection, remaining around 30
peaks above the noise level (Figure 4-20 B). This reduction of most signals shows that Bax, which was
fully protonated in the present samples, associates strongly to the bicelles, leading to slow molecular
tumbling and thus reduced signal intensities. A comparison with the known assignment showed that
among the remaining signals, the N-terminal segment of residues 1-12 remains observable in the
bicelle-attached form. Thus, this segment remains locally flexible relative to the membrane-attached
form. It is also further evidenced that Bax can associate to lipid bilayers in the absence of BH3-

activators, which is in agreement with earlier observations that showed Bax activation solely upon

incubation at high temperature (43).
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Preparation of samples for solid-state NMR spectroscopy

The sensitivity in solid-state NMR experiments is proportional to the total amount of labeled protein
in the active volume of the rotor. For a given rotor, the amount of total protein should thus be
maximized. Hence, the protein/lipid ratio of the proteoliposomes needs to be optimized. To obtain
the maximum protein rotor packing, an ultracentrifugation liposome pull-down with decreasing mass
ratios of protein:lipid (from 1:1 to 1:3) was tested. At a 1:3 mass ratio, close to all of the protein

associated with the liposomes (Figure 4-21).
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Figure 4-21 — Bax liposome ultracentrifuge pulldown experiment to test the maximum protein to lipid mass
ratio; Liposome bound Bax (P), and soluble Bax (S) are shown for different ratios and both free Bax and
liposome controls. Optimal w/w ratio is shown to be 1:3, where maximum protein appears in the P form.

Soluble Bax control shows no protein in the insoluble fraction. Note that Bax liposome insertion is Bax

specific, as none of the impurities present in the soluble fraction are found on the pellet.

Proteoliposomes with a 1:3 ratio were thus used for the solid-state experiments.

Characterization of the Bax membrane-inserted state by solid-state NMR

spectroscopy

Uniformly [U-13C,*>N]-labeled Bax in proteoliposomes was characterized by solid-state experiments
that selectively either allow magnetization transfer in locally flexible (INEPT) or in rigid parts (CP) of
the protein assembly. Both the 1D 3C solid-state NMR INEPT-based and CP-based spectra of Bax
proteoliposomes show sharp signals with narrow line widths (Figure 4-22). Since both spectra contain
signals, membrane-inserted Bax features both rigid and flexibly disordered regions with very different
relative amino acid composition. The solid-state NMR 2D [**N,'H]-HSQC (Figure 4-20 C) is an INEPT-
based experiment, showing the highly flexible residues of liposome-inserted Bax. Around 20-30
resonances are observed, among these several peaks correspond to the N-terminal resonances shown
before to remain mobile upon membrane interaction. Overall the spectrum shows a highly similar

resonance fingerprint in comparison with the bicelle-bound 2D-TROSY-HSQC (Figure 4-20 B). The
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flexible parts are thus similar, suggesting that common structural motives exist in the bicelle- and

liposome-bound states and that their comparison might be functionally relevant.

8(C) [ppm]
Figure 4-22 —1D 3C ssNMR spectra of Bax in liposomes. Blue is an INEPT-based (1024 scans), red a CP-based
spectrum (128 scans), showing the flexible and rigid parts of the protein, respectively. The spectra are scaled
to the noise intensity.

Looking at the flexible residues with the help of the 2D [*3C,*3C]-INEPT-TOBSY and 2D [*H,*3*C]-INEPT

(Figure 4-23 and Figure 4-24), a set of carbon resonance spin systems and cross-peaks are visible.
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Figure 4-23 — 2D [*H,3C]-INEPT spectrum of [U-13C,*°N]-labeled Bax in ECPL liposomes at 283 K with a 35 kHz
spinning frequency in a 1.9mm rotor (Table 2). Spin-system typing of carbon resonances from mobile residues
is indicated.
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Figure 4-24 — 2D [*3C,*3C]-INEPT-TOBSY spectrum of [U-'3C,*N]-labeled Bax in ECPL liposomes at 283 K with a
35 kHz spinning frequency in a 1.9mm rotor (Table 2). Spin systems of cross-peak resonances from mobile
residues are indicated.

The identified spin systems are summarized in Table 4-2. An isoleucine residue could be identified on

both spectra. As all isoleucines are rigid in the free form, it follows that besides the N-terminal there

is at least one other flexible region in the membrane-inserted form.

Table 4-2 — Number of spin systems types identified from the 2D [*3C,'3C]-INEPT-TOBSY spectrum (with
individually identified cross-peaks in parenthesis) and 2D [*H,*3*C]-INEPT (with individually identified carbon
resonances in parenthesis).

Residues 2D [*3C,*3C]-INEPT-TOBSY 2D [*H,C]-INEPT Free Bax  Bax total
flexible

Alanine 4 (4 Ca; 1CP) 2 14
Arginine 1 (CyCB; CyCd) 2(2Cs;2Cy) 2 11
Aspartate 1 (CBCa) 6 13
Glutamine 2 (CyCp) 2(2Cy) 2 9
Glutamate 1 (CyCp) 2(2Cy) 3 10
Glycine n.a. 6(6Ca) 13 21
Isoleucine 1 (Co1Cy1; Cy2CP; Cy2Cal) 1(1CB;1Cs;1Cy) 0 9
Leucine 1 (C52Cd1; Cd2Cy; CO1Cy; CPCa) 2 (2 CP; 1 Co; 1 Cy) 4 22
Lysine 1 (CyCd; CyCe; COCe) 4(3CB;4C3;1Cy) 3 9
Methionine 2(2CB;2Cy) 4 8
Proline 1 (CBCa) 6 8
Serine 1 (CBCa) 3(2Ca;3CP) 5 11
Threonine 5(5Ca; 5CB; 1 Cy2) 4 13
Valine 1(CyCP) 3(1Ca;3Cy) 3 11
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Discussion

In the present work, we have employed cell-free protein expression to improve the total production
yield of isotope-labeled samples of the protein Bax. This approach circumvents the toxicity and low
expression yields in standard E.coli expression systems (52, 88). Furthermore, the tendency of Bax to
aggregate and oligomerize was partially resolved through the fusion with different solubility tags. Bax
cell-free expression was optimized to ~0.33mg/ml, forming the basis for cost-efficient production of
labeled samples (90). The use of solubilizing detergents during Bax purification is described at length
among the literature (50, 51, 90, 91). Different detergents have also been shown to activate Bax (50,
92), distinctly than the BH3-only activators (92). After an initial detergent trial, in order to avoid

interpretation mistakes, the use of detergents to stabilize Bax was precluded.

Bax 2D [**N,*H]-TROSY-HSQC resonance dispersion demonstrates the expression of a well-folded
protein (Figure 4-20 A), which superimposes quite well with the known sequence-specific resonance
assignment (52). The membrane-bound form of Bax (Figure 4-20 B) shows that the N-terminal flexible
region is not in contact with the bicelle, tumbling at a different regime. It seems the slower tumbling
regime due to bicelle immobilization leads to peak broadening concealing non-flexible resonances,
this transition from rigid to flexible evidence a C-terminal structural rearrangement upon membrane
binding. Additional resonances with lower intensity are also seen. These point to flexible residuesin a
distinct conformation from the free form. The small diameter of q=0.3 bicelles (~8 nm) (87) could
comfortably accommodate a 20 kDa (3-4 nm diameter) globular particle (93), possibly a dimer, but
would effectively halt oligomerization. It seems reasonable to conclude that a pore intermediate is
bound to the membrane, with several flexible residues including the N-terminal. The bicelle acts as a
cage by physically trapping this membrane-bound intermediate limiting further oligomerization. This
observation is supported by the accepted mechanism of Bax activation, where a single
monomer/dimer is found in the mitochondria outer membrane in equilibrium with the free form. This
intermediate is purportedly rescued from pore-formation by Bcl-Xl and other antiapoptotic members

or led further down the oligomerization path by t-Bid and other BH3-only activators (28, 94).

High-temperature incubation has been shown before to activate Bax in a similar way to BH3-only
members, allowing membrane insertion (43). EM imaging of proteoliposomes confirms Bax to both
co-localize and rupture the liposomal membrane after high-temperature incubation (SFig.2). The
liposome pull-down shows that after protein/lipid mass ratio optimization, essentially all Bax is

inserted into the liposomes. The presence of limited sets of resonances in both flexible and mobile
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residues in the solid-state NMR spectra (Fig. 4) and the absence of apparent peak doubling suggests a

high degree of conformational homogeneity by the individual Bax molecules in our preparation.

Comparing the liposome-inserted Bax 2D [*H,**N]-HSQC with the bicelle bound (Figure 4-20 B and C),
the N-terminal region is found to be mobile in both cases. The flexible residues evidenced in both the
2D [*3C,*3C]-INEPT-TOBSY and 2D [*H,*3C]-INEPT show that at least 33 residues out of the 192 amino
acids remain flexible (Table 4-2). Interestingly, one isoleucine is found to be flexible in the membrane-
inserted state, as opposed to none within the free form. It seems liposome-inserted Bax is a step
further in the oligomerization path, where most residues are buried in the membrane, and the flexible
residues experience an entirely different chemical environment, which explains the different chemical
shifts for flexible regions, between the liposome inserted and the free form. The presence of a flexible

isoleucine unequivocally evidences an overall structure rearrangement upon membrane interaction.

Overall, by combining cell-free expression with solid-state NMR spectroscopy, this work has enabled
the first high-resolution spectra of membrane-inserted Bax. Whereas additional work will be required
to provide structural information via sequence-specific resonance assignments, our approach opens
a new experimental route to study the insertion and pore formation mechanism of Bax at the atomic

level.
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5. Structural and functional characterization of FIC-domain post-

translational modification protein toxins

5.1. FIC-domain protein family

FIC-domain proteins are conserved in all domains of life, including viruses (1, 2), from bacteria to
higher eukaryotes (3). They were first identified in an E.coli filamentation growth-arrest phenotype
caused by cyclic-AMP, where the first identified FIC protein, the gain-of-function FIC-1, was found to
be the responsible agent (4). Recently, FIC proteins were identified as PTM proteins (5, 6), and since
several different target proteins have been identified, such as GTPases, unstructured protein
segments, and bacterial enzymes (7-9), which implicates FIC proteins in distinct roles of cell function,
such as pathogenicity (6, 8, 10), regulation of translation and stress response (11), as well as eukaryotic

signal transduction (12).

FIC-domain proteins, which contain the FIC motif HPFx(D/E)GN(G/K)RxxR catalyze the transfer of a
phosphoryl-containing group, through cleavage of a substrate phosphodiester bond, onto a target
protein (13). The transfer of an AMP moiety, from an ATP substrate, is termed adenylylation, or
AMPylation, and the respective catalytic enzymes, adenylyl (or AMP) transferases. FIC proteins with a
degenerate FIC motif were found to display distinct catalytic activities, such as phosphocholine
transferase (8) and kinase (11). In these, the catalytic site binds a nucleotide substrate in an inverse
conformation compared to the canonical FIC motif, leading to the transfer of a different moiety. This
is exemplified by the Death on curing (Doc) protein toxin, which catalyzes the transfer of a phosphate
group from ATP onto the target protein (11), and the Ankyrin repeat-containing protein X (AnkX),
which catalyzes the transfer of a phosphocholine from CDP-choline (8). Apart from the FIC-domain
proteins PTM modification of target proteins, FIC proteins have also been shown to be able to catalyze

automodification reactions such as auto-AMPylation (13-15).

The conserved FIC-domain is structurally defined by an a-helical core enclosing the catalytic motif
(Figure 5-1). Further, a flexible loop found in most FIC proteins so far, termed flap, located in close
proximity to the active site, aid target docking through the formation of an intermolecular antiparallel
B-sheet-like element (15, 16). The invariant catalytic histidine deprotonates an incoming target side-
chain hydroxyl group, which subsequently enables the nucleophilic attack on the ligand

phosphodiester bond (7, 17, 18).
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Figure 5-1 — Structures of FIC-domain members from distinct classes in cartoon representation, with the aiq,
highlighted in yellow, the flap domain in red, the catalytic motif in purple, and their respective PDB IDs. In A
is shown the Class | VbhT toxin in complex with its cognate VbhA antitoxin; in B is shown the N-terminal
Shewanella oneidensis FIC (SoFIC) domain; and in C the Neisseria meningitidis FIC (NmFIC). In the insets are
shown the catalytic and inhibitory residues in stick representation of each enzyme, as well as the E24-R147
hydrogen bond.
FIC-domain proteins that catalyze the transfer of a nucleotidyl group contain a regulatory element,
which is constituted by an inhibitory a-helix (ainn) (depicted in yellow in Figure 5-1). This group contains
the conserved (S/T)xxxE(G/N) motif with the invariant glutamate whose carboxyl side-chain binds a
conserved arginine in the FIC motif. This interaction effectively prevents the competent binding of an
NTP, therefore abolishing the nucleophilic attack by the hydroxyl-containing incoming target protein
(2). FIC proteins are classified by the position of the ain in relation to the FIC-domain, Class | exhibit
an intermolecular ain, on a separate polypeptide chain in the form of a toxin/antitoxin complex (Figure
5-1 A), whereas Class Il and Class Il exhibit an intramolecular N-terminal (Figure 5-1 B) or C-terminal

(Figure 5-1 C) ainn, respectively (2). The physiological aimn toxin inhibition relief mechanism remains

currently elusive (19).

Class | of FIC-domain proteins

Class | FIC proteins, found exclusively in bacteria, are classic toxin/antitoxin complexes, where the
antitoxin bears the ain, motif. Expression of the FIC-domain protein alone is therefore highly toxic to
bacteria. Recently, the Bartonella schoenbuchensis FIC-domain VbhT/VbhA (Figure 5-1 A) protein
toxin/antitoxin complex was found to be the responsible agent for an E.coli growth-arrest phenotype,
which is abrogated upon co-expressing VbhT with VbhA (2). The formation of the FIC-target complex

and nucleotide substrate binding mechanisms were explored further, described below in section 5.3.
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Class Il of FIC-domain proteins

Approximately 80% of all identified FIC-domain proteins so far belong to Class Il of FIC proteins. They
are characterized by an N-terminal regulatory domain ai., relative to the FIC-domain (2). The
underlying mechanism and function of this large class of FIC proteins, which includes the human FIC
homologue HypE, is mostly unknown at this point. Apart from HypE, briefly discussed in the first
chapter, another Class Il member the Shewanella oneidensis FIC (SoFIC) (Figure 5-1 B) AMP transferase
was the first described Class Il FIC protein (21). Additionally to the N-terminal ainn, SOFIC exhibits a C-

terminal winged helix-turn-helix dimerization domain postulated to be a DNA-binding domain (21).

Class lll of FIC-domain proteins

This class of FIC proteins is a small group of bacterial single-domain proteins, characterized by a C-
terminal regulatory domain a;n, relative to the FIC-domain (2). Interestingly, E.coli expression of an
inhibition-relieved mutant of class Ill Fic-domain protein NmFIC (Figure 5-1 C) was shown to result in
the AMPylation of GyrB only, one of the two identified Fic targets (2). The precise role of the
AMPylation and consequent toxic inhibition of GyrB within the cellular context is not yet completely
understood. NmFIC protein conformation and function were further explored in the framework of this

thesis, described below in sections 5.2 and 5.3.

Other FIC-domain proteins

FIC-domain proteins, with different catalytic transferase activities, have different regulatory groups.
The Doc/Prevents host death (Phd) protein toxin/antitoxin complex and its homologues, belong to a
particular class of FIC proteins, characterized by an incomplete FIC catalytic core, with a distinct
catalytic motif (3, 22, 23). The Phd antitoxin replaces the ai. as the substrate-binding regulator, with
a non-canonical block of the catalytic site (11). Some FIC-domain proteins even lack a regulatory group
altogether like the Vibrio parahaemolyticus type Ill effector (VopS) and the Histophilus somni

Immunoglobulin binding protein A (lbpA) (7, 10).
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5.2. The Neisseria meningitidis FIC protein

5.2.1. Intrinsic regulation of FIC-domain AMP-transferases by oligomerization and

auto-modification

In this publication, the complex autoinhibition mechanism of NmFIC is described. NmFIC from
Neisseria  meningitidis undergoes a complex oligomerization dependent control, where
autoadenylation in cis leads to its activation and subsequent adenylylation of its target, the DNA
gyrase subunit B GyrB. The autoadenylated form of NmFIC slows down the growth of ectopically
expressing E.coli due to its toxicity, leading to very low protein expression. Cell-free expression was
key to circumvent this problem and obtain sufficient amounts for the NMR structural characterization
and analysis of the dynamic properties of the autoadenylated form of NmFIC. This data was crucial in
the comparison of non- and autoadenylated FIC in the identification of the conformational changes

induced upon automodification, and relation to its function.

Statement of contributions

| was responsible for the cell-free protein expression of autoadenylated NmFIC, NMR data collection,

and analysis of this form of the protein, together with Dr. Bjorn Burmann.
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Filamentation induced by cyclic AMP (FIC)-domain enzymes cata-
lyze adenylylation or other posttranslational modifications of
target proteins to control their function. Recently, we have shown
that Fic enzymes are autoinhibited by an a-helix («;,,) that partly
obstructs the active site. For the single-domain class lll Fic proteins,
the «;, is located at the C terminus and its deletion relieves auto-
inhibition. However, it has remained unclear how activation occurs
naturally. Here, we show by structural, biophysical, and enzymatic
analyses combined with in vivo data that the class Ill Fic protein
NmFic from Neisseria meningitidis gets autoadenylylated in cis,
thereby autonomously relieving autoinhibition and thus allowing
subsequent adenylylation of its target, the DNA gyrase subunit
GyrB. Furthermore, we show that NmFic activation is antagonized
by tetramerization. The combination of autoadenylylation and tet-
ramerization results in nonmonotonic concentration dependence of
NmFic activity and a pronounced lag phase in the progress of target
adenylylation. Bioinformatic analyses indicate that this elaborate
dual-control mechanism is conserved throughout class lll Fic proteins.

adenylylation | AMPylation | posttranslational modification | enzyme
regulation | molecular timer

ic (filamentation induced by cyclic AMP) proteins containing

the FIC domain (pfam 02661) are found in all kingdoms of life.
FIC domains encode enzymatic activities that modulate target pro-
tein function by diverse posttranslational modifications (1, 2). The
vast majority of known Fic proteins are AMP-transferases that use
ATP to catalyze the transfer of an AMP moiety onto a target hy-
droxyl side chain (3, 4). This reaction is akin to the situation in protein
kinases, which catalyze y-phosphate transfer onto target side chains.

