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Abstract

Abstract

Intracellular crystallography is a method for elucidating the three-dimensional
structure of proteins. It relies on the spontaneous crystallization of a protein in the
producing cells, followed by the collection of X-ray diffraction data and structure
elucidation. It is a promising method that allows not only the crystallization of
proteins that could not be crystallized in situ (Gatiet al., 2014; Redecke et al., 2013),
but also the identification of cofactors bound in the quasi-native environment of the
cell (Nass et al., 2020).

Nevertheless, most of the published intracellular crystallization workflows lack
a systematic methodology for the collection and processing of diffraction data. Here,
two strategies have been implemented to process diffraction data from two model
proteins crystallized in insect cells. Diffraction data was produced by helical line
scans over a MeshMount at a synchrotron source under cryo-conditions. The first
strategy uses a multiple crystal approach (MSX), where a tailor-made script
identifies successive frames belonging to the same crystal and then processes them
individually with XDS. The second approach is a classical serial approach using
CrystFEL, a software designed for still images from serial femtosecond X-ray
diffraction (SFX) at room temperature. The data processing was adversely affected
by the presence of salt and ice crystals, which interfere with the protein crystal
diffraction, thus a filtering script was developed to enable data processing with
CrystFEL.

Further, protein homology was used to identify potential candidates for in cellulo
crystallization. Nine of the ten tested orthologs of the natively crystallizing protein
HEX-1 from Neurospora crassa spontaneously crystallized when produced in living
insect cells using a baculovirus expression system. Four protein structures were
solved and showed a high degree of sequence and structural conservation among the
different species. Additionally, Trypanosoma brucei GMP reductase, a paralog of the
IMP dehydrogenase, formed needle-shaped crystals with a large unit cell but
diffracted X-rays only at low resolution, hindering structure solution and cofactor
identification.

To overcome the limited resolution of the Trypanosoma brucei GMP reductase,
either the radiation intensity or the diffraction volume had to be increased. Since
access to X-ray free electron lasers (XFELs) that provide radiation with higher
brilliance is limited, the crystal volume was increased by fusing adjacent,
baculovirus-infected cells. This proved to be a powerful method, and a resolution
shift of 0.7 A was obtained, allowing the identification of bound cofactors, namely a
GTP moiety in the canonical binding site II of the Bateman domain and the presence
of a substrate moiety in the active site of the enzyme.

The establishment of the pipeline using the cellular compartments as screening
parameters (Schonherr, 2021), the introduction of the established strategies for
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diffraction data processing and structure solution, as well as the developed solutions
for resolution improvement will extend the usability of in cellulo crystallography.
The selection of proteins to be crystallized based on their sequence similarity will
increase the number of structures solved with this method and lead to a better
understanding of the processes of spontaneous intracellular protein crystallization.



Zusammenfassung

Zusammenfassung

Die intrazellulare Kristallographie ist ein Verfahren zur Aufklarung der
dreidimensionalen Struktur von Proteinen. Dieses Verfahren basiert auf der
spontanen Kristallisation eines Proteins in den produzierenden Zellen und der
anschlieBenden Sammlung von Rontgenbeugungsdaten und der Strukturlésung. Es
handelt sich um eine vielversprechende Methode, die nicht nur die Kristallisation
von Proteinen ermoglicht, die bisher nicht in situ kristallisiert werden konnten (Gati
et al., 2014; Redecke et al., 2013), sondern auch die Identifizierung von Kofaktoren,
die in der quasi-nativen Umgebung der Zelle an das Zielprotein binden (Nass et al.,
2020).

Dennoch fehlt in den meisten publizierten Arbeitsablaufen der in cellulo
Kristallographie eine systematische Methodik zur Diffraktionsdatenaufnahme und
-verarbeitung. Im Rahmen dieser Arbeit wurden zwei entsprechende Ansétze
implementiert, um Beugungsdaten von zwei Modellproteinen zu verarbeiten, die
durch sogenannte helikale Linienscans auf einem MeshMount an einer
Synchrotronstrahlungsquelle unter Kryobedingungen aufgenommen wurden. Der
erste Ansatz verwendet einen Mehrfachkristall-Ansatz (MSX), bei dem ein
malgeschneidertes Skript aufeinanderfolgende Beugungsbilder identifiziert, die
zum selben Kristall gehoren, und sie dann einzeln mit XDS verarbeitet; der zweite
Ansatz ist ein klassischer serieller Ansatz unter Verwendung von CrystFEL, einer
Software, die fiir Standbilder aus serieller Femtosekunden-Rontgenbeugung (SFX)
bei Raumtemperatur entwickelt wurde. Die Datenverarbeitung wurde von Salz- und
Eiskristallen in den Kristall-tragenden Zellproben beeintrachtigt, deren Beugung
mit der Beugung der Proteinkristalle tiberlagert. Daher wurde ein Filterskript
entwickelt, das kontaminierende Beugung aus dem Datensatz entfernt und somit
die weiterfihrende Datenverarbeitung mit CrystFEL ermoglicht.