Only a few Fic targets have been identified to date (2). IbpA
(4) and VopS (3), two bacterial FIC-domain effectors that get
translocated into host cells, catalyze the adenylylation of Rho
GTPases, resulting in cytoskeleton collapse. Most recently, we
have found that a subset of bacterial Fic proteins adenylylates
DNA gyrase and topoisomerase IV, which leads to their inacti-
vation and cellular growth arrest (5). The structure of a FIC-
domain/target complex (6) and the catalytic mechanism have
been determined (6, 7). However, the biological functions, as
well as the molecular mechanism, of the vast majority of Fic
proteins have remained elusive. Intriguingly, in vitro automodi-
fication has been demonstrated for most Fic proteins that have
been described so far (6, 8-15), but its physiological relevance
has remained unclear.

Recently, we have shown that Fic-mediated adenylylation is
tightly regulated (8). In the native state, a helix partly obstructs
the ATP binding site with a strictly conserved Glu blocking ATP
y-phosphate binding, thereby preventing productive/competent
substrate binding. The inhibitory a-helix (o) is either located
on a separate protein that forms a tight toxin/antitoxin complex
with the Fic enzyme (16) or at the N- or C-terminal position
within the same polypeptide chain. These three possibilities lead
to a classification of Fic proteins into classes I, II, and III, re-

www.pnas.org/cgi/doi/10.1073/pnas.1516930113

spectively (8). Mutation of the inhibitory Glu to Gly relieves
autoinhibition, thus boosting both target and autoadenylylation
(8, 9). However, the identity of the intrinsic or extrinsic factors
that in vivo expulse the inhibitory Glu of o;,p,, and thereby relieve
autoinhibition, has not been investigated.

Fic proteins have evolved in bacteria and have spread by
horizontal gene transfer into all domains of life (17). Despite
structural conservation of the basic FIC-domain fold, there is
significant sequence diversity among class I and II Fic proteins.
Additionally, these two classes are frequently combined with
other protein domains toward multidomain arrangements,
demonstrating a high functional plasticity and adaptability (2).
In contrast, class III Fic proteins are highly conserved single-
domain proteins even though they are found scattered across all
classes of Proteobacteria (8). This conservation suggests that
class III Fic proteins are stand-alone autoregulated functional
entities that act in a plug-and-play manner upon acquisition by
horizontal gene transfer.

Here, we dissect the regulatory mechanism of NmFic from
Neisseria meningitidis as representative for the class III Fic pro-
teins. First, we identify the B-subunit of DNA gyrase as the main
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bacterial target of NmFic, as for class I Fic proteins (5). We then
reveal the crucial role of autoadenylylation in the activation of
class III Fic proteins and the opposing role of oligomerization,
resulting in a peculiar and intriguing NmFic concentration de-
pendence of target adenylylation. Ultimately, because the olig-
omerization interfaces are either highly conserved or covaried,
and because the modifiable residue Y183 is strictly conserved in
class III Fic proteins, we anticipate that the combination of
oligomer dissociation and subsequent cis-autoadenylylation is
the major regulatory mechanism of class III Fic proteins.

Results

NmFic Adenylylates DNA Gyrase. We have previously shown that
expression of inhibition-relieved mutants of various bacterial Fic
proteins slowed down the growth of ectopically expressing
Escherichia coli (8). This growth reduction correlated with in
vitro adenylylation of an endogenous protein with a mass of
about 90 kDa. Subsequently, it was shown that the class I Fic
protein VbhT adenylylates the B-subunit of the bacterial topo-
isomerases DNA gyrase (GyrB) and topoisomerase IV (ParE)
(5). The modification affects a conserved Tyr of the ATP binding-
site lid, thus interfering with ATPase and topoisomerase activity.

Because expression of (class III) NmFic in its inhibition-relieved
form (NmFicgig6) also slows down E. coli growth (8), we tested
whether NmFic modifies the same targets (Fig. 1). Corroborat-
ing our previous findings (8), NmFic,, does not adenylylate
any of the target proteins. In contrast, NmFicg g efficiently
adenylylates N. meningitidis GyrB and the orthologous E. coli
and Mycobacterium tuberculosis proteins, but not ParE of
N. meningitidis or E. coli. Mutation of the E. coli GyrB acceptor
site (Y109F or Y109A variant) completely abrogates the effect
(Fig. 1), confirming the predicted modification. In addition, in-
dependent of the presence of the target, strong autoadenylyla-
tion of NmFic,, and NmFicg;gsc is observed (Fig. 1), which is
investigated further below.

Conserved Tetrameric Organization of Class Ill Fic Proteins. NmFic
invariably shows a tetrameric arrangement (Fig. 2 and Fig. S1) in
different crystal forms and ligation states, even when the C-ter-
minal helix is absent or disordered (Fig. S1.4-C). The tetramer is
of 222 symmetry (dimer of dimers), and its formation involves
two independent interfaces (Fig. 2.4-C and Movie S1). Interface
1 is mainly mediated by the apolar interactions of F70 and Y77,
with their respective symmetry mates, and by R71 and E102,

NmFic.
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Fig. 1. NmFicg1gsc adenylylates GyrB. Autoradiographs obtained after in-
cubation of NmFic,, (Left) and inhibition-relieved variant NmFicg,g5¢ (9)
(Right) with 40 nM «-[*?P]ATP, 15 mM MgCl,, and E. coli cell lysates over-
expressing potential targets as indicated. Incubation was for 1 h at 30 °C.
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which form two isologous salt bridges (Fig. 2B). The interface 1
residues are strongly conserved among the 197 analyzed se-
quences of class III Fic proteins. Similarly, interface 2 is formed
by apolar residues L155 and F159, as well as the two isologous
salt bridges of R149 and E156 (Fig. 2C). These residues are not
strongly conserved, but the interacting residues show strong co-
variation with the striking charge reversal of the E-R to K-E salt
bridges in a subset of the class III proteins. Taken together,
conservation and covariance of the surface residues of NmFic
suggest that tetramer formation is of functional importance for
class III Fic proteins.

To describe the stability of the tetramer in solution, we de-
termined the dissociation constants by performing size exclusion
chromatography coupled to multiangle laser light scattering (SEC-
MALLS; Fig. 2D, Top) and analytical ultracentrifugation sedi-
mentation velocity (AUC-SV), using partially fluorescein-labeled
protein (Fig. 2D, Bottom) measurements at varying protein con-
centrations. The observed shift of apparent molecular mass and
elution volume with protein concentration in SEC-MALLS (Fig.
$2A4) indicated an oligomer equilibrium with fast kinetics relative
to the duration of an SEC run. Nonlinear least squares fit of the data
with an appropriate thermodynamic model (Fig. S3 4 and B) yielded
the dissociation constants K;; and K;, for the two independent
interfaces. For NmFic,,, both values are in the low micromolar
range (Table 1). Interestingly, addition of the ATP substrate stabi-
lized the tetramer considerably (Fig. 2D, Bottom, and Table 1).

To test whether the crystallographically observed tetramer
also occurs in solution and whether it is of physiological rele-
vance, we generated NmFic variants with single point mutations
in one or both of the interfaces. Based on the crystal structure,
charge reversal mutations E102R and E156R were expected to
disrupt interfaces 1 and 2, respectively. Indeed, NmFicg;o,r and
NmFicg;s6r do not form tetramers but exhibit a concentration-
dependent monomer/dimer equilibrium (Fig. 2D). Furthermore,
the dimer dissociation constants of the two variants agree very
well with the dimer dissociation constants obtained from the fit
of the NmFic,, tetramerization data (Table 1), indicating that
the two interfaces are not allosterically coupled. In addition, the
crystal structures of NmFicgg,r and NmFicgs¢r (Fig. S2 B-E
and Table S1) revealed virtually identical interfaces to the in-
terfaces present in the tetrameric WT protein (Fig. S2 B-E).
Finally, combination of both mutations in NmFicgio2r E156R
yielded an oligomerization-deficient monomeric mutant NmFic;,on0
with a concentration-independent mass identical to the theoret-
ical mass of the monomer (Fig. 2D).

Disruption of the Tetramer Activates NmFic. To obtain insight into
the physiological role of oligomerization, the tetramerization-
deficient mutants were assayed in vivo. Taking a derivative of
E. coli K12 MG1655 (AB472) as a model organism (8), the
bacterial growth inhibition upon expression of NmFic variants
was assessed on LB-agar plates supplemented with increasing
amounts of isopropyl p-p-thiogalactopyranoside (IPTG; up to
2 mM) as a physiological readout for gyrase inactivation. Fig. 34
shows the quantification of bacterial growth by counting colony-
forming units (CFU; also Fig. S4 A and B).

In contrast to WT NmFic, the tetramerization-deficient mu-
tants NmFicszR, NmFiCElsﬁR, and NmFiCElOZR,E156R showed a
severe, IPTG-dependent, growth defect (Fig. 34), resulting in
the loss of almost 1.5, 3.0, and 1.5 log;y CFU/mL viability, re-
spectively. In addition to the strongly reduced numbers, the
colonies exhibited a drastically smaller size (Fig. S4B). As expected,
by additional mutation of the catalytic His (H107A), the observed
growth defect was completely abolished (Fig. 34), demonstrating
that the phenotype depends on the catalytic activity of NmFic. As
expected, the observed E. coli growth defect correlates very well
with GyrB43 adenylylation, as assayed in vitro by autoradiogra-
phy (Fig. 3B). Again, the combination of the interface mutations
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with H107A completely suppressed both autoadenylylation and
target adenylylation.

Although all tested interface mutants are active, NmFicgioor
and NmFicszg'El 56R show lower activity than NmFiCEl 56R- An
explanation for this reduced activity may be that the strictly con-

contribute to the recognition of the target protein GyrB. Note that
the autoadenylylation efficiency is very similar for all oligomeri-
zation-deficient mutants (Fig. 3 B and E), suggesting that the ac-
tive center, per se, is unperturbed. In summary, the results indicate
that NmFic tetramerization renders the enzyme incompetent for

served acidic residue 102, which is replaced in both mutants, may  efficient autoadenylylation and for target adenylylation.
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Fig. 2. Structural and oligomeric analysis of NmFic. (A) Cartoon of the NmFic structure (PDB ID code 356A) with the active site motif highlighted in yellow and
the target binding site (flap) in blue. Important residues are shown in full with side-chain carbon atoms of active site residues colored in yellow, modifiable Tyr
in purple, and charged residues mediating oligomerization in magenta (interface 1) and green (interface 2). The a;,y, is shown in olive-green with the in-
hibitory Glu (E186) shown in full. (B) View of the crystal structure of the NmFic tetramer (222 symmetry with the twofold axes indicated) with the subunits
distinguished by color (Left) and close-up views of the dimerization interface 1, with a contact area of 835 A? (Right). Side-chain carbon atoms are colored
according to the conservation score [ConSurf (28)]. (C) Ninety-degree rotation of the crystal structure shown in B (Left) and close-up view of the dimerization
interface 2, with a contact area of 425 A2 (Right). Side-chain carbon atoms are colored according to covariance probability [Gremlin (29)]. In B and C, asterisks
denote residues from the neighboring molecule. (D) Dynamic oligomerization equilibrium of NmFic,+ and variants. (Top) Concentration dependence of the
apparent molecular weight as determined by SEC-MALLS for NmFic,, and oligomerization interface variants. (Bottom) Tetrameric fraction xq of NmFic,,, in
the absence and presence of 5 mM ATP and autoadenylylated NmFic,+~AMP in the presence of 5 mM ATP. The lines represent the nonlinear least squares
fitting of the monomer/oligomer equilibria according to the model shown in Fig. S3A. Resulting dissociation constants are shown in Table 1.
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Table 1. Biophysical characterization of NmFic oligomerization

NmFic variants

and conditions Method  Kgq pM  Kgyo, pM Ky, pM
NmFicg102r MALLS 74 +1.1 —_ —_
NmPFicgs6r MALLS — 60 + 12 —
NmMFic,, MALLS 76+11 619 —
NmFicu* AUC 2.6 + 0.1 20 —
NmFic,: (5 mM ATP)* AUC 0.71 +£0.04 5.5 —_
NmFic,-AMP (5 mM ATP)"  AUC 0.71 —_ 1.1+£02

Oligomerization parameters were fitted according to the kinetic
scheme (Fig. S3A) to the data shown in Fig. 2D. Ky ; and K, correspond
to the dissociation constants for NmFic dimerization via interfaces 1 and 2,
respectively.

*Due to the limited amount of data points, only one of the dissociation
constants (Kg1) was fitted and the other (Ky,) was computed, keeping
Kg,2/K4,1 = 7.7, based on the ratio obtained for NmFic,.

'Based on structural considerations, it can be assumed that the autoadenylylated
Cterminal segment does not affect interface 1. Therefore, K4 ; was set to the value
obtained for the nonmodified protein, and only Ky was fitted (Fig. S3C).

NmFic Autoadenylylates a Buried Tyr in Cis. Automodification has
been observed for most Fic proteins described to date (6, 8-15).
For NmFic, the sites of autoadenylylation have been mapped to
Y183 and Y188 of the aj,n, by mass spectrometry (MS) (8) (Fig.
2A, purple residues). Intriguingly, and in contrast to Y188, the
strictly conserved Y183 is completely buried in the hydrophobic
core of the protein. Therefore, it can be inferred that the o,y has
to detach from the core of the protein for the Y183 adenylylation
reaction to occur. Furthermore, for steric reasons, the o;;, would
no longer be able to repack after modification.

Autoadenylylation of NmFic was monitored in real-time
by circular dichroism (CD) spectroscopy. Because NmFic,,
shows little autoadenylylation (Fig. 3B), we used NmFic,
(NmFicgio2r g156r) for this and the following analyses. Upon
addition of ATP/MgCl,, the CD spectrum of NmFic,,,,, showed
a gradual, time-dependent decrease in amplitude of the negative
peaks at 208 and 222 nm (Fig. S54), corresponding to a re-
duction of a-helical content. This decrease is entirely consistent
with (partial) unfolding of the a;,, upon autoadenylylation.

As another readout of autoadenylylation, the thermal stability
of NmFicp,,n0, Was monitored by differential scanning fluorim-
etry (DSF; Fig. S5B). The modification resulted in significant
destabilization of the protein (decrease in melting temperature
of 8 °C), consistent with the partial loss of secondary structure
shown above and the concomitant loss of packing interactions.
Importantly, the reaction kinetics were found to be independent
of the NmFic concentration, indicating that the reaction takes
place in cis. The data obtained at various NmFic,,,, concentra-
tions (Fig. 4) could indeed be fitted globally with one apparent
first-order rate constant, k..; (Table 2). Structural modeling
verified that upon o;,, unfolding, the disordered C-terminal seg-
ment is long enough to allow Y183 to reach the target dock of the
same molecule. A model of the structural changes accompanying
NmFic autoadenylylation is shown in Movie S2.

Additionally, we tested whether the NmFicon0,11074 Mutant,
which is catalytically inactive and thus incompetent for cis
modification, can be modified in frans. In mixtures of NmFic om0
and NmFicnyono,11074, the final concentration of the adenylylated
product was found to correspond closely to the final concentration
of the active NmFic,,,,,, enzyme only (Fig. S5C). This observation
corroborates the conclusion that autoadenylylation occurs in cis.

Ultimately, we subjected our samples to MS analyses (Fig. S6
A and B). Indeed, NmFic,,,no 1074 Showed the native mass,
confirming that NmFic_,,,, is not able to catalyze the modifi-
cation of the inactive mutant in trans. In contrast, the mass of
NmFic0n, Was increased by 1,316 Da, corresponding to the
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mass of four AMP moieties. Thus, apart from the already
identified Tyr residues Y183 and Y188, the presence of two
more acceptor sites can be inferred. The MS analysis was also
performed on NmFic,, . vis3r (in the presence of NmFic,,,n,)
and revealed two species corresponding to doubly and triply
modified protein. As anticipated, we did not observe modifica-
tion on four sites because the main acceptor site Y183 had been
mutated in this protein variant. Furthermore, the Y183F mutation
appears to slow down autoadenylylation (also Fig. 3G), because
the automodification reaction did not reach completion (triply
modified NmFicmonovis3e). Reduced autoadenylylation of the
NmFicono,y1s3r mutant compared with NmFicn, Was also ob-
served by autoradiography (Fig. S6 C and D). Finally, residues
Y184 and Y185 were identified as the remaining acceptor sites,
because the mutant having all four Tyr residues (Y183, Y184,
Y185, and Y188) replaced by Phe showed virtually no autoadeny-
lylation. Satisfactorily, the sequential removal of individual acceptor
sites in the combinatorial mutants resulted in a linear decrease of
the band intensity on the autoradiographs (Fig. S6 C and D).

ainn of Autoadenylylated NmFic Is Partly Unfolded. We further in-
vestigated the structural changes accompanying NmFic auto-
modification by high-resolution nuclear magnetic resonance
(NMR) spectroscopy (Fig. 5). We obtained well-dispersed
NMR spectra for an unmodified protein (catalytically inactive
NmFiCmeno,n1074), as well as for autoadenylylated (NmFicyono-
AMP) protein. Sequence-specific backbone resonance assign-
ments were obtained for 96% of the residues of NmFicmono, 11074
(Fig. S7A4). Based on these assignments, the chemical shifts of
the autoadenylylated form could be assigned to 91% and con-
firmed by additional triple-resonance experiments. The overlay
of the 2D ["°N,'H]-HSQC (heteronuclear single quantum co-
herence) spectra of the native and autoadenylylated proteins
shows large chemical shift differences for a subset of resonances
(Fig. 54). The residue-specific analysis of chemical shift changes
upon autoadenylylation (Fig. 5 B and C) revealed that helix 8
(oinn) is the most affected region of the protein. Therein, the
covalently adenylylated residue Y183 showed the most pro-
nounced chemical shift change [AS(HN) = 6.7 ppm]. Further-
more, the amide chemical shifts of residues 178-191 populate
the random coil region (7.5-8.5 ppm), indicating an unfolded
conformation. In addition, the target-binding site (flap) and helix
1 (adjacent to helix 8) show significant chemical shift differences,
but to a lesser extent than the o, and a few residues in these
regions are broadened beyond detection (Fig. 5B). Due to the
point mutation H107A in the native form, the active site region
also shows some chemical shift differences (Fig. 5 B and C).
Despite these changes, the structural scaffold of the protein re-
mains intact upon autoadenylylation. To characterize the sec-
ondary structure elements of both NmFic forms in solution, we
used the secondary chemical shifts of the backbone >Ca nuclei
(Fig. 5D). In aqueous solution, NmFic,,.p, features eight a-helices,
which agree in number and positioning with the crystal structure.
The picture changes for the autoadenylylated form, in which the
first seven helices are maintained, whereas the oy, features helical
structure only in its first two helical turns, but is unfolded from the
position of residue G178 onward. These secondary structure
changes are in full agreement with the chemical shift perturbation
in 2D [**N,!H]-HSQC spectra (Fig. 5D and Movie S2). Overall,
these data confirm the hypothesis that the a;,, cannot adopt its
original position and conformation upon autoadenylylation
of Y183.

NmFic Autoadenylylation Relieves Autoinhibition. We have shown
that cis-autoadenylylation of NmFic constitutes an in-built mech-
anism to covalently modify Y183, resulting in partial unfolding
of the o;,,. Obviously, this modification should be of functional
relevance, considering that the a;y in its native form partially
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Fig. 3. Activation of NmFic leads to E. coli growth defect and in vitro adenylylation of GyrB. (A) Quantification of E. coli growth upon repression (1% glucose) or induction of the
expression of NmFic variants at varying inducer (IPTG) concentrations from a single-copy plasmid (left to right with a color gradient from white to black: 1% glucose, no IPTG,
100 uM IPTG, 500 uM IPTG, 1 mM IPTG, 2 mM IPTG). The bars represent the average of three independent experiments, and error bars represent the SD. Note the remarkable
growth defect of mutants NmFicg0pr, NMFicgyssz, and NmFice;or £156r (NMFiG0no). Raw data for 1% glucose and 2 mM IPTG are shown in Fig. S4 A and B. (B-D) Autoradiographs
obtained after incubation of various NmFic mutants with 25 nM a-[2P]JATP, 5 mM ATP, 10 mM MgCl,, and purified GyrB43 (N-terminal GyrB 43kDa fragment comprising the
ATPase and transducer domains) at 35 °C. (B) In vitro adenylylation assay with 1 uM purified NmFic and 2.5 uM purified GyrB43 using an incubation time of 1 h. (C) Time course of
autoadenylylation and GyrB43 adenylylation by NmFicgyss With or without ATP preincubation using 1 pM NmFiczqssz and 5 pM GyrB43. Note that adenylylation of GyrB43
is delayed without preincubation (i.e,, activation) of the Fic enzyme. (D) Same as in C, but for NmFicgisery1sar. Note that this mutant is unable to adenylylate GyrB43. (E-G)
Quantification of the radiograph band intensities shown in B-D. The assumed error of 5% is depicted as error bars. () Bar diagram representing NmFic autoadenylylation (light
gray) and GyrB43 adenylylation (dark gray) catalyzed by the NmFic variants. (F) Time course of GyrB43 adenylylation with or without preincubation of NmFicissr. Also
shown are the simulated curves obtained by global fitting of the kinetic model shown in Fig. 6A to the data. Resulting parameters are given in Table 2. (G) Time course of
autoadenylylation of NmFice;sez and NmFice:sery1sar. Fitting analogously to F yielded apparent k.1 values of 2.4 * 103s™ and 4.5 * 107%™, respectively. AU, arbitrary units.
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Fig. 4. Cis-autoadenylylation of monomeric NmFic. Progress curves of
autoadenylylation of NmFicmono acquired at the indicated protein concen-
trations using 5 mM ATP and 10 mM MgCl,. The data were fitted to a first-
order reaction model. Dotted lines are the result of individual fitting, and
plain lines are the result of global fitting of the three independent experi-
ments (apparent kca:.1 of 4.5 * 1073.s7"; Table 1). Note that individual and
global fitting are virtually identical.

obstructs the nucleotide binding site, and thereby autoinhibits
Fic enzymes (8). Thus, to test for any functional role of Y183, we
removed its hydroxyl group by introducing an additional Y183F
mutation into the alleles of active (i.e., oligomerization-deficient),
mutants. Strikingly, the mutation suppressed the growth defect
phenotype as efficiently as mutation of the catalytic His (H107A)
(Fig. 34, Right), suggesting a crucial regulatory role for Y183.

The in vivo observation was faithfully mirrored in the auto-
radiograph obtained after incubation of the various purified
NmFic mutants with radioactive ATP (Fig. 3B). In vitro GyrB43
adenylylation, which is efficiently catalyzed by the three interface
mutants (Fig. 3B, lanes 4-6), is almost completely abolished in
their respective Y183F variants (Fig. 3B, lanes 10-12).

The remaining autoadenylylation of the Y183F NmFic vari-
ants (Fig. 3B, Right), which is due to the modification of Y184,
Y185, and Y188, indicates that enzyme function, per se, is not
impaired. As expected, no target adenylylation is observed. Thus,
(partial) modification of the additional Tyr residues does not
significantly relieve autoinhibition. Still, to corroborate that the
Y183F mutation had no unforeseen effect on the enzyme, we
determined the high-resolution (0.99 A) crystal structures of
both NmFiCE]SGR and NmFicEl56R,y183p (Fig S$4 C and D). In-
deed, the structures are virtually identical, apart from the ab-
sence of the Y183 hydroxyl group in the double mutant.

To test whether the kinetics of autoadenylylation and target
adenylylation would be of physiological relevance, we measured
time courses of product (GyrB-AMP) formation for NmFicg;ser
(Fig. 3C). The apparent rate of NmFicg s¢r autoadenylylation

derived from Fig. 3G agrees well with the one obtained for
NmFicmono by DSF analysis (Tablc 2). Similarly, NmFiCE156Ky133F
shows autoadenylylation, although with a considerably slower rate
(Fig. 3 D and G). Such an effect of the Y183F mutation was also
observed for NmFicyono,v1sar by MS (Fig. S6B). As mentioned
above, the modification on residues Y184, Y185, and Y188 is
probably not of functional relevance.

Under the used conditions, NmFicg;ser fully converts GyrB43 to
its adenylylated form within 1 h (Fig. 3 C and F), but with a pro-
nounced lag phase. This delay is absent in the progress curve of
preactivated Fic enzyme, which suggests again that only the ade-
nylylated form is catalytically active. This interpretation was con-
firmed quantitatively by globally fitting the respective kinetic model
(Fig. 64, but without oligomerization) to the data (Fig. 3F). Upon
setting K, yrs to the experimentally determined value of 39 pM,
the fit yielded the turnover numbers of autoadenylylation (kcat 1 cf)
and target adenylylation (k) given in Table 2. Notably, K . 1 cqr
turned out to be about one order of magnitude slower that the
corresponding rate, k...1, as measured by DSF. Therefore, it can be
concluded that the rate-determining step of Fic activation is the
debinding of the modified segment from the active site (A’—A).

Activity Profile of NmFic,; Is a Consequence of Autoactivation
Combined with Oligomerization. We have thus shown that NmFic-
catalyzed target adenylylation is controlled by enzyme tetra-
merization as well as cis-autoadenylylation. These results were
obtained by analyses of mutants deficient in one or the other
function. What, then, would be the combined effect in the WT
enzyme? Fig. 6B shows the autoradiographs obtained after in-
cubation of NmFic,, (at varying concentrations) with GyrB43 for
various durations. At the standard enzyme concentration of 1 pM,
weak NmPFic,, autoadenylylation and no significant target adenyly-
lation are observed for incubation times up to 8 h, consistent with our
earlier result (Fig. 3B, first lane). Strikingly, strong GyrB43 adenyly-
lation is observed at lower enzyme concentrations (250 nM and
lower), with an abrupt transition from 250 to 500 nM. Because this
transition occurs in a very similar range as the monomer-to-tetramer
transition (Fig. 2D, Bottom), it most probably reflects the emergence
of catalytically incompetent tetramers at higher concentrations.
Importantly, however, the catalytic incompetence of the tet-
ramer alone is not sufficient to explain the data, because not only
the tetramer/monomer ratio but also the absolute concentration
of active monomers will increase with total concentration (Fig.
S2H). To rationalize the observed effects quantitatively, we set
up a kinetic scheme including autoactivation and inactivation by
oligomerization as shown in Fig. 64 (also Fig. S3C). In this
model, autoinhibited native NmFic (N) is in equilibrium with
states N’ (o4, unfolded) and N” (modifiable Y183 positioned in
the active site). The latter state gets autoadenylylated at Y183 in
a first-order reaction to yield A°. Finally, unbinding of the modified
C terminus will result in a monomer state A that is predicted to be

Table 2. Enzymatic characterization of NmFic-catalyzed autoadenylylation and target

adenylylation

Reaction Parameter Keat, 5~ Km, oM Method
Autoadenylylation

(N,N",N") - (A°,A) Keat1 (4.5 £ 0.53) 1073 n/a DSF (Fig. 4)

(N,N’,N") - (A%,A) Keat1 (2.3 +0.08) 103 n/a Adenylylation assay (Fig. 3G)

(N,N,N"") - A Kecat,1,eff (2.1 = 0.25) 1074 n/a Adenylylation assay (Fig. 3F)
Target adenylylation

A+ G- A+ G-AMP Keat2 0.18 + 0.01 Adenylylation assay (Fig. 3F)

A+ G- A+ G-AMP Km,g

39.7 + 3.6  Adenylylation assay (not shown)

All parameters are apparent parameters referring to an ATP concentration of 5 mM. The Ky of ATP binding to
native monomeric NmFic has been measured by NMR to 7.8 mM (Fig. S7C). The value of k., ; was determined by
DSF and adenylylation assay for NmFicmono and NmFicgqssr, respectively. The values agree satisfactorily within a

factor of 2. n/a, not applicable.
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Fig. 5. Structural perturbations of NmFic upon autoadenylylation. (A) Overlay
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AMP plotted as a function of NmFic residue number. Residues exhibiting sig-
nificant line broadening in the adenylylated form are indicated in gray as
negative bars. Values at positions 107 (H/A) and 183 (Y) are highlighted in blue
and purple, respectively. (C) Amide-group chemical shift differences mapped on
the structure of NmFic (PDB ID code 356A) using the indicated color code. The
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spectively. The extent of ainn as inferred from the crystal structure of the
native NmFic is indicated on top. The full residue range is shown in Fig. S78.

competent for target adenylylation. Note, that ATP binding will
shift the A& A equilibrium toward the competent A state. Because
monomers are in fast oligomerization equilibrium, active A mono-
mers will repartition into the tetramer that acts as a reservoir, and will
therefore be partly sequestered to the inactive oligomeric state.

Stanger et al.

We reasoned that a contribution of the unfolded autoadenylylated
C-terminal segment to the interface might affect the oligomeri-
zation affinity. Indeed, in presence of S mM ATP, the dissoci-
ation constant (Kg,) of A was measured by AUC-SV to be
fivefold lower than the corresponding constant of N (Fig. 2D
and Table 1).

Using the experimentally determined parameters of the kinetic
model (Tables 1 and 2), we then simulated GyrB43-AMP pro-
duction as function of enzyme concentration and incubation time by
numeric integration of the respective differential equations (Fig. 6 C
and D). Indeed, as observed experimentally, target adenylylation
efficiency drops with enzyme concentration above a certain thresh-
old (Fig. 6C). Furthermore, the simulated progress curves (Fig. 6D)
reproduce the lag phase observed at a high enzyme concentration.
Taken together, the salient features of intrinsic NmFic regulation
are faithfully captured by the proposed kinetic model.

Discussion

The physiological importance of AMP-transferases with FIC fold
has escaped attention for a long time, because their activity is
kept in check by intra- or intermolecular active site obstruction
(8). In this study, we focused on class III Fic proteins that carry
the inhibitory o, at the C terminus and are composed of a FIC
domain only. We reveal that in addition to the previously reported
autoinhibition (8), two further mechanisms inversely regulate
adenylylation activity, namely, tetramerization and cis-autoade-
nylylation. This combination results in a complex autoregulatory
mechanism.

NmFic forms a tetramer with the involved interfaces largely
conserved or coevolved among class III members, suggesting
conservation of the tetrameric arrangement in this class. Dis-
ruption of either interface was achieved by site-directed muta-
genesis, thus verifying their role both in the crystalline state and
the solubilized state. Due to the cooperative nature of tetra-
merization, a sharp monomer-tetramer transition occurs in the
presence of ATP, at the rather low NmFic concentration of
50 nM (Fig. 2D and Fig. S2G). Clearly, the tetramer state is of
physiological relevance, because expression of interface disrup-
tion mutants, but not of NmFic,,, resulted in impaired growth of
the expressing E. coli strain. Thus, it can be inferred that only
monomeric NmFic is able to exert the growth retardation effect,
which can be attributed to GyrB adenylylation (5). Most prob-
ably, the tetramer is catalytically noncompetent, because the
binding site for the segment flanking the modifiable side chain
[target dock (10)] is partially occluded. Furthermore, the strict
conservation of oligomerization interface 1 (as opposed to in-
terface 2, which shows covariation) may point to its involvement
in mediating the contact between (monomeric) NmFic and the
target. In fact, the surface-exposed area of the tetramer is highly
variable, and therefore probably not involved in target recogni-
tion (Movie S1).

Fic automodification has been reported repeatedly (6, 8-15),
but its role has remained unclear. In fact, nonspecific modifica-
tion due to the high in vitro Fic concentrations used seemed
possible. Here, we have shown that NmFic autoadenylylation
crucially controls enzyme activity by relieving the autoinhibitory
effect of the o, as demonstrated by the Tyr-to-Phe mutation
(Y183F) that fully suppressed the activating effect of the in-
terface disruption mutants (Fig. 34) and rendered the enzyme
incompetent for target adenylylation (Fig. 3B). Biochemical and
structural analyses confirmed that the conservative Y183F mu-
tation does not disrupt the FIC fold (Fig. 3 and Fig. S4 C and D).

Importantly, the automodification occurs in cis with a reaction
velocity independent of the total enzyme concentration. Indeed,
structural modeling shows that upon unfolding of the aj,, the
modifiable Tyr can reach the active site of the same molecule
(Movie S2). Probably, the segment flanking the Tyr residue
would engage in B-strand interaction with the flap, resulting in
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correct registration of the modifiable tyrosyl side-chain within
the active site. This binding mode would be analogous to the one
seen in the complex structures of IbpAgo/cdc42 (6) and of
noncognate peptide/Fic proteins (9). Because the flap is partially
buried at the center of the tetramer, the structural model also
explains why the tetramer would be incompetent for automodi-
fication. Thus, in the presence of ATP, native monomeric NmFic
gets efficiently converted to its active, covalently modified form
with a rather fast “in-built” first-order rate constant (Table 2,
equivalent to a t,, of about 150 s). As such, NmFic and, most
likely, Fic proteins of class III in general constitute self-con-
tained proteinaceous timers. Whether such an autoactivation
mechanism also pertains to Fic proteins of class I and II remains
to be seen, but conserved Tyr acceptor candidates can be iden-
tified in the N-terminal and central part of the fold, respectively.
Noteworthy, cis-automodification has also been described for a
few kinases as an activation mechanism (18).

The combination of the two coupled and counteracting effects,
automodification and tetramerization, results in a quite unusual
time and concentration dependence of target adenylylation, as
captured in vitro by autoradiography (Fig. 6B) and reproduced in
silico by respective simulations (Fig. 6 C and D). In essence (Fig. 64),
monomeric native Fic molecules (N) get converted with the intrinsic
first-order rate to the autoadenylylated, active form (A). However,
because Fic monomers are in fast equilibrium with the tetrameric
state, they get redistributed such that the A/N ratio will be equal or
larger in the tetrameric state. As a consequence, the increase in the
absolute number of active monomers (A) will be dampened. Obvi-

E536 | www.pnas.org/cgi/doi/10.1073/pnas.1516930113

116

ously, this buffering effect is most pronounced at high tetramer/
monomer ratios (i.e., high enzyme concentrations) and will di-
minish when the autoadenylylation reaction reaches completion.
The comprehensive characterization of the complex auto-
regulatory mechanism of class III Fic proteins presented here
sets the stage for future investigations of its physiological con-
sequences. It has to be inferred, however, that the intrinsic reg-
ulatory mechanism may be further modulated by external factors,
such as antagonistic phosphodiesterases [e.g., the de-AMPylase
SidD of Legionella (19, 20)], specific proteases, or small ligands.
Furthermore, Fic biosynthesis and degradation, as well as dilution
effects during cell growth and division, will profoundly affect the
time profile of the Fic pool activity. Still, solely based on the in-
herent mechanism, interesting consequences can be envisaged.
The nonmonotonic dependence of AMP-transferase activity
on enzyme concentration would render the enzyme exquisitely
sensitive to variation of its concentration in the bacterial cell. A
twofold drop of NmFic concentration in the right range (e.g., due
to cellular growth and division) would drastically increase catalytic
activity, and thus GyrB inactivation. In addition, the considerable
delay in NmFic-mediated GyrB adenylylation may be important in
vivo to ensure that the growth-retarding effect of the target
modification kicks in only under certain conditions, such as star-
vation, when synthesis of fresh NmFic has come to a halt. Mo-
lecular timers have been found before, such as the master
regulator Spo0A of Bacillus that controls, upon phosphorylation,
the switch from competence to sporulation via a well-characterized
genetic circuit (21, 22) induced by prolonged times of nutriment
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starvation. Class III Fic proteins may constitute a new family of
molecular timers that are, in contrast to the master regulator
Spo0A of Bacillus, fully autonomous and not relying on any feed-
back exerted by other components or a genetic circuit. This hy-
pothesis will have to be tested in future studies.