Die Homologie von Proteinen wurde genutzt, um potenzielle Kandidaten fir die
in cellulo-Kristallisation zu identifizieren. Neun von zehn getesteten Orthologen des
nativ kristallisierenden Proteins HEX-1 aus Neurospora crassa bildeten spontan
Kristalle, wenn sie in lebenden Insektenzellen mit Hilfe des Baculovirus-
Expressionssystems produziert wurden. Vier HEX-1 Proteinstrukturen wurden
gelost und zeigten ein hohes Mal} an Sequenz- und Strukturkonservierung zwischen
den verschiedenen Spezies. Die GMP-Reduktase aus Trypanosoma brucei, ein
Paralogon der IMP-Dehydrogenase bildete ebenfalls nadelférmige Kristalle mit
einer groflen Einheitszelle, beugte jedoch nur zu einer geringen Auflosung, was eine
schnelle Strukturlésung verhinderte.

Um die Auflésungsbeschrankung der GMP-Reduktase aus Trypanosoma brucei
zu iberwinden, muss entweder die Strahlungsintensitit oder das Beugungsvolumen
der Kristalle erh6ht werden. Da der Zugang zu freien Elektronenlasern (XFELs), die
Rontgenstrahlung mit deutlich héherer Brillanz liefern, begrenzt ist, wurde das
Kristallvolumen durch Fusion benachbarter, Baculovirus-infizierter Zellen
vergrofBert. Dies erwies sich als leistungsfiahige Methode zur Optimierung der
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Beugungsdaten. Es wurde eine Auflésungsverschiebung von 0,7 Aerzielt, was neben
der Strukturaufklirung auch die Identifizierung von gebundenen Kofaktoren
ermoglichte. So wurde in der kanonischen Bindungsstelle IT der Bateman-Doméne
ein GTP-Molekiul identifiziert, sowie aullerdem die Anwesenheit einer
Substratkomponente im aktiven Zentrum des Enzyms nachgewiesen.

Die Etablierung der Pipeline, welche die zellularen Kompartimente als
Screening-Parameter nutzt (Schonherr, 2021), sowie die Einfiihrung der hier
etablierten Strategien zur Diffraktionsdatenverarbeitung und Strukturlésung,
sowie die entwickelten Losungen fiir die Verbesserung der Auflésung werden die
Nutzbarkeit der in cellulo Kristallographie erweitern. Die Auswahl von zu
kristallisierenden Proteinen anhand ihrer Sequenzahnlichkeit wird die Anzahl an
Strukturen, welche mit dieser Methode gelost werden, vergréfBern und dazu fihren,
dass die Prozesse der spontanen intrazellularen Proteinkristallisation besser
verstanden werden.
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Introduction

1. Introduction

Scientists have been trying to unravel the mysteries of proteins since the
beginning of the 20 century. Anfinsen was one of the first scientists to focus on how
proteins fold into their functional structure. In 1896, Rontgen’s discovery of X-rays
as a powerful tool for revealing what lies beneath the surface of matter made the
experimental investigation of crystals possible. A few pioneering findings later, such
as those from scientists like Laue and the father and son duo Bragg, the diffraction
of waves on a crystal lattice was understood. This was the basis of X-ray
crystallography.

The 3D structure of a protein is closely related to the molecular mechanism of its
function. Proteins have evolved to perform a specific function in the life cycle of a cell
through their specific, unique and stable structure (Anfinsen, 1973). They cluster
into subgroups with similar functions and folds. These subgroups may be similar in
sequence, but sometimes evolution has driven different amino acid sequences into
similar folds.

Structural information of proteins is required in many areas of research, such as
drug development or for understanding the pathogenesis of diseases. In the last
15 years, with the advent of structure-based design of drugs and therapeutics,
structural information has become more valuable than the cost of determining the
three-dimensional structure of the protein, which decreased thanks to streamlined
high-throughput methods (Stevens, 2003). Structural biology has begun to attract
attention and is becoming increasingly important for rational design approaches
(Stevens, 2003).