Materials and Methods

Detailed information on cloning, expression, purification, crystallization,
data collection, and structure determination by X-ray crystallography or
NMR is provided in S/ Materials and Methods. Plasmids were constructed as
described previously (8, 23, 24) (Tables 52 and S3). Proteins were expressed
and purified as described (8, 25). Toxicity tests and adenylylation assays
were performed according to the protocols given by Harms et al. (5) and
Goepfert et al. (9).
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at varying concentrations. DSF (26) was used to monitor in vitro autoade-
nylylation of NmFic. For simulations and fitting of functional data to the
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Pathway Simulator (COPASI) 4.14 (27) were used.
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in S/ Materials and Methods.
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S| Materials and Methods

Plasmid Construction. pRSF-Duetl derivatives were cloned as
described previously (8) and used for overexpression of proteins
for purification. For phenotypic analyses, nmfic genes were
cloned into the single-copy vector pNDM220 (23) under the
control of a particularly tight Plac. Site-directed mutagenesis was
performed following the protocol described by Zheng et al. (24).
A list of used plasmids and a list of respective oligonucleotides
can be found in Tables S2 and S3.

Expression, Isotope Labeling, and Purification. Plasmids pFVS0015,
pFVS0051, pFVS0081, pFVS0109, pFVS0135, pFVS0137, pFVS0138,
pFVS0143, pFVS0144, pFVS0167, pFVS0319, pFVS0323, pFVS0326,
pFVS0329, and pFVS0332 were transformed into E. coli BL21
(ADES3) cells. Plasmids pFVS0059, pFVS0125, pFVS0126, pFVS0134,
and pFVS0145 were transformed into E. coli BL21 AI cells.
NmFic and GyrB43 (residues 1-392) proteins were expressed
and purified as described previously by Engel et al. (8) and
Stanger et al. (25), respectively. For NMR analysis, [U->C,'>N]-
labeled NmFicpono,11074 Was obtained by growing the expression
cells in M9 minimal media supplemented with (*NH,)C1 (Cambridge
Isotope Labs) and p-['*C]-glucose (Sigma-Aldrich) using standard
NmFic expression and purification conditions.

Cell-Free Expression of NmFicmono. The E. coli S30 cell extract was
prepared following published protocols (30). In short, har-
vested E. coli A19 cells were washed three times with S30-buffer
A [10 mM Tris-acetate (pH 8.2), 14 mM Mg(OAc),, 0.6 mM KCl,
6 mM p-mercaptoethanol]. After resuspension in S30-buffer B
[10 mM Tris-acetate (pH 8.2), 14 mM Mg(OAc),, 0.6 mM KCl,
1 mM DTT, 0.1 mM PMSF], cells were lysed using a French
press and centrifuged twice at 30,000 x g at 4 °C. To remove
endogenous mRNA, the extract was incubated for 45 min at
42 °C and then dialyzed at 4 °C overnight against S30-buffer C
[10 mM Tris-acetate (pH 8.2), 14 mM Mg(OAc),, 0.6 mM KCl,
0.5 mM DTT] with a 12-14 kDa molecular mass cutoff. To
remove the remaining cellular debris, the cell extract was
centrifuged at 30,000 x g at 4 °C, aliquoted, flash-frozen in
liquid nitrogen, and stored at —80 °C until use. For preparative
scale protein production of autoadenylylated NmFic in con-
tinuous cell-free mode (31), a maxi-continuous exchange cell
free (CECF) reactor built in-house (30) was used with a 0.5- to
3-mL Slide-A-Lyzer dialysis cassette with a 10-kDa molecular
mass cutoff (Pierce) and an optimal feeding/reaction mixture
volume ratio of 14.5. Final concentrations of critical compo-
nents, such as PEG 8000 (2%), Mg®* (16 mM per reaction
mixture), and T7-RNA polymerase (9.5 mg/mL of reaction
mixture), concentrations were ogtimized for protein expres-
sion. Both [U-°N], and [U-'*C,>N] complete amino acid la-
beling was achieved with a cell-free 20-aa mix (Cambridge
Isotope Labs) at a final concentration of 0.8 mM in the reaction
mixture and 0.4 mM in the feeding chamber. Protein expression
was left overnight in a thermoshaker at 120 rpm at 30 °C in a VWR
Incubating Mini Shaker. Expression of the protein yielded between
0.8 and 1.1 mg of protein per milliliter of reaction mixture.

Toxicity Tests. E. coli strain AB472 (8), a derivative of E. coli K-12
MG1655, was transformed with pNDM220 derivative plasmids
using TSS (transformation and storage solution) transformation
and handled in LB liquid medium containing appropriate anti-
biotics, as well as 1% (wt/vol) D-glucose to suppress basal ex-
pression before the inoculation of experimental cultures. Bacterial
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cultures were serially diluted and spotted on LB agar plates con-
taining 0, 50 pM, 100 pM, 250 uM, 500 pM, 1,000 uM, or 2,000 pM
IPTG and 30 pg/mL ampicillin, which were then incubated at 37 °C.
After 24 h of incubation, the numbers of colony-forming units were
determined and plotted against inducer concentrations.

In Vitro Adenylylation Assay. Adenylylation assays were performed
using cleared cell lysate of ectopically expressing E. coli as de-
scribed previously (8) [except using BL21 instead of BL21 (ADE3)
cells for overexpression] or using purified proteins as described by
Goepfert et al. (9). Adenylylation activity of NmFic was assessed
by incubating NmFic with 5 mM ATP, 10 pCi [a->’P]-ATP
(Hartmann Analytic), 25 mM MgCl,, and GyrB43. In addition,
200 puM novobiocin was added to inhibit the ATPase activity of
GyrB43. Adenylylation assays with purified NmFic and GyrB43
were performed at 35 °C, and adenylylation assays using cell
lysates were performed at 30 °C. For data evaluation, the in-
tensity of each band on the autoradiographs was quantified using
ImagelJ (rsbweb.nih.gov/ij/download.html).

Crystallization. NmFicE15(,R and NmFiCElsﬁkymyr (10 mgmL and
8 mg/mL, respectively) crystallized in 500 pL of precipitant solution
containing 10 mM Tris (pH 7.8) and 100 mM NaCl using the batch
crystallization method at 4 °C. All other crystals were obtained using
the sitting-drop vapor-diffusion method by mixing 0.2 uL of protein
solution with 0.2 pL of reservoir solution equilibrating against a
reservoir of 80 pL at 20 °C. NmFicggr crystallized after
1 month in 8% (vol/vol) Tacsimate (pH 6.0) (Hampton Re-
search), 20% (wt/vol) PEG 3350, and NmFicgigzr g156r CTYS-
tallized after 10 days in 8% (vol/vol) Tacsimate (pH 5.0) and
30% (wt/vol) PEG 1500. For data collection, crystals were
cryoprotected by soaking into a reservoir solution supple-
mented with 15-30% glycerol and subsequently flash-frozen
in liquid nitrogen.

Structure Determination. X-ray data were collected at the Swiss
Light Source (Villigen, Switzerland) on beamline X06SA (PXI)
or X06DA (PXIII) at 100 K (Table S1). Diffraction data were
indexed and integrated using XDS (32) and subsequently merged
and scaled using XSCALE (32) or AIMLESS (33). Data col-
lection and processing statistics are given in Table S1. Structures
were determined by molecular replacement [PHASER program
(34)] with an NmFic,,, monomer [PDB ID code 3S6A (8)] as a
search model. Several rounds of model building and refinement
were performed using Coot (35) and REFMACS (36) or
phenix.refine (37). Five percent of the data were excluded from
refinement and used for cross-validation. The geometry of the
final model was assessed using MolProbity (38) showing >99% of
the residues in the core and allowed regions of the Ramachandran
plot. Final refinement yielded NmFic models with reasonable
Ryork/Reree values for their respective resolution ranges. Re-
finement statistics are summarized in Table S1. Figures were
prepared with DINO (A. Philippsen; www.dino3d.org).

Conservation and Covariance Analyses of Class lll Fic Proteins. Con-
servation scores for each position of the class III Fic protein
NmFic were calculated by using the ConSurf server with default
parameters (39). The top 200 sequences (46% identity) were
selected from a BLAST search against the Uniref90 database and
manually curated to select only class III Fic proteins (three se-
quences that do not contain the C-terminal o;,, were removed).
For covariance analysis, the NmFic sequence was submitted to
the Gremlin server for coevolution analysis (29).
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NMR Spectroscopy. NMR experiments were performed on Bruker
600-, 700-, and 900-MHz spectrometers running Topspin3.0 and
equipped with cryogenically cooled triple-resonance probes. All
experiments were performed in NMR buffer [25 mM MES,
150 mM NaCl (pH 6.5)] at 25 °C. For the sequence-specific backbone
resonance assignments of NmFic, the following experiments
were recorded: 2D [*°N,'H]-TROSY-HSQC (40), 3D HNCA
(41), 3D HNCACB (41), 3D HNCO (41), and 3D HN(CA)CO
(41). To confirm the chemical shift changes observed upon ad-
enylylation within 2D ["°N,"H]-TROSY-HSQC, the following
3D experiments were recorded in a nonuniformly sampled man-
ner with a random sampling schedule generated by Topspin3.0
(Bruker Biospin) to confirm the assignments: 3D HNCA (25% of
the full time-domain grid) and 3D HNCO (9%).

For the analysis of the dynamic properties of NmFic, the
following experiments were measured: "N{'H}-NOE (42),
T,(**N) (42), and TROSY for rotational correlation times
(TRACT) (43). NMR data were processed with PROSA (44),
NMRPipe (45), and mddNMR2.4 (46), and were analyzed with
CARA, XEASY (47), and Topspin3.0 (Bruker Biospin). Non-
linear least square fits of relaxation data were done with
MATLAB (MathWorks). Ry(*°N) values were derived from
Ry (®N) and Ry(**N). Error bars for R;(°N), Ry(*°N), and
Ry("°N) were calculated by a statistical bootstrapping scheme,
and error bars for the ’N{'H}-NOE were calculated from the
spectral noise. Secondary chemical shifts were calculated relative
to the random coil values of Kjaergaard and Poulsen (48).

The sequence-specific resonance assignment for the apo NmFic
has been submitted to the Biological Magnetic Resonance Data
Bank under accession code 26607. The chemical shift changes of
the amide moiety upon ATP binding were fitted by nonlinear
regression analysis to Eq. S1 by using standard software. The term
A s corresponds to the chemical shift difference at a given titration

to a simple monomer/dimer equilibrium. All equilibria were
modeled as fast-exchange processes with respect to the time
scale of chromatographic separation, because all measurements
yielded only a single MALLS peak. Theoretical MW" values
were calculated from mass concentrations (c,,;) and molecular
weights (MW;) of populated species (monomer and dimer for the
NmFicgi02r and NmFicg seg mutants; monomer, dimer, trimer,
and tetramer for NmFic,,) as

M = ZinMW; [s2]

iCmji

All routines were implemented in the Python language using
NumPy and SciPy numerical libraries (51).

AUC Analysis. NmFic,,, (40 pM) was labeled with Dylight 488 NHS
ester using the protocol published by the supplier (Thermo
Scientific). A dilution series of unlabeled NmFic,, (10.0 pM,
3.33 uM, 1.11 pM, 0.370 pM, 0.123 uM, 41.0 nM, and 0 nM)
supplemented with 40 nM fluorescein-labeled NmFic,,, was
prepared in the presence and absence of 5 mM ATP. SV ex-
periments were performed on 400-uL samples in double-sector
charcoal-Epon centerpieces at 42,000 rpm and 6 °C using a
Beckman XL-I analytical ultracentrifuge with the Beckman
An-50 Ti rotor. Sedimentation was monitored in 1,000 scans
during an overnight run using the Aviv AU-FDS fluorescence
detection system. The buffer density (1.0022 g/mL) and viscosity
(0.01474 poise) were measured at 6 °C using an Anton Paar DMA
4500M density meter and AMVn viscometer. Similarly, a dilution
series of unlabeled autoadenylylated NmFic,,-AMP (1.25 pM,
625 nM, 312.5 nM, 156 nM, 78 nM, and 0 nM) supplemented with
40 nM fluorescein-labeled autoadenylylated NmFic,,~AMP was
prepared in the presence of 5 mM ATP. SV experiments were

(Kq + |ATP), + [NmFic),) — \/ (Ky+ [ATP], + [NmFic),)® — (4|NmFic],|ATP],)

Aops = Bpax

point, and 4,,,, is the maximal chemical shift difference at the last
titration point:

SEC-MALLS Analysis. SEC-MALLS was used for the determination
of the NmFic oligomerization dissociation constants by measuring
apparent mass values (MW“?) at various loading concentrations.
UV absorption and differential Refractive Index (dRI) values
were used to derive the eluting concentration. A similar exper-
imental setup has been described previously; details are provided
in the study by Sundriyal et al. (49). The column was preequili-
brated with 10 mM Tris (pH 7.6) and 100 mM NaCl at 4 °C.
Based on the respective mass action law equations (Fig. S3B),
the dependence of MW*? as a function of protein concentration
was modeled. Assuming that both dimer interfaces (Fig. 1) are
independent, the thermodynamic tetramerization scheme (Fig.
3A) contains only two independent parameters, the dissociation
constants of the respective interfaces (Kg; and Kj5). For data
fitting, the reaction extents were used as state variables and in-
equality constraints were imposed to ensure the correctness of
the results. Optimization of reaction extent values was accom-
plished using the sequential least squares programming method
(50) as implemented in the SciPy library (51). For mutants
NmFicgig2r and NmFicgser, the experimental data were fitted
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performed using a Beckman XI-I analytical ultracentrifuge with
the An-60 Ti rotor. The SV data were fitted to a diffusion-
deconvoluted sedimentation coefficient distribution [c(s)] using the
software Sedfit (52). A sedimentation coefficient range of 1-15 S
was used with a resolution of 200 points. Radially-invariant (RI)
noise and time-invariant (TT) noise, baseline, and meniscus position
were all fitted. In a first round of fitting, the frictional ratio fif, was
fitted for each sample. The data were then refitted using an average
value for fffy (1.11) calculated from the free-fitted values. The c(s)
distributions were overlaid and normalized by maximum signal in-
tensity in the software GUSSI (Chad Brautigam, University of
Texas Southwestern Medical Center, Dallas, TX), and weight-
averaged s,, isotherms were calculated from the c(s) distributions
over the range 1-5 S. The fraction of monomeric (xj) and tet-
rameric (Xo) NmFic species (with sedimentation coefficients of
1.62 S and 3.95 S, respectively) as a function of protein concen-
tration were derived from the relative areas of the respective peaks.
Finally, the xy; and xq, distributions were fitted to the kinetic scheme
to yield the dimerization constants (as discussed above).

CD Analysis. A time series of CD spectra was recorded at 35 °C
in a quartz-suprasil cuvette with a path length of 0.2 cm using
the wavelength range 190-270 nm (26.67 nm-min~') on an Ap-
plied Photophysics Chirascan Plus CD spectrophotometer. A
measurement was recorded every 5 min. The autoadenylylation
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reaction was started in the cuvette (fp) by addition of 1 mM
MgCl, to a solution containing 20 pM NmFic,;on0, 0.5 mM ATP
in 10 mM Tris (pH 7.8), and 125 mM NaCl. The a-helical content
was approximated (52) by dividing the mean residue ellipticity at
222 nm by —30,000 deg-cm*dmol .

DSF. Autoadenylylation was followed in vitro by dye-based ther-
mal denaturation experiments (26) performed on a Qiagen
Rotor-gene Q real-time PCR cycler. Experiments were carried
out in 200-pL thin-wall PCR tubes (Thermo Scientific) with
50 uL of sample containing the indicated concentration of NmFic
and ATP, 10 mM MgCl,, and 5x SyPro Orange dye (Invitrogen)
in 10 mM Tris (pH 7.8) and 100 mM NaCl, except when stated
differently. For time-course measurements, reactions were
stopped at the indicated times by addition of 50 mM EDTA to
an aliquot of the reaction. Temperature was increased by a 0.5 °C
increment every 30 s between 20 °C and 90 °C. Fluorescence in-
tensity (F) thermal denaturation curves and their first derivatives
(dF/dT) were generated using Rotorgene software (Qiagen) and
exported as text files. The first derivatives were fitted as the sum
of Gaussian peaks using ProFit (QuantumSoft). The fraction of
native and autoadenylylated NmFic was derived from the rela-
tive areas of the fitted peaks.

MS Analysis. Samples containing 5 pM NmFicyon, (or 5 pM

NmFiCmuno,Y]83F), 5 p.M NmFicmum,,H]mA, 1mM ATP, and 10 mM
MgCl, were incubated for 90 min at 35 °C in a reaction volume of
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500 pL. Free ATP was removed by Ni?*-affinity chromatography
using a 1-mL HisTrap column (GE Healthcare). Protein samples
were concentrated and subsequently desalted using 7-kDa mo-
lecular mass cutoff Zeba Spin Desalting Columns (Thermo
Scientific). Before direct injection on a Bruker Daltonics micro-
TOF mass spectrometer, protein samples were diluted to 5 pM
in a buffer containing 50% (volvol) acetonitrile and 0.2% (vol/vol)
formic acid. Thirty microliters was injected, and the mass spectra
were analyzed by maximum entropy deconvolution.

Kinetic Fitting and Simulations. Enzymatic reactions were fitted to
standard first-order and second-order reaction kinetics combined
with dynamic protein oligomerization (Fig. 64), which yielded the
apparent rate constants k., ; and k.. » for autoadenylylation and
target adenylylation, respectively, at the given substrate (ATP)
concentration. The NmFic-GyrB43 dissociation constant (K, )
was set equal to the K, value obtained from GyrB titration.
Oligomerization dissociation constants (Kg1, K42, and K42')
were set to their experimentally determined values. From the fit
of NmFicg;s¢r-catalyzed GyrB adenylylation, the effective auto-
adenylylation rate (k1) Was obtained. Numerical integration
of the differential equations corresponding to each reaction (de-
scribed in the legend for Fig. S3C) was performed using the
Complex Pathway Simulator (COPASI) software (27). Fitting and
simulations were performed using either ProFit 6.2.14 (QuantumSoft)
or COPASI 4.14.
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NmFic,,, (PDB: 2G03, 3S6A, 3ZLM) NMFicg1g2a £186a (PDB: 3SN9) NmFic ,g (PDB: 3SE5)
D E

NmFicgqr (PDB: 5CGL) NmFicgsgr (PDB: 5CKL) HpFic,,, (PDB: 2F6S)

Fig. S1. Quaternary structures of class Ill Fic proteins. Representations of the structures as in Fig. 2C with monomer A (light pink) as a reference. (A) Crys-
tallographic tetramer of NmFic observed in the P6,22 crystal form of NmFic,: (PDB ID code 2G03), NmFic,+/adenosine 5'-(8,y-imido)triphosphate (AMPPNP) (8)
(PDB ID code 356A), and NmFicg;g56/AMPPNP (9) (PDB ID code 3ZLM). The structure of NmFic,./AMPPNP (PDB ID code 356A) is depicted. (B) NmFicsigz4 186a (8)
(space group P2,, four tetramers per asymmetric unit) with unresolved helix 8 and (C) NmFic,g (8) (space group P2,, one tetramer per asymmetric unit) are
highly similar to NmFic,: (rmsd of 0.7 A and 0.9 A for each 620 Ca-positions of the two structures). (D) Dimeric NmFicg1028 (PDB ID code 5CGL, local dimer; this
work) superimposes with dimer AB from NmFic,,: and (E) dimeric NmFicg1s6r (PDB ID code SCKL, crystallographic dimer; this work) superimposes with dimer AD
from NmFic,,. with an rmsd of 2.8 A and 1.0 A for 323 and 354 Ca-atoms, respectively. (F) Crystal structure of homologous protein Helicobacter pylori Fic (HpFic)
observed as a dimer composed of chain A and symmetry-operated (y, —x + y, z + 5/6) chain B. Note that this dimer superimposes well with the dimer AD from
the NmFic,. tetramer (rmsd of 1.6 A for 354 Ca-atoms). Although the charged residues that would contribute to interface 2 (Fig. 2A) are conserved, tetramer
formation appears impeded by the presence of the N-terminal tag.
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Fig. S2. Detailed analysis of NmFic oligomerization. (A) SEC-MALLS elution profile (plain lines) of NmFic,,« measured at varying concentrations. The eluting
concentration is indicated. The corresponding apparent molecular mass values are shown overlaid (dotted lines). (B) Comparison of the structures of NmFicg56
(PDB ID code 5CKL, pink/green) and of the AD dimer of NmFic, (dark/light gray) as part of the NmFic,,: tetramer shown in Fig. 2 B and C and (C) details of the
conserved interaction site. (D) Comparison of the structures of NmFicg;0,r (PDB ID code 5CGL, pink/orange) and of the AB dimer of NmFic,,, (dark/light gray) as
part of the NmFic,, tetramer shown in Fig. 2 B and C and (E) details of the conserved interaction site. (F-H) Theoretical distribution of oligomeric NmFic,,
species as derived from the kinetic model shown in Fig. S3A and the Ky 1 and Kg > values from Table 1. (F) Distribution of the various oligomeric species of
NmFic,, as a function of total concentration. All concentrations are given as monomeric molar concentrations. (G) Same as in F, but in the presence of 5 mM
ATP. (H) Monomer concentration of the indicated NmFic variants as a function of total concentration.
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Fig. $3. Thermodynamic model of NmFic oligomerization. (A) Schematic view of the thermodynamic equilibrium model with associated parameters and (B)
complete set of association reactions (1 to 7). D1, dimer 1; D2, dimer 2; M, monomer; Q, tetramer; T, trimer. Eqg. 8 in this figure relates the change in Gibbs free
energy, AG, upon complex formation to the dissociation constant Ky in moles per liter. Assuming no allosteric cooperativity, the AG associated with tetramer
formation (e.g., dimerization of D2) is twice the AG of dimer formation (D1 in this example), because the same interface 1 is used twice. In Eq. 9 in this figure,
we show that a twofold increase in AG results in a squared numerical value for the corresponding K. (C) Model of the regulatory mechanism of class Ill Fic
proteins. Monomeric native protein (N) with unfolded winn (N’), unfolded ainn (Y183) bound to the flap (N”’), autoadenylylated protein (A%, and autoade-
nylylated NmFic (A) with the modified segment detached are shown as in Fig. 6A. It is assumed that both N and A can contribute to oligomer formation,
resulting in four distinct dimers (NN, 2*AN, and AA) and 16 distinct tetramers (NNNN, 4*NNNA, 6*NNAA, 4*NAAA, and AAAA), bottom part of the scheme
showing the sequestration of active species. Monomeric autoadenylylated protein (A, active) binds the target protein and subsequently transfers an AMP
moiety on this target. The respective binding constants (Kg, 1, K4,2, Ka2,, and Kq,c) and kinetic parameters (Kcat,1, Kcat,1.eff, and Kcat,2) are indicated. This model has
been used to simulate the graphs shown in Fig. 6 C and D, with the thermodynamic and kinetic parameters indicated in Tables 1 and 2. This scheme remains a
simplified model omitting all ATP binding steps [i.e., assuming enzyme saturation with substrate (ATP concentration >> Ky arp)l.
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Fig. S4. In vivo and in crystallo effects of residue(s) replacement in NmFic. Spotting of E. coli strain AB472 expressing NmFic derivatives on plates containing
1% glucose (repressor) (A) or 2,000 pM IPTG (inducer) (B). Note the remarkable growth defect, both in colony number and colony size of the NmFicgqgzp,
NmPFicg1ser, and NmFicgqo2r 1568 (NMFicmono) Variants. (C) Superimposition of the crystal structures of NmFicg1sgr (PDB ID code SCKL, light gray) and NmFice1ser y1s3r
(PDB ID code 5CMT, orange) determined at a resolution of 0.99 A, with an rmsd of 0.23 A for 176 Ca-positions. (D) Close-up view focused on residue 183. The 2Fo-Fc
electron density map is shown in black for Y183 (NmFicg;seg Structure) at a contouring level of 1.2 sigma. For simplicity, only one monomer is depicted in C and D.
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Fig. S5. Analysis of NmFic,,, autoadenylylation by real-time CD and DSF. (4) CD spectra acquired every 5 min are displayed as indicated. (Inset) Full 190- to
270-nm spectra. (B) Details of the data evaluation of the melting curves obtained by DSF. Biphasic melting curve [fluorescence (F)] of heterogeneous samples of
NmFic (mixture of autoadenylylated and native protein) (Top), first derivative dF/dT (Middle), and the resulting progress curve of NmFic autoadenylylation
(Bottom) are shown. Ten micromolar NmFicgis6r, 2 MM ATP, and 10 mM MgCl, were used. (C) Autoadenylylated NmFiCmono (filled) and native NmFicmono
(opened) concentrations are plotted as progression curves. The results of three different experiments using the same total amount of monomeric NmFic
(12 uM) but distinct amounts of active (NmFicmono) and catalytically inactive (NMFiCmono,11074) Monomeric NmFic are displayed as indicated. Note that only
NmFicmono is autoadenylylated, but not NmFicmeno,H1074 ShOwing that autoadenylylation occurs only in cis.
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Fig. $6. Analysis of NmFicmono autoadenylylation by MS and autoradiography. (A) Mass spectrometric analysis of a 1:1 mixture of NmFicmono @and NmMFiCmono,H1074
(5 uM each) incubated for 90 min at 35 °C with 1 mM ATP and 10 mM MgCl,. NmFic,,.no appears fully tetra-autoadenylylated (MWy,eor = 22,143 Da + 4 *
329 Da = 23,459 Da). NmFiCmono, 11074 Shows no modification (MWineor = 22,077 Da) confirming that the NmFic automodification does occur only in ¢is and not
in trans. (B) Mass spectrometric analysis of a 1:1 mixture of NmFiCmono,v183r and NmFiCmono,H1074 (5 pM each) incubated for 90 min at 35 °C with 1 mM ATP and
10 mM MgCl,. Two species corresponding to NmFic,. being modified by two and three AMP moieties (MW, = 22,785 and 23,114, respectively) are
observed. As in A, NmFiCmono, 11074 Shows no modification. The experimental values of the identified species agree within 1 Da with the theoretical values.
(C) In vitro target adenylylation as monitored by autoradiography. Ten micromolar purified GyrB43 was incubated with 1 uM of various purified NmFicmono Variants
that had one or more of the potential autoadenylylation sites on the o, (Y183, Y184, Y185, and Y188) replaced by Phe. Incubation times were 1 h (Top) or
2.5 h (Bottom). All variants with an Y183F mutation were (largely) incompetent for target adenylylation but still showed various degrees of autoadenylylation.
Only replacement of all four Tyr abolished autoadenylylation completely. It is noteworthy that all purified protein variants behaved similarly in solution.
(D) Quantification of the radiograph band intensities shown in C displayed as bar diagrams after normalization (1 AU corresponding to 1 AMP moiety). GyrB43
adenylylation (Top) and NmFic auto-adenylylation (Bottom) are shown. AU, arbitrary units.
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Fig. 7. NMR analysis of NmFicmono Upon autoadenylylation. (A) Two-dimensional ['*N,H]-HSQC spectrum of 0.5 mM [U-'3C,"*N]-labeled monomeric inactive
NmFic (NMFiCmono H1074; Cyan). Measurements were performed at 700 MHz in 25 mM MES (pH 6.5) and 150 mM Nacl at 25 °C. The sequence-specific resonance
assignment is indicated. (8) Secondary ">Ca chemical shifts of native NmFic,,one, 11074 (TOP), autoadenylylated NmFic,,,.,o (Middle), and their difference (Bottom) relative
to random coil values. A 1-2-1 smoothing function was applied to the raw data. Consecutive stretches with positive and negative values >2 ppm indicate a-helical and
B-strand secondary structure, respectively. The secondary structure elements inferred from the crystal structure are indicated above. (C) Backbone amide chemical shift
perturbations for selected residues upon titration of ATP to [U-"3C,">N]-labeled NMFiCmono,H1074 (Starting concentration of 500 pM). The lines represent nonlinear least
squares best fits of the normalized changes in 'H and '>N chemical shifts using a bimolecular equilibrium binding model. The optimized value of the equilibrium

constant is 7.8 + 1.1 mM.
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Table S1. Crystallographic table

NmFicg102r NmFicg1ser NmFicg1ser,v183F
PDB ID code 5CGL 5CKL S5CMT
Data collection statistics
X-ray source SLS X06SA (PXI) SLS X06DA (PXIlI) SLS X06DA (PXIII)
X-ray detector Pilatus 6M Pilatus 2M Pilatus 2M
Wavelength, A 1.0000 0.8000 0.8000
Space group P22,2, P22, 2 P22, 2,
Cell dimensions a, b, ¢; A 48.56, 81.91, 97.53 35.33, 50.54, 130.14 35.38, 50.70, 129.78
Molecules in asymmetrical unit 2 1 1
Matthews coefficient, A>Da™"’ 2.53 2.73 2.74
Solvent content, % 51.0 54.7 54.8
Resolution limits, A 48.76-2.35 (2.43-2.35) 65.07-0.99 (1.03-0.99) 64.89-0.99 (1.03-0.99)
Rmerge:* % 7.5 (47.9) 3.2 (54.8) 4.0 (55.1)
Rmeass' % 8.1 34 43
CC12, % 99.9 (93.0) 100 (86.9) 99.9 (82.3)
(I/s(1)) 21.9 (4.6) 29.8 (3.5) 24.8 (3.1)

Total reflections

Unique reflections

Multiplicity

Completeness, %

Mosaicity
Refinement statistics

Rwork,* %

ereer§ %

No. of non-H atoms

Macromolecules

Ligands

Solvent

Protein residues
rmsd from ideal

Bond lengths, A

Bond angles, °

Ramachandran favored,® %

Ramachandran outliers,” %

Clashscore®

Average B values, A?

Macromolecules

Ligands

Solvent

120,000 (12,268)
16,808 (1,666)
7.1(7.4)
99.9 (100.0)

0.19

19.9 (25.6)

23.2 (26.5)
2,885
2,725
14
146
324

0.002

0.53
99.4

0

4.39
38.40
38.30
48.50
39.40

839,576 (79,738)
129,866 (12,557)
6.5 (6.4)
99.5 (97.6)

0.10

11.2 (16.3)
12.5(17.1)
2,041
1,670
9
355
181

0.029

2.20
99.5

0

4.80
14.30
11.20
24.10
39.40

805,834 (74,721)
126,349 (11,682)
6.4 (6.4)
96.6 (90.6)

0.21

13.5 (19.0)

15.6 (19.4)
1,911
1,648
15
248
180

0.029

243
99.5

0

3.31
11.80
10.10
25.80
39.40

Numbers in parentheses belong to the outer shell. {I/(l)), mean of intensity over standard deviation.

*Rmerge = D_nkip_1 [li(hkl) = (I(hkD}//>hid_i lithkl), where li(hkl) is the observed intensity for a reflection and (I(hkl)) is the average
intensity obtained from multiple observations of symmetry-related reflections.
"Rineas = ohkl (wv—11172 2o KD = {(IGhKDY |73 "> 7; 1i(hkI), where I(hkl) is the observed intensity for a reflection, {I(hkI)) is the average
intensity obtained from multiple observations of symmetry-related reflections, and N is the number of observations of intensity I(hkl).

*Ruork = Yohiil| Fobs| = |Featc! I3 il Fobs -

5R¢ree is the R value calculated for 5% of the data set that was not included in the refinement.

“Molprobity.
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Table S2. List of plasmids used in this study

Plasmid Backbone Description Primer (forward) Primer (reverse) Restriction sites Source
pRSF-Duet1 pPRSF-Duet1 Empty vector (RSF1030 ori, PT7) Novagen
pFVS0015 pRSF-Duet1l NmFic Engel et al. (8)
pFVS0051 pRSF-Duet1  NmFicyq07a prFVS149 prFVS150 This study
pFVS0059 pRSF-Duet1l NmFicg gsg Goepfert et al. (9)
pFVS0081 pRSF-Duet1l NmFicy g3 prFVS091 prFVS092 This study
pFVS0109 pRSF-Duet1 E. coli GyrB 1-392 Ny, Hiss-tag Stanger et al. (25)
pFVS0125 pRSF-Duet1l NmFicg 025 prFVS119 prFVS120 This study
pFVS0126 PRSF-Duet1l NmFicg s6r prFVS121 prFVS122 This study
pFVS0134 pRSF-Duet1  NmFicgi02r £156r prFVS119 prFVS120 This study
pFVS0135 pRSF-Duet1 NmFicg1ser y183F prFVS091 prFVS092 This study
pFVS0137 pRSF-Duet1 NmFicg102g H1074 prFVS149 prFVS150 This study
pFVS0138 pRSF-Duet1  NmFicy107a £156r prFVS149 prFVS150 This study
pFVS0143 pRSF-Duet1  NmFicg 102k 11074, E156R prFVS149 prFVS150 This study
pFVS0144 pRSF-Duet1 NmFicg102r £1568, Y183F prFVS091 prFVS092 This study
pFVS0145 pRSF-Duet1 NmFicg102r e156r, Y188F prFVS093 prFVS094 This study
pFVS0167 pRSF-Duet1  NmFicg02r v183F prFVS091 prFVS092 This study
pFVS0319 PRSF-Duet1  NmFicg 102k £156r, v183F, v188F prFVS093 prFVS095 This study
pFVS0323 PRSF-Duet1 NmFicg102r £156R,Y183F, Y184F prFVS277 prFVS278 This study
pFVS0326 PRSF-Duet1  NmFicCg102r £156R, Y183F, Y184F, Y 188F prFVS279 prFVvs278 This study
pFVS0329 PRSF-Duet1  NmFicg 102k £156r,v183F, Y185F, Y 188F prFVS280 prFVS281 This study
pFVS0332 PRSF-Duet1  NmFicg 102k £156r, v183F, Y184F, Y 185F, Y 188F prFVS282 prFVS283 This study
pNMD220 pNDM220 Empty vector (mini-R1 ori, PLac) Gotfredsen and
Gerdes (23)
pAH154_NmFic_wt pNDM220  NmFic,, prAH525 prAH526 BamHI/EcoRl  This study
pFVS0149 pPNDM220  NmFicg 028 prFVS119 prFVS120 This study
pFVS0150 pNDM220 NmFicg1s6r prFVS121 prFVS122 This study
pFVS0151 pNDM220 NmFicy107a prFVS149 prFVS150 This study
pFVS0173 pNDM220  NmFicgq02r £156r prFVS119 prFVS120 This study
pFVS0174 pNDM220  NmFicgq02r v183F prFVS091 prFVS092 This study
pFVS0175 pNDM220 NmFicg1s6r,y183F prFVS091 prFVS092 This study
pFVS0177 pNDM220 NmFicg102r,H107A prFVS149 prFVS150 This study
pFVS0178 pNDM220  NmFicgq02r,£156R Y183F prFVS091 prFVS092 This study
pFVS0179 pNDM220  NmFicy107a £156R prFVS149 prFVS150 This study
pFVS0197 pNDM220 NMFiCe102r,H107A.E156R prFVS149 prFVS150 This study
pGex-6p1 pGex-6p1 Empty vector (ColE1 ori, Plac) GE Healthcare
pAH111 pGex-6p1 GyrB of E. coli K-12 Harms et al. (5)
pAH119 pGex-6p1 ParE of E. coli K-12 Harms et al. (5)
pAH122 pGex-6p1 GyrB of N. meningitidis 2808 prAH295 prAH297 Bglll/Xhol This study
pAH141 pGex-6p1 ParE of N. meningitidis 2808 prAH416 prAH417 BamHI/Xhol This study
pAH149 pGex-6p1 GyrB of M. tuberculosis H37Rv prAH453 prAH454 Bglll/Xhol This study
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Table S3. List of DNA oligonucleotides used in this study
Primer Sequence (5'-3')
prFVvs082 GTATTATTACGGCGGGTATGAARRAAGGCTGAC
prFVvs083 CATACCCGCCGTAATAATACGACTGCTCG
prFVS091 GAGCAGTCGTTTTATTACGAAGGGTATGARAAAG

’ prFVS092 GTAATAAAACGACTGCTCGATACCTTTARAG

@ prFVs093 CGAAGGGTTTGAARAAGGCTGACTCGAGTCTG

™ prFVs094 CTTTTTCAARACCCTTCGTAATAATACGACTG

" prFVS095 CTTTTTCARACCCTTCGTAATARAACGACTG
prFVS119 CAAATATGTTCGTATGARCATTGCCCATCC

' prFVS120 CRATGTTCATACGAACATATTTGGCGATGATTTC
prFVsS121 CAACGATTTACGUCTGCGCTTTTTGTTARAG
prFVs122 CAARAAGCGCAGACGTARATCGTTGACGGGGCTG
prFVS149 GAACATTGCCGCCCCGTTTTTGGAGGGTAATGGCAG
prFVS150 CAARAACGGGGCGGCAATGTTCATTTCAACATATTTG
prFVvs277 GTCGTTTTTTTACGAAGGGTATGARARAG
prFVs278 CTTCGTAARARAACGACTGCTCGATACC
prFVs279 GTCGTTTTTTTACGAAGGGTTTGARARAG
prFVvs280 GTTTTATTTCGAAGGGTTTGAAAARGGCTG
prFVvs281 CAARCCCTTCGAAATAARACGACTGCTCG
prFVvs282 GTCGTTTTTTTTCGAAGGGTTTGARARAGGCTG
prFvs283 CCCTTCGARARARRACGACTGCTCGATACC
prAH525 GAGCGGGGATCCATAGGAGGAACAATTTTATGARATCCATAGACGARCARAG
prAH526 CTCCCGCGAATTCTCAGCCTTTTTCATACCCTTC
prAH537 TTATTACGGCGGGTATGAARAAGGCTGAGAA
prAH538 TTCATACCCGCCGTAATAATACGACTGCTCG
prAH295 GAGCGAGATCTATGACTGAACAARRACACGRAG
prAH297 CTCCCGCTCGAGTTATGCGTCGATATTTTGGG
prAH416 ATCCTCCAARATCGGATCTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCATGGCTARAARCAACCAATACA
prAH417 CCGRAACGCGCGAGGCAGATCGTCAGTCAGTCACGATGCGGCCGCTCGAGTCARATATCCAATTCCGCCG
prAH453 GAGCGAGATCTATGGGTAARAACGAGGCCAG
prAH454 CTCCCGCTCGAGTTAGACATCCAGGAACCGRA

Stanger et al. www.pnas.org/cgi/content/short/1516930113 13 of 14
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Movie S1. NmFic tetramer. Rotating view of tetrameric NmFic colored by monomer (same color code as in Fig. 2 and Fig. S1), with the active site and target
binding site (flap) highlighted in yellow and blue, respectively (step 1). Rotating view of the same NmFic,,: tetramer colored by conservation with a gradient
from dark pink to cyan for conserved to variable residues [ConSurf (28)] (step 2). Side chains of residues involved in oligomerization interfaces are depicted as
sticks with the carbon atoms colored according to the conservation score (step 3), revealing a strictly conserved interface and a more variable interface. The
nonconserved interface is finally colored by covariance [Gremlin (29)] with a gradient from green (covariance probability of 1) to orange (covariance prob-
ability of 0.6). Note the high variability at the surface of the tetramer and conservation or covariance at the interfaces.

Movie S1

Movie S2. Model of cis-autoadenylylation. NmFic is in monomer/tetramer equilibrium. Once a monomer (N) exits the tetramer, the a;,, can unfold and bind
to the target binding site, positioning the modifiable Tyr Y183 at a specific position in the active site to allow the nucleophilic attack on the a-phosphorous of
ATP (N”), which results in covalent transfer of AMP onto Y183 (A°). Note that upon unfolding of the ainp, the inhibitory Glu can no longer occupy its inhibitory
position. Upon release of Y183-AMP from the flap, the ai, partially refolds (A). The latter conformation corresponds to the active monomeric NmFic protein.

Movie S2

Stanger et al. www.pnas.org/cgi/content/short/1516930113 14 of 14
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5.3. FIC-domain protein interaction with cognate target GyrB

5.3.1. Introduction

Most FIC-domain proteins catalyze the transfer of a phosphoryl-containing group onto a target
protein, through cleavage of a substrate phosphodiester bond (13). Of these, those with a canonical
FIC motif catalyze the transfer of an AMP group, from a bound ATP molecule. Their catalytic activity is
under the control of a regulatory element termed ainn, and can be largely classified based on the ainn
position in relation to the catalytic motif. The ainn regulatory element contains a conserved motif,
where an invariant glutamate carboxyl side-chain binds an invariant arginine part of the FIC motif,
effectively preventing competent binding of the nucleotide substrate (2). The physiological ainy toxin

inhibition relief mechanism is not yet clear (19).

The first identified FIC protein: the gain-of-function FIC-1 was found to be the responsible agent In the
E.coli filamentation growth-arrest phenotype caused by cyclic-AMP (4). Since then, different bacterial
FIC-domain proteins have been identified as host-targeted secreted pathogenic factors (6,25);
however, the biological function of most FIC-domain proteins remains elusive. VbhTA is a
toxin/antitoxin protein complex expressed by the mammalian pathogen Bartonella schoenbuchensis
(26). The antitoxin VbhA is encoded upstream of the VbhT gene. The full-length VbhT protein contains
a C-terminal Bep intracellular delivery (BID) domain, a type IV secretion system signal, responsible for
the secretion of the toxin-antitoxin complex onto bacterial or mammalian host-cell targets. Upon host-
delivery the inactivating complex is thought to disassemble, leading to the mature active form of the
toxin (19). In the inactive form, VbhA forms a tight complex with VbhT, where the conserved residues
S20 and specifically, E24 bind R147 of VbhT, obstructing the competent binding of ATP within the
catalytic site on the FIC-domain motif. /In vitro, the VbhAg4c inhibition relief mutant was shown to
mimic the antitoxin release mechanism behaving similarly as the active form of VbhT (2). Recently,
the VbhT was linked to an E.coli growth-arrest phenotype, correlating with the AMPylation of two
target proteins: the homologous subunits B of the bacterial type |l topoisomerases DNA gyrase GyrB,
and topoisomerase IV (topo IV) ParE (20). Topoisomerases control DNA topology through DNA
catenation and de-catenation, ensuring DNA and RNA polymerase function, playing an essential role
in healthy cell growth and function (24). VbhT catalyzes the post-translational modification of the
catalytical site of both ATPases, effectively blocking its intrinsic ATPase activity, causing the abrogation
of their biological function and ensuing cell growth arrest (2, 20). The structural characterization of

the VbhTA/GyrB apo, as well as the nucleotide-bound complexes is described below.
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5.3.2. Material and methods

Protein purification

NMFICei02r e156r H107a MONOMer mutant, the VbhA/VbhT1.105) protein complex, the inhibition relieved
VbhAg246/VbhT mutant and the GyrB1-220) ATPase-domain proteins, termed from here on NmFICmono
VbhTA, VbhTAr4c, and GyrB, were expressed and purified as previously described in (2, 13, 27). In
short, NmFICmono and VbhTAg246 Were expressed in the E. coli BL21-Al strain, while VbhTA and GyrB
were expressed in the E. coli BL21 (ADE3) strain, either in LB or M9 medium (**N-ammonium chloride)
for isotopically labeled protein ([U-*°N]). Subsequently, each protein was purified by Ni-NTA affinity
chromatography followed by size exclusion chromatography. An additional anion exchange

chromatography step was performed for GyrB.

Solution NMR measurement and data analysis

Standard 2D [**N,*H]-TROSY-HSQC (28) NMR spectra were recorded at 25°C on a Bruker Ascend 700
spectrometer equipped with a cryogenic triple-resonance probe running Topspin 3.0 (Bruker, USA).
NMR data were processed with PROSA (29) and analyzed with CARA (30). Chemical shift perturbations

were calculated with:

CSP = \/ [(AS(lH))Z + (0.2 * A8(15N))2],

where AS(*H) and A8(*°N) are the chemical shift changes of the *H and N nuclei, respectively. The
earlier determined sequence-specific resonance assignments of NmFICnono, as well as the published

assignment of GyrB, was were used for the sequence-specific analysis (31).

VbhTA/GyrB apo and nucleotide complexes co-crystallization

For crystallization, the protein complex was assembled by incubating GyrB 1:1 with the VbhTA
complex, and subsequently purified on an S200 increase 10/300 GL gel filtration column (GE
Healthcare) equilibrated with buffer G (20 mM phosphate buffer pH 7.2, 40 mM KCL, 40 mM Nacl,
1mM EDTA, 2 mM DTT) using an Akta (GE Healthcare, USA) system. The complex fractions were
analyzed by SDS-PAGE and concentrated to ~10 mg/ml by ultrafiltration with a 10,000 MWCO Amicon

centrifugal filtering device (Sartorius, Germany).

Crystals of the protein complex were obtained using the sitting-drop vapor diffusion method after
mixing 0.2 pl protein solution with 0.2 ul of reservoir solution, equilibrating against 80 ul of reservoir
solution. Crystallization trials were set up using protein-complex screens (ProPlex, and NR-LBD,

Molecular Dimensions, USA) as well as the Index-HT screen (Hampton Research, USA) at 20°C; the
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the VbhTAg46/GyrB complex nucleotide was crystallized in the apo form and subsequently soaked
with the nucleotide, as well as co-crystallized with 5 mM and ATP. For cryo-protection, the obtained
crystals were soaked in the reservoir solution with 20% glycerol, and flash-frozen in liquid nitrogen for

data collection.

Data collection, processing, structure determination, and refinement

Diffraction data were collected at the Swiss Light Source (Villigen, Switzerland) at 100 K, processed
using DIALS (32) or XDS (33) and scaled using aimless (34). The complex structures were solved by
molecular replacement using the apo structures of VbhTA (PDB ID: 3SHG), and GyrB (PDB ID: 4PRV) as
search models using Molrep (35). Several rounds of iterative model building and refinement were
performed using Coot (36, 37) and PHENIX (38) or REFMACS5 (39). 5% of the data were excluded from

refinement and used for later cross-validation (R-free set).

5.3.3. Results

Solution NMR titration of NmFICmono With cognate target GyrB

The NmFICmono sequence-specific backbone assignment as well as the identification of AMPylation
protein targets, opened the possibility for the titration of each interacting partner using solution NMR
spectroscopy. To determine the possible interaction surfaces of the monomerized mutant NmFICmono
and GyrB, a stepwise titration was performed with increasing amounts of GyrB to [U-*N]-NmFICpono

in buffer F (25 mM MES, 105 mM NacCl, pH 6.5), using 2D-[**N,*H]-TROSY-HSQC spectra (Figure 5-2).
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Figure 5-2 — Overlay of 2D-[**N,*H]-TROSY-HSQC spectra of 150 uM [U->N]-NmFICmono (blue) and after the
addition of 300 uM GyrB (red) in buffer F, measured at 25°C. The residue resolved chemical shift perturbations
and intensities of backbone amide moieties upon GyrB interaction are shown on the side.

Despite observing localized chemical shift and signal intensity changes, precipitation of GyrB was also

observed. As such, a buffer optimization was performed, where buffer G (20 mM phosphate buffer
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pH 7.2, 40 mM KCl, 40 mM NaCl, 1mM EDTA, 2mM DTT) was found to stabilize both GyrB and

NMFICmono (31). Subsequently, the NMR-titration was repeated with buffer G, as shown in Figure 5-3.
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Figure 5-3— Overlay of 2D-[**N,'H]-TROSY-HSQC spectra of 150 uM [U->N]-NmFICmono (blue) and after the
addition of 300 uM GyrB (red) in buffer G, measured at 25°C. The residue resolved chemical shift perturbations
and intensities of backbone amide moieties upon GyrB interaction are shown on the side.

The titration under the optimized conditions showed an overall peak intensity decrease, as well as
increased chemical shift perturbation. In particular, the measured chemical shift perturbations vs.
sequence plot show three localized perturbation areas, the N-terminus residues 14-16, residues 65-
72, and residues 145-159, as well as intensity drops within these regions (Figure 5-3). The optimized
buffer conditions permitted the reverse titration using labeled GyrB for the identification of the

interaction surface on the GyrB-side. The [U-1°N]-GyrB titration spectrum with unlabeled NmFICmono

evidenced several resonance shifts, as well as intensity decrease and peak vanishing (Figure 5-4).
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Figure 5-4 — Overlay of 2D-[**N,*H]-TROSY-HSQC spectra of 150 uM [U-°N]-GyrB (purple) after the addition of
300 uM NMFICono (Orange), measured in buffer G and at 25°C. The residue resolved chemical shift

perturbations and intensities of backbone amide moieties upon NmFICp,ono interaction are shown on the right
side.

The chemical shift perturbations vs. sequence plot evidenced several chemical shift perturbation areas

along the sequence, which correlate well with the intensity vs. sequence plot. The overall intensity
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decreased is explained due to the decreased molecular tumbling of the protein complex, compared
to the protein alone. The measured perturbation data from each side of the titration are shown in

Figure 5-5 mapped onto each known protein crystal structure, respectively NmFICmono (PDB ID: 2g03)

and GyrB (PDB ID: leil).

Figure 5-5 — Chemical shift perturbation (shown in dark pink) of the NmFICpmono/GyrB complex mapped onto
the known complex X-ray structure of each protein, shown in both cartoon and surface representation, with
respective PDB IDs. In A, is shown NmFIC colored in teal with a;,, highlighted in gold, and the catalytic motif
in purple, with the mutated mutNmFIC,,.,, residues highlighted in stick representation. In B is shown GyrB,
colored in blue, with Y109 AMPylation target residue depicted as stick representation.

On the NmFICnono side, the chemical shift perturbation converges onto a binding locus close to to the
flap region (depicted in red, previously in Figure 5-1 A) and the catalytic domain. The displaced
backbone chemical shifts reveal a clear interaction interface, specifically in the surface representation
(Figure 5-5 A). Conversely, on the GyrB side, the structure mapped chemical shift perturbation is
spread through the N-terminal side of the protein, showing a larger binding interface, including the

loop containing the AMPylation target Y109 (Figure 5-5 B). In the surface representation, no clear

binding interface is evident. As shown in Figure 5-5 A, the NmFIC monomerizing mutations E102R,
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E156R, are both situated in the evidenced binding interface, as such the charge inversion caused by
the mutations could affect target binding in addition to the monomerization of the construct. Also,
the mutation of the catalytic H107 to an alanine could as well, hinder ligand binding, and

consequentially complex formation.

Solution NMR titration VbhT/VbhA complex with cognate target GyrB

As shown for the NmFICnono and GyrB proteins, the same approach was followed to study the
interaction between the VbhTA complex with its cognate target GyrB. Due to the unavailability of
VbhTA complex backbone sequence-specific assignment, the titration was performed on the GyrB side
only. To determine the possible interaction surfaces of VbhTA and GyrB a stepwise titration of [U-
15N]-GyrB with increasing amounts of VbhTA in the optimized buffer G was monitored by [*°N, *H]-
NMR spectra. The NMR spectra of the titration endpoint overlaid with the reference spectra of GyrB,
as well as the chemical shift perturbations vs. sequence, and intensity drop vs. sequence plots are

shown in Figure 5-6.
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Figure 5-6 — Overlay of 2D-[**N,'H]-TROSY HSQC spectrum of 300 uM [U->N]-GyrB (purple) alone and after
the addition of 300 uM VbhTA (yellow), measured in buffer G and at 25°C. The residue resolved chemical shift
perturbations and intensities of backbone amide moieties upon NmFIC.,on, interaction are shown on the right
side. The sequence-specific resonance assignment for the most affected resonances is indicated in the spectra.
The [U-*>N]-GyrB 2D-[**N,*H]-TROSY HSQC spectra evidenced several displaced backbone resonances,
as well as several intensity decreased peaks, and a few peaks broadened beyond detection. The
chemical shift perturbation plot shows several areas with significant chemical shift perturbation, in
particular, the N-terminal region. The intensity drop plot, evidence an overall significant decrease of
intensities, caused to the increased rotational correlation time of the higher sized complex when
compared to the protein alone. Several localized intensity decreased areas are also observed, that
correlate well with the chemical shift perturbation areas, in particular, the N-terminal residues 1-51,

residues 90-103, 106-139, 141-153, and 169-183 around the ATP-lid loop. Also, some GyrB resonances

belonging to residues situated in the long loop V97-G117 containing the AMPylation target Y109 were
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observed to be in a slow exchange regime, for the apo- and the VbhTA-bound species. This observed
slow exchange indicate the existence of a stable and distinct form of this region within the

GyrB/VbhTA complex. The measured chemical shift perturbation data, mapped onto the GyrB

structure, is shown in Figure 5-7 (27).

Figure 5-7 — Chemical shift perturbation and intensity drop data (shown in dark pink) for the GyrB/VbhTA
complex, mapped onto the known GyrB complex X-ray structure (PDB ID: 3SHG) (27). In A, depicted in cartoon
and in B, in surface representation. In A, the GyrB Y109 target residue is highlighted as stick representation.

Unlike the NmFIC titration, the observed chemical shift perturbation and intensity, when mapped onto
the known structure of apo GyrB, evidenced a compact binding locus. Several residues comprise the

dimerization interface, specifically on the N-terminal side of the GyrB protein, as well as several

stretches around the ATP-lid loop containing the AMPylation target residue Y109.

AMP transferase and GyrB catalytic complex formation

Both protein assemblies were applied to a gel filtration column equilibrated with the complex-
optimized buffer G. The chromatogram for the assembled NmFICnono/GyrB complex, was compared
with each of the individual proteins. As shown in Figure 5-8, both pure NmFICmono and GyrB elution
profiles display individual monomeric peaks, as confirmed by SDS-PAGE. The gel filtration profile for
the assembled NmFICmono/GyrB protein complex, matches the chromatogram sum of each of the
individual proteins. This was once again confirmed by SDS-PAGE, where each protein is present in
fractions from different elution peaks, running separately at a size consistent with the expected

monomeric size.
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Figure 5-8 — Gel elution profiles as monitored by Abs;sonm of NmFICpono and GyrB-complexes. Recorded at 8°C
in buffer G on an $200 (10/300) size exclusion column for the indicated individual proteins and complexes.
The inset shows SDS-PAGEs of the peak fractions of the individual size exclusion chromatography runs.

The VbhTA/GyrB complexes were similarly applied to a gel filtration column equilibrated with the
optimized buffer G. As shown in Figure 5-9, both pure VbhTA and GyrB elute as individual
monodisperse peaks. Conversely, the assembled VbhTA/GyrB complex elutes also as two peaks, but
with different retention times when compared to the individual proteins, where the highest molecular
weight peak, elutes at a volume consistent with the expected complex molecular weight. The second,
lower weight peak, is explained by an excess of VbhTA complex proteins producing the monomeric
peak. This behavior was further confirmed through the gel filtration of the reloaded VbhTA/GyrB
complex peak, which shows only the highest molecular weight peak. Also, the SDS-PAGE of both
complex elution fractions confirmed the co-elution of VbhTA/GyrB complex proteins. Both of these

observations strongly indicate a tightly bound complex, under the described experimental conditions.
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Figure 5-9 — Gel elution profiles as monitored by Abs;sonm of VbhTA and GyrB-complexes. Recorded at 8°C in
buffer G on an S200 (10/300) size exclusion column for the indicated individual proteins and complexes. The
inset shows SDS-PAGEs of the peak fractions of the individual size exclusion chromatography runs.
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VbhTA/GyrB apo complex crystallization

Several initial hits were observed in the first week after plate set up, the corresponding buffer, salt,

and precipitant conditions are summarized in Table 5-1. These conditions were used for the design of

different fine optimization screens, where each buffer pH was varied in 0.5 steps below or above the

observed values, while varying the precipitant concentration, maintaining the salt concentration.

Table 5-1 - Summary of initial crystal hit conditions.

Group

Buffer

Salt (M)

Precipitant

1

0.1 M sodium acetate pH 4-5

0.1 M trisodium citrate pH 4.5-5

0.1 M HEPES pH 7-8

0.1 MMES pH 5.5

0.1 M sodium cacodylate pH 5-5.5

0.1 M Tris-HCI pH 8-9

0.1 M MOPS pH 7.5

0.1 M calcium acetate; 0.2
M ammonium acetate;
None; 0.1 M magnesium
chloride;

0.1 M magnesium chloride;
1.3 M lithium sulphate;
0.1-0.2 M NacCl.

0.15-0.2 M ammonium
sulfate;

0.1 M calcium acetate.
1-1.6 M lithium sulphate;
0.2 M NacCl

0.1 M ammonium acetate.

10-20% (w/v) PEG 4k;
25% PEG 3350.
15-20% (w/v) PEG 4k;
20% (w/v) PEG 8k.
None;15-24% (w/v)
PEG 4k; 18% PEG 8k.

20-25% (w/v) PEG 4k.

12% PEG 8k.

12% PEG 8k.

Of the several tested conditions, mostly crystal needles or plates were observed. Reproducible 3D

crystal growth was observed for the screen based on group 3 HEPES buffer conditions, specifically for

conditions with MgCl, and NaCl as salt. Of the several fished crystals, the best diffracting crystals grew

after a few days in condition: 0.1 M Hepes pH=7.4, 0.1 M MgCl, and 18% (w/v) PEG 8k. For crystal

fishing and freezing, the cryo-protection was first optimized. Both perfluoropolyether and glycerol

were tested, as well as a stepwise increase of glycerol through drop transfer, but ultimately a 20%

glycerol/reservoir mixture showed the best results as assayed visually from crystal appearance (cracks

or melting of crystals). The fished crystals were flash-frozen in liquid nitrogen for data collection.

Crystallization of the complex proved to be successful (Figure 5-10 A and Table 5-2).

Figure 5-10 — Crystals of VbhTA/GyrB apo complex (0.1 M Hepes pH=7.4, 0.1 M MgCl, and 18% (w/v) PEG 8K).
Scale bar: 200 nm.
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Table 5-2 - Data collection and refinement statistics

VbhTA/GyrB
Wavelength 1
Resolution range 42.19-2.01(2.09-2.01)
Space group P2:2,2;

Unit cell

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

CC1/2

cc*

Reflections used in refinement

Reflections used for R-free

R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms
macromolecules

Protein residues

RMS(bonds)

RMS(angles)

Ramachandran favored (%)

Ramachandran allowed (%)

Ramachandran outliers (%)

Rotamer outliers (%)

Clashscore

Average B-factor
macromolecules
solvent

Number of TLS groups

76.81 84.07 84.38; 90 90 90
73611 (7156)
36836 (3589)

2.0 (2.0)
1.00 (0.99)
20.45 (1.95)

24.82
0.04241 (0.4745)
0.05997 (0.469)
0.997 (0.799)
0.999 (0.969)
36826 (3586)
1906 (203)
0.1755 (0.3123)
0.2158 (0.3555)
0.962 (0.771)
0.942 (0.695)
4187
3667
458
0.004
0.57
99
0.67
0
1.5
3.97
32.57
31.39
40.69
14

Statistics for the highest-resolution shell are shown in parentheses.

VbhTA/GyrB apo complex structure

Of the tested crystals, ~50% showed a unit cell similar to the known VbhTA structure (PDB ID: 3SHG),
whereas 50% revealed a space group and unit cell dimensions distinct from each of the known
individual crystal structures. From the several collected datasets, for the novel crystal form, the
highest resolution dataset was picked for data processing. Due to initial less than optimal crystal cryo-

protection, the crystals of the apo-complex diffraction patterns displayed several ice rings, some of
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which overlapped with diffraction spots areas. As such, some of the collected reflections were
discarded, and the total maximal resolution lowered as a consequence. After successful molecular
replacement with each of the known individual crystal structures, the solved structural model of the
co-crystallized complex revealed a molecule of VbhTA bound onto GyrB (Figure 5-11) as previously

thought (41).

Figure 5-11 — Structural model of the VbhTA/GyrB co-crystallized complex. VbhT is colored in teal, VbhA in
gold, and GyrB in blue, depicted in cartoon representation. The VbhT flap domain is highlighted in red, and
the catalytic domain in purple.

As expected, from both the NMR titration and size exclusion elution profiles, the complex structure
confirmed a 1:1 complex between VbhTA and GyrB. The VbhTA/GyrB complex structure revealed a
complex binding interface consistent with the GyrB binding interface obtained from the NMR chemical
shift perturbation data. The structural model reveals the overall conformation of each protein to be
similar to the known individual crystal structures, with an RMSD of 0.306 for the VbhTA/complex
backbone alignment (5 alignment cycles, 438 to 438 atoms out of 524 total atoms) and 0.59 for the
GyrB/complex backbone alignment (5 alignment cycles, 356 to 356 atoms out of 454 total atoms) (2,
40). On the VbhTA side, upon GyrB binding, the N-terminal loop is displaced from the catalytic region
in order to accommodate GyrB, as had been speculated before (Figure 5-12) (40). The N-terminal loop

conformation changes from a position close to the catalytic site, to a solvent accessible conformation.
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90°

Figure 5-12 — Structure alignment between VbhTA (PDB ID: 3shg) shown in grey and VbhTA from the
VbhTA/GyrB complex, in teal (VbhT) and gold (VbhA). The VbhT N-terminal conformational rearrangement
induced upon complex binding is highlighted with arrows.

In the apo VbhTA crystal structure, the N-terminal residue is in position to establish two hydrogen
bonds with the catalytic residues R139, and E140, as depicted in Figure 5-13. After complex formation,

the targeted segment docking forces the N-terminal out of the catalytic pocket, becoming flexible as

evidenced by the lack of electron density for residues 1-7.

| f \ A

Figure 5-13 — Zoom in of the structure alignment between VbhTA (PDB ID: 3shg) shown in grey and VbhTA
from the VbhTA/GyrB complex, in teal (VbhT) and gold (VbhA). The VbhT N-terminal and the two catalytic
residues it establishes two intramolecular hydrogen bonds, as well as the target residue Y109, are highlighted
in stick representation.

Furthermore, the flap domain maintains its overall unbound conformation, and no other significant
structural differences were observed on the VbhTA side. However, on the GyrB side, two major
conformation rearrangements take place. First, the N-terminal loop, part of the GyrB ATPase-

dimerization interface, adopts a distinct conformation upon complex formation tilting away from the

VbhTA/GyrB interaction interface, as evidenced in Figure 5-14.
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Figure 5-14 — Structure alignment between GyrB (residues 1-220 from PDB ID: 1EI1) shown in grey and GyrB
from the VbhTA/GyrB complex, in blue, with the target residue Y109 shown in stick representation. In |, is
indicated the GyrB N-terminal tilting; and in Il, the ATP-lid loop catalytic approximation conformational
rearrangements induced upon complex binding.

Second, the GyrB ATP-lid loop comprising residues 97-120, including the targeted segment with
residue Y109, is displaced from the intrinsic ATP binding site towards the VbhTA catalytic pocket. In
the catalytic pocket, the catalytic residue H136 establishes a hydrogen bond with the target residue

Y109 as seen in Figure 5-15.

Figure 5-15 — Catalytic site of the VbhTA/GyrB complex. VbhT is colored in teal, VbhA in gold, and GyrB in blue,
depicted in cartoon representation, while the catalytic and target residue side-chains are highlighted in stick
representation.

Furthermore, in the catalytic pocket the previously described salt-bridge between the canonical FIC
ainh Mmotif VbhA’s residue E24 and VbhT’s catalytic residue R147 responsible for competent ATP binding
is also present (Figure 5-15) (2). The mechanism, through which VbhTA holds the GyrB target into
place for its AMPylation activity, is revealed to be twofold. As the central binding motif, the VbhTA

flap region target dock B-strand establishes an intermolecular antiparallel B-sheet-like structure with

the targeted segment of GyrB (residues 108-113) evidenced in Figure 5-16.
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Figure 5-16 — Intermolecular antiparallel B-sheet between the VbhTA flap’s target dock (red) and GyrB ATP-
lid loop’s targeted segment containing target residue Y109 (blue). In A, is shown the flap-lock in stick
representation as well as intra- and intermolecular hydrogen bonds; in B, are shown the intermolecular
hydrogen bonds between VbhT’s target dock, and GyrB’s targeted segment, with the interacting residues in
stick representation, and the backbone in line representation.

The intermolecular hydrogen bonds established, lead to the f—augmentation of the flap region two B-
strands, into a three-stranded antiparallel B-sheet. As shown in Figure 5-16 A, VbhT’s target dock is in
position to establish four hydrogen bonds between residues V84, D82 and GyrB’s K110, S112, which
hold Y109 firmly in place for the intermolecular hydrogen bond with residue H136. The electron
density of GyrB’s ATP lid loop residues 101-106 is poorly defined, evidencing its flexibility. Additionally,

VbhTA holds GyrB in place through a second interaction: an additional intermolecular salt-bridge is

established between VbhTA residue E131 and GyrB residue R22, shown in Figure 5-17.

Figure 5-17 — Intermolecular salt-bridge between VbhTA residue E131 and GyrB residue R22.

Both of these interactions help position GyrB’s targeted segment into the catalytic site of VbhTA,
establishing the H136-Y109 hydrogen bond that initiates the catalytic transfer of the AMP moiety onto
the Y109 residue. In fact, the superposition of the VbhTA/GyrB complex with the known structure of
the GyrB ATP bound dimer shows that VbhTA binds precisely to the GyrB dimerization interface as

depicted in Figure 5-18.
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Figure 5-18 — Overlay of the VbhTA/GyrB co-crystallized complex with GyrB dimer (PDB ID: 1leil). In A, is
depicted the GyrB dimer colored dark grey and grey for each monomer, both in cartoon and surface
representation. In B, is depicted the VbhTA/GyrB complex, where VbhT is colored in teal, VbhA in gold, and
GyrB in blue, in cartoon representation, with GyrB dimer colored in dark grey and grey for each monomer, in
surface representation.

The superposition of each complex reveals a steric clash between bound VbhTA and the second copy

of GyrB, revealing an exclusive VbhTA complex interaction with the inactive monomeric form of GyrB.

VbhTA/GyrB nucleotide-bound complex crystallization

After the successful crystallization of the apo complex and crystal structure resolution, the description
of both the complex interacting residues and the target protein conformational rearrangement into
the catalytic site of VbhTA, the description of the AMP moiety transfer onto GyrB, became the next
logical step. As such, co-crystallization with different nucleotides was attempted, in search for the
nucleotide-bound forms. At first, for the nucleotide-bound complex, the protein complex was co-
crystallized in the presence of either 5mM AMP or ATP, using a newly designed fine screen based on
the above-described apo-complex crystal buffer conditions, varying both buffer pH (7.4-8), and PEG
8k concentration (15-22% (w/v)). Crystals were observed to grow preferentially at higher
concentrations of PEG, and with a few exceptions, at lower pH. VbhTA/GyrB co-crystallized in the
presence of AMP nucleotides, but not with ATP, as crystals grew in none of the tested conditions. Of
the several AMP co-crystallized crystals, those with higher dimensions and finer edges were selected
and cryo-protected with the improved cryo-protection protocol, using the respective reservoir
solution with 20% Glycerol, and subsequently flash-frozen. The tested crystal diffraction patterns
displayed no ice rings, leading to the elucidation of the AMP-bound structure at resolution of 1.45 A.

(Figure 5-19; Table 5-3).
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Figure 5-19 — Crystals of VbhTA/GyrB AMP-bound complex (0.1 M Hepes pH=7.8, 0.1 M MgCl, and 20.1% (w/v)

PEG 8K). Scale bar: 200 nm.

Table 5-3 — Data collection and refinement statistics of nucleotide-bound complexes.

VbhTA/GyrB/AMP
Wavelength 1
Resolution range 42.24 - 1.45 (1.50 - 1.45)
Space group P2,2:2;

Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigmal(l)
Wilson B-factor
R-merge
R-meas
CC1/2
cc*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC(work)
CC(free)
Number of non-H atoms
macromolecules
ligands
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandram outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent
Number of TLS groups

76.94 84.26 84.48; 90 90 90
844927 (78169)
97299 (9567)

8.7 (8.2)

1.00 (1.00)

26.18 (1.09)

23.31

0.03712 (1.673)
0.03946 (1.787)
1(0.56)
1(0.848)
97246 (9553)
4780 (472)
0.1806 (0.3455)
0.2012 (0.3669)
0.962 (0.747)
0.966 (0.716)
4151
3757
12
463
0.011
1.17
99
1.1
1.1
1.3
4.57
39.51
39.06
33.77
44.12
19

Statistics for the highest-resolution shell are shown in parentheses.
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VbhTA/GyrB AMP-bound complex structure

The nucleotide-bound solved structure revealed the complex catalytic site to contain an AMP moiety
bound in a non-competent state (Figure 5-20). The VbhA ainn E24 salt-bridge with the VbhT catalytic
R147 residue, as shown previously, was as well present. In addition, the catalytic R147 was found in
position to establish a hydrogen bond with the AMPs adenosine O3, as opposed to the y-phosphorus

in the competent nucleotide binding expected conformation.

Figure 5-20 — Catalytic site of the VbhTA/GyrB/AMP co-crystallized complex structural model. VbhT is colored
in teal, VbhA in gold, and GyrB in blue depicted in cartoon representation. The AMP moiety is depicted in stick
representation, with the AMP-bound magnesium colored in green, and respective coordinating waters in red.
In A, is additionally shown the Fo-Fc omit map at a contour level of 3.0 o, while in B, the catalytic residues are
highlighted in stick representation, as well as polar interactions between interacting atoms.

This result confirmed the supposed competent substrate binding inhibition role of a;nn, VbhA E24,
through intermolecular binding to VbhT’s catalytic R147 residue. In addition, poor electron density for
the Y109 residue’s side-chain indicates its flexibility upon AMP binding. Furthermore, an additional

AMP molecule was also found on GyrB’s ATP catalytic site, as shown for the active GyrB dimer (40).

VbhTAe246/GyrB competent nucleotide-bound complex crystallization

The crystallization of the non-competent nucleotide-bound complex led to the pursuit of the
crystallization of VbhTAg46 inhibition relieved mutant with GyrB, in the presence of ATP. The
crystallization was attempted through both ATP co-crystallization and nucleotide soaking with the
VbhTAe46/GyrB  apo-complex crystals. Consequently, crystals of the inhibition relieved
VbhTAE246/GyrB complex apo- and nucleotide-bound holo-states, were obtained using the previously
described fine screen buffer in the absence and presence of 5mM ATP, respectively. For ATP soaking,
a nucleotide soaking time course with 5mM ATP was performed with VbhTAg46/GyrB apo crystals. In
both cases, leading to high-quality crystals diffracting with a resolution of up to 1.5 A. (Figure 5-21;
Table 5-4).
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Figure 5-21 — Crystals of VbhTA¢46/GyrB ATP co-crystallized complex (0.1 M Hepes pH=7.6, 0.1 M MgCl, and
21.3% (w/v) PEG 8K). Scale bar: 200 nm.

'\

d

Table 5-4 — Data collection and refinement statistics for the nucleotide-bound complex.

VbhTA¢246/GyrB ATP

Wavelength
Resolution range
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigmal(l)
Wilson B-factor
R-merge
R-meas
CC1/2
cc*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC(work)
CC(free)
Number of non-H atoms
macromolecules
ligands
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandram outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent
Number of TLS groups

45.91-1.50(1.56 - 1.50)

77.10 78.89 82.89; 90 90 90

1
P2,2,2

1056174 (98563)
81264 (7995)
13.0 (12.3)
1.00 (0.99)
22.53 (1.30)
21.40

0.06426 (1.878)
0.06694 (1.96)
1(0.706)
1(0.91)
81168 (7957)
1662 (165)
0.1848 (0.3422)
0.2077 (0.3607)
0.961 (0.833)
0.953 (0.849)
4220
3699
64
465
0.008
0.99
98
1.1
1.1
1.3
5.94
35.36
34.87
29.43
40.18
22

Statistics for the highest-resolution shell are shown in parentheses.
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VbhTAg246/GyrB competent nucleotide-bound complex structure

The comparison between the structures of apo and ATP-bound VbhTAg46/GyrB revealed an overall
conformational similarity with an RMSD of 0.639 for the VbhTA/complex backbone alignment (5
alignment cycles, 1546 to 1546 atoms out of 1772 total atoms). The provisional structural model of
the co-crystallized holo complex revealed an ADP moiety bound to the catalytic site of VbhTAg4g,

instead of the expected ATP (Figure 5-22).

Figure 5-22 — Catalytic site of the VbhTA/GyrB/ADP co-crystallized complex structural model. VbhT is colored
in teal, VbhA in gold, and GyrB in blue depicted in cartoon representation. The ADP moiety is depicted in stick
representation, with the ADP-bound magnesium colored in green, and respective coordinating waters in red.
In A, is additionally shown the Fo-Fc omit map at a contour level of 3.0 o, while in B, the catalytic residues are
highlighted in stick representation, as well as polar interactions between interacting atoms.

Interestingly, upon ADP binding, GyrBs Y109 AMPylation target changes its conformation away from
the H136-bound as seen on the apo structure, to the R139 hydrogen bond available position, within
the catalytic site. Additionally, one ADP molecule was also found on the ATP binding pocket of GyrB,

consistent with the known nucleotide-bound structures (27, 40).

5.3.4. Discussion

The achievement of NmFICqono backbone resonance specific assignment, discussed in chapter 5.2,
paved the way towards the target complex titration studies using solution NMR spectroscopy.
Chemical shift perturbation and intensity drop for the NmFICmono/GyrB NMR titration experiment
evidenced the binding residues for both proteins, which when mapped onto the known structure
helped identify the possible binding interface on each interaction partner, specifically on the
NmMFICnono side, where a clear binding interface was observed. On the NmFICnono side, binding
interface expressly demonstrated the suspected role of the flap region on GyrB binding. Conversely,
on the GyrB side, the binding interface was less clear. Both NmFIC E102R-E156R mutations introduced
previously for the soluble study of the monomeric form of the protein, are situated in the here

evidenced NmFIC/GyrB binding interface. The charge inversion of the E2R mutated residues could
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induce charge repulsion between interacting residues of each protein, disturbing not only the
tetramerization of NmFIC but target-complex formation as well. In addition, the H107A catalytic
inactive mutation could further hinder complexinteraction, due to the lack of the catalytical hydrogen
bond, as shown before for the FIC-target IbpA/Cdc42 complex (42). Gel filtration of the assembled
complex, revealed a curve sum of the individual monomeric species, further indicating an unstable
complex in these conditions. It is then highly probable the introduced mutations affect target binding,

explaining the mixed results.

For the VbhTA/GyrB, the binding interface was only followed on the GyrB side, due to unavailability
of the VbhTA backbone assignment. Nevertheless, chemical shift perturbation and residue intensity
drop mapping uncovered a compact complex binding interface on the N-terminal side of GyrB.
Additionally, NMR titration studies allowed the optimization of GyrB-stabilizing buffer, resulting in the
formation of a stable complex, confirmed by size-exclusion chromatography, and SDS-PAGE. After
initial crystallization trials and condition optimization, the co-eluting complex was successfully
crystallized. The VbhTA/GyrB complex structure, demonstrated the conformational changes each
partner experiences upon complex formation. The VbhT N-terminal loop adopts a conformation
where it opens up the catalytic site upon GyrB binding. On the GyrB side, as evidenced by the NMR-
titrations, GyrB’s N-terminus adopts a conformation away from the binding interface. GyrB’s N-
terminal loop is responsible for holding the active GyrB dimer in place upon ATP substrate binding,
essential for GyrB catalytic dimer formation, ATPase activity, and enzyme turnover (40). The GyrB
protein is then effectively held through B-augmentation between the VbhT flap loop’s target dock and
GyrBs ATP-lid targeted segment as an antiparallel B-sheet-like structure; as well as an intermolecular
salt-bridge between two residues side-chains, tightly binding GyrB in place for AMPylation. This
structural feature matches well with the observed distinct structural state observed with NMR-
spectroscopy, showing slow chemical exchange on the NMR-time scale, as well as the known
IbpA/Cdc42 complex (42). As a consequence, the antiparallel B-sheet directly forces GyrBs ATP
targeted segment Y109 residue, into the VbhT’s catalytic site for AMPylation, which abrogates the
target’s function. The fact that VbhTA binds precisely to the GyrB dimerization interface demonstrates
that VbhTA exclusively binds the GyrB monomer, and not the dimer, as initially thought, where the
ensuing AMPylation of GyrB’s Y109 residue results in concomitant obstruction of GyrB’s nucleotide

binding, and consequent abrogation of active dimer formation.

The successful description of the apo-complex led to the procurement of the nucleotide-bound and
AMPylated complexes. At first, the nucleotide-bound complex was crystallized in the presence of

AMP. The resulting structure showed an AMP moiety bound to the catalytic site, albeit in a non-
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competent manner, as the alpha-phosphate oxygen sits in the Y109 hydroxyl nucleotide unbound
position, resulting in charge repulsion. VbhA antitoxin contains the canonical FIC ainn motif, where
residue E24 binds VbhT's R147 catalytic residue responsible for competent ATP binding. The
physiological inhibition relief mechanism of the wild-type protein remains currently unknown. It is
believed that translocation of the FIC-domain into the host cell, leads to the unfolding of the TA
complex, where VbhT translocates unaccompanied, in a similar manner to the proposed colicin
translocation unfolding mechanism (discussed in chapter 4.2) (19). In vitro, this effect is mimicked by
an inhibition-relieved mutant, through the replacement of the glutamate residue to a glycine (2, 13).
As such, further crystallization trials were performed using this inhibition-relieved mutant in the
presence of ATP, resulting in the solution of a high-quality structure, albeit of the ADP-bound complex.
Either residual ADP impurities in the ATP stock or ATP catalyzed by GyrB to ADP, selectively bound the
VbhTAg46/GyrB complex, leading to the preferential crystallization of the ADP-bound over the ATP-

bound complex. The catalytic site of each structure is shown in Figure 5-23.

Figure 5-23 — Comparison between the catalytic sites of both apo and nucleotide-bound co-crystallized
complexes. In A is shown the apo complex catalytic site, in B, the AMP-bound complex, in C the ADP-bound
co-crystallized complex, and in D the superposition between AMP moiety (from the AMP-bound complex)
with the apo complex, showing the possible AMPylation product structure. VbhT is depicted in cartoon
representation colored in teal, VbhA in gold, and GyrB in blue, and the nucleotide in stick representation.
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With the solution of apo-complex and AMP-bound structures (Figure 5-23 A-B), it became clear the
role of the ainn VbhA E24 residue on the competent binding of ATP, later demonstrated in the ADP
bound structure (Figure 5-23 C). In Figure 5-23 D is depicted the possible structure of the AMPylated
product complex, through the overlay of the apo complex’s Y109 residue, and the AMP-bound

complex AMP moiety, in good agreement with the known FIC-target IbpA/Cdc42 complex (42).

5.4. Conclusion

Solution NMR spectroscopy and X-ray crystallization were explored in an integrated fashion for the
conformational and structural characterization of both NmFIC auto-AMPylation and VbhTA/GyrB
complex. This approach allowed the biological contextualization of high-resolution crystal structures
with NMR dynamical data, to unravel further details of each proteins physiological function. In both
cases solution NMR spectroscopy allowed the study of the dynamic properties of each protein and
protein complexes, helping uncover aspects such as NmFIC conformational changes induced upon
automodification, GyrBs minimal construct and optimal conditions for complex formation; each of
these crucial for the conformational characterization of each protein. Whereas X-ray crystallography,
allowed the fast resolution of several high-quality atomic resolution structures, aiding the uncovering

of each proteins structure, conformational changes, and their catalytic function.
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6. Appendix

6.1. Protein sequences

GFP+ (28296 kDa; £€280: 21890 M-lcm):
MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDH
MKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYITA
DKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGIT
HGMDELYKKLAAALEHHHHHH

T7 RNAp (98942 kDa; £€280: 140260 Mcm):
MRGSHHHHHHGENLYFQ/SMNTINIAKNDFSDIELAAIPFNTLADHYGERLAREQLALEHESYEMGEARFRKMFE
RQLKAGEVADNAAAKPLITTLLPKMIARINDWFEEVKAKRGKRPTAFQFLQEIKPEAVAYITIKTTLACLTSADNTTV
QAVASAIGRAIEDEARFGRIRDLEAKHFKKNVEEQLNKRVGHVYKKAFMQVVEADMLSKGLLGGEAWSSWHKED
SIHVGVRCIEMLIESTGMVSLHRQNAGVVGQDSETIELAPEYAEAIATRAGALAGISPMFQPCVVPPKPWTGITGG
GYWANGRRPLALVRTHSKKALMRYEDVYMPEVYKAINIAONTAWKINKKVLAVANVITKWKHCPVEDIPAIEREE
LPMKPEDIDMNPEALTAWKRAAAAVYRKDKARKSRRISLEFMLEQANKFANHKAIWFPYNMDWRGRVYAVSM
FNPQGNDMTKGLLTLAKGKPIGKEGYYWLKIHGANCAGVDKVPFPERIKFIEENHENIMACAKSPLENTWWAEQ
DSPFCFLAFCFEYAGVQHHGLSYNCSLPLAFDGSCSGIQHFSAMLRDEVGGRAVNLLPSETVQDIYGIVAKKVNEIL
QADAINGTDNEVVTVTDENTGEISEKVKLGTKALAGQWLAYGVTRSVTKRSVMTLAYGSKEFGFRQQVLEDTIQP
AIDSGKGLMFTQPNQAAGYMAKLIWESVSVTVVAAVEAMNWLKSAAKLLAAEVKDKKTGEILRKRCAVHWVTP
DGFPVWQEYKKPIQTRLNLMFLGQFRLQPTINTNKDSEIDAHKQESGIAPNFVHSQDGSHLRKTVVWAHEKYGIE
SFALIHDSFGTIPADAANLFKAVRETMVDTYESCDVLADFYDQFADQLHESQLDKMPALPAKGNLNLRDILESDFAF
A

FKBP12 (11.974 kDa; £280: 9970 M-cm%):

MGSSHHHHHHLEVLFQ/GPGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEV
IRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLE

Neisseria meningitidis FIC (22.143 kDA; €280: 24410 Mcm™):

MHHHHHHMKSIDEQSLHNARRLFESGDIDRIEVGTTAGLQQIHRYLFGGLYDFAGQIREDNISKGGFRFANAMYL
KEALVKIEQMPERTFEEIIAKYVRMNIAHPFLEGNGRSTRIWLDLVLKKNLKKVVNWQNVSKTLYLQAMERSPVND
LRLRFLLKDNLTDDVDNREIFKGIEQSYYYEGYEKG
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human Abl kinase 1 T351I gatekeeper mutant (€280: ? M*cm?):
MSSHHHHHHLEVLFQ/GPNLFVALYDFVASGDNTLSITKGEKLRVLGYNHNGEWCEAQTKNGQGWVPSNYITPV
NSLEKHSWYHGPVSRNAAEYLLSSGINGSFLVRESESSPGQRSISLRYEGRVYHYRINTASDGKLYVSSESRFNTLAEL
VHHHSTVADGLITTLHYPAPKRNKPTVYGVSPNYDKWEMERTDITMKHKLGGGQYGEVYEGVWKKYSLTVAVKT
LKEDTMEVEEFLKEAAVMKEIKHPNLVQLLGVCTREPPFYIIIEFMTYGNLLDYLRECNRQEVNAVVLLYMATQISSA
MEYLEKKNFIHRDLAARNCLVGENHLVKVADFGLSRLMTGDTYTAHAGAKFPIKWTAPESLAYNKFSIKSDVWAF
GVLLWEIATYGMSPYPGIDLSQVYELLEKDYRMERPEGCPEKVYELMRACWQWNPSDRPSFAEIHQAFETMFQE
SSISDEVEKELGKQGV

Colicin la C-domain (21.093 kDa; €280: 23950 M-lcm!):
MGSSHHHHHHSSGENLYFQ/HMLEEKRKQDELKATKDAINFTTEFLKSVSEKYGAKAEQLAREMAGQAKGKKIRN
VEEALKTYEKYRADINKKINAKDRAAIAAALESVKLSDISSNLNRFSRGLGYAGKFTSLADWITEFGKAVRTENWRPL
FVKTETIIAGNAATALVALVFSILTGSALGIIGYGLLMAVTGALIDESLVEKANKFWGI

human Bax (21.322 kDa; £€280: 35980 M-lcm™?):
MKGSSHHHHHHSSGLVPRGS/HMDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPVP
QDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMFSDGNFNWGRVVALFYFASKLVLKALC
TKVPELIRTIMGWTLDFLRERLLGWIQDQGGWDGLLSYFGTPTWQTVTIFVAGVLTASLTIWKKMG

human GB1-Bax (21.785 kDa; £280: 35980 M-lcm™):
MSGSHHHHHHSSGIEGR/GRQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVT
ESSGENLYFQ/SGSHMTMDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPVPQDASTK
KLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMFSDGNFNWGRVVALFYFASKLVLKALCTKVPELI
RTIMGWTLDFLRERLLGWIQDQGGWDGLLSYFGTPTWQTVTIFVAGVLTASLTIWKKMG

human SUMO-Bax (21.184 kDa; £€280: 35980 M-1cm):
MSGSHHHHHHHHHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEM
DSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHLEQIGG/MDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGR
MGGEAPELALDPVPQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMFSDGNFNWGRV
VALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLGWIQDQGGWDGLLSYFGTPTWQTVTIFVAGVLTASLTI
WKKMG

Bartonella schoenbuchensis VbhA (7.270 kDa; €280: 1490 M*cm?):

MLSEEEIEYRRRDARNALASQRLEGLEPDPQVVAQMERVVVGELETSDVIKDLMERIKREEI
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Bartonella schoenbuchensis VbhT (24.160 kDa; £280: 34380 Mlcm™):

MHHHHHHMRKYEGSNDPYTDPETGVMYNLLGIKDQARLERVESAFAYIRSFELGRTSISGKFDLDHMKKIHKKLF
GDVYEWAGKTRLVDIVKDNSKFAHYTQIESYAPQITQQLAREQHLRGLDANEFSQRAGYYMGELNALHPFREGN
GRTLREFIWQLAREAGYHIDWDRVERQEMTRASIESYYGNSDLMSALIRRNLTEFT

Escherichia coli GyrB (25.097 kDa; £280: 14440 M-*cm?):
MHHHHHHMSNSYDSSSIKVLKGLDAVRKRPGMYIGDTDDGTGLHHMVFEVVDNAIDEALAGHCKEIIVTIHADN
SVSVQDDGRGIPTGIHPEEGVSAAEVIMTVLHAGGKFDDNSYKVSGGLHGVGVSVVNALSQKLELVIQREGKIHRQ
IYEHGVPQAPLAVTGETEKTGTMVRFWPSLETFTNVTEFEYDILAKRLRELSFLNSGVSIRLRDKRDGKEDHFHYEG

H — 6x or 10x His tag

ENLYFQ — TEV protease cleavage sequence
LEVLFQ — PreSc protease cleavage sequence
LVPRGS — Thrombin protease cleavage sequence
IEGR — FactorXa protease cleavage sequence

AA —-SUMO tag

AA - bGB1 or GB1 tag
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Abbreviations

2D, 2-dimensional

3D, 3-dimensional

2-ME, 2-mercaptoethanol
Abl, Abelson tyrosine kinase

AFM, atomic-force microscopy

ASC, apoptosis-associated speck-like protein containing a CARD

AMP, adenosine triphosphate
ARF, ADP-ribosylation factor

Bcr, breakpoint cluster region

bGB1, basic mutant of B1 domain of protein G from Streptococcus sp

BiP, Binding immunoglobulin protein

B-0OG, beta-octylglucoside

B-ME, B-mercaptoethanol

BMCF, batch mode cell-free

Brij35, polyoxyethylene-(23)-lauryl-ether

bp, bair pairs

CARD, Caspase activation and recruitment domains
C-domain, channel domain

CECF, continuous-exchange cell-free

Cir, colicin | receptor

Col, colicin

COSY, correlation spectroscopy

cryo-EM, cryo-electron microscopy

DDM, n-dodecyl-D-maltoside

DHPC, 1,2-hexanoyl-sn-glycero-3-phosphocoline
diC7PC, 1,2-diheptanoyl-sn-glycero-3-phosphocoline
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPG, 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

DMSO, dimethylsulphoxide
DNA, deoxyribonucleic acid
Doc, Death on curing

DTT, 1,4-dithiothreitol
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EDTA, ethylenediaminetetraacetic acid

ER, endoplasmatic reticulum

FIC, filamentation induced by cyclic AMP

FK-506, Tacrolimus

FKBP12, human peptidyl-prolyl cis-trans isomerase FK506 binding protein 1A, 12kDa
FM, feeding mixture

GB1, B1 domain of protein G from Streptococcus sp.

GFP, green fluorescent protein from Aequorea victoria
GK, gatekeeper

GSH, reduced glutathione

GSSG, oxidized glutathione

GTP, guanosine triphosphate

GyrB, Escherichia coli DNA topoisomerase lla Gyrase B
HSQC, heteronuclear single quantum coherence
hAbIK1GK, human Abelson kinase 1 T351I gatekeeper mutant
hLBP, human Lipopolysaccharide Binding Protein

HypE, Huntingtin yeast-interaction protein E

IbpA, Histophilus somni Immunoglobulin binding protein A
IM, inner membrane

IPTG, isopropyl-B-D-thiogalactopyranoside

kDa, kiloDalton

LB, Luria Bertani

LBP, lipopolysaccharide-binding protein

LPS, lipopolysaccharide

MAS, Magic-angle spinning

mRNA, messenger ribonucleic acid

mTORC1, mammalian target of rapamycin complex 1
MWCO, molecular weight cut-off

NmFIC, Neisseria meningitidis FIC protein

NmMFICmono, Neisseria meningitidis FIC protein monomeric mutant
NMR, nuclear magnetic resonance

NOE, nuclear Overhauser effect

NOESY, nuclear Overhauser effect spectroscopy

OAc, acetate
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OM, outer membrane

PCR, polymerase chain reaction

PFT, pore-forming toxin

Phd, Prevents host death

PMSF, phenylmethylsulfonylfluoride

ppm, parts per million

PreSc, PreScission

PTM, post-translational modification

R-domain, receptor domain

rf, radiofrequency

RM, reaction mixture

rmsd, root-mean-square deviation

RNA, ribonucleic acid

SAIL, stereo-array isotope labeling

SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis
SoFIC, Shewanella oneidensis FIC

T-domain, translocation domain

T7 RNAp, RNA polymerase from bacteriophage T7
TCEP, tris(2-carboxyethyl)phosphine

TEV, tobacco etch virus

TOCSY, total correlation spectroscopy
TritonX100, polyethylene-glycol P-1,1,3,3-tetramethyl- butylphenyl-ether
tRNA, transfer ribonucleic acid

TROSY, transverse relaxation optimized spectroscopy

VbhTA, Bartonella schoenbuchensis octopine Ti plasmid virulence B homologous T and A complex

VopsS, Vibrio parahaemolyticus type Il effector
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