Structural information can be obtained by a variety of methods. More than 80 %
of all structures in the protein database (pdb) were solved using X-ray
crystallography (Berman et al., 2000). This method is based on the diffraction of
photons ata crystallattice. However, other diffraction-based techniqueslike neutron
or electron diffraction are also well established. The second most common method of
obtaining structuralinformation is nuclear magnetic resonance (NMR) spectroscopy.
This requires the protein to be in aqueous solution. In the last years, another non-
crystalline approach, the single-particle cryo-electron microscopy (cryo-EM) has
revealed more and more structures of multimers and larger assemblies of proteins.
Additionally, KI-based structure prediction programs such as AlphaFold (Jumper et
al., 2021; Varadi et al., 2022) or RoseTTAFold (Baek et al., 2021) have emerged
during the last years. These methods rely on machine learning to compute the most
likely three-dimensional structure of a given protein sequence within minutes or
hours, challenging the need for experimental structural biology in general. However,
the mentioned computational methods reach their limits, when it comes to cofactors,
ligands, bound ions and posttranslational modifications as well as protein dynamics
and interactions (Perrakis and Sixma, 2021). Therefore, experimental studies
remain still important.
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By exploiting intracellular crystallization of proteins followed by X-ray
diffraction, previous studies have shown that it is possible to identify the native
cofactors of an enzyme in the natural environment of the cell (Nass et al., 2020),
something that AlphaFold cannot do yet. This makes in cellulo crystallography (i.e.,
the crystallization of recombinant proteins and subsequent X-ray diffraction inside
living cells), a powerful tool for identifying potential drug interaction sites.

1.1 Brief introduction into X-ray diffraction on protein crystals

The diffraction of X-rays on a protein crystal was first described by Bernal and
Crowfoot in 1934. They collected diffraction data of a pepsin crystal using the
characteristic copper Ka radiation, revealing unit cell parameters of axis a and b.
They broke with the believe of long fibrous proteins and speculated on solvent
content and a globular shape as well as the structure of soluble proteins (Bernal and
Crowfoot, 1934), which nowadays seem to be surprisingly correct.

Nevertheless, this work would not have been published without Wilhelm Henry
and Wilhelm Lawrence Bragg (1913), who derived the relation between the
scattering angle 6, the incoming wavelength 1 and the relative spacing of adjacent
diffraction planes d as shown in Figure 1.1. n is an integer and reflects to the order
of the observed interference maximum. The resulting Bragg’s law (Equation 1.1) is
the key in understanding diffraction physics.

nl = 2dsiné
Equation 1.1: Bragg’s law (Bragg, 1913)

Bragg’s law relies on the optical path difference As of two reflected waves on
different diffraction planes and can be derived as follows. If the electromagnetic wave
of an X-ray photon hits a plane of a crystal lattice, the wave is elastically scattered
on the lattice plane, where the angle of the incident wave equals the angle of the
scattered wave. Waves reflected at different lattice planes have an optical path
difference As which can be described by the sine function of the angle 6 (Figure 1.1):

As=FG+GH = 2FG = 2dsin@

Equation 1.2: Relation of the optical path difference As as depicted in Figure
1.1 and the interplanar spacing d in dependence of the angle 6.

Overlapping waves interfere. In the extreme cases, the waves of the same
frequency and direction either interfere constructively or destructively depending on
their path difference. Destructive interference means that if two waves overlap and
a wave crest meets a wave trough, the resulting wave is extinguished. Constructive
interference on the contrary means that, if two waves overlap and a wave crest meets
a wave crest, the resulting wave is enhanced. Constructive interference is observed
when the path difference As is equal to an integer multiple of the wavelength A,
resulting in Braggs law (Equation 1.1).
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Figure 1.1: Graphical description of Bragg’s law (Martinez-Ripoll, 2022). The
incident waves are reflected on the different lattice planes of the crystal. The
angle 0 of the incoming wave equals the angle of the outgoing, reflected wave.
The path difference between the reflected waves equals twice the distance
between F and G.

The relation of the diffraction physics can also be depicted by the Ewald’s sphere
(Ewald, 1913; Rupp, 2010). The Ewald’s sphere is a representation of the diffraction
of X-rays with a wavelength A on a crystal in the reciprocal space. The reciprocal
space helps to understand and visualize the relations of the different parameters
and thus enables the graphical description of diffraction physics (Rupp, 2010). The
incoming wave (shown as wave vector so with the length 1/1) is diffracted by the
crystal depicted by the green cube in Figure 1.2 (Rupp, 2010). The X-ray detector,
depicted as green rectangle, sets the resolution limit, by limiting the angle of the
scattered wave that can be collected by the detector. The resolution sphere depicted
here as blue circle around the origin of the reciprocal lattice depicted in red (Figure
1.2), with a radius of 1/ dnin gives the minimal spacing of interplanar distances, that
can result in a detectable Bragg spot. The intersection of the Ewald’s sphere and the
resolution sphere gives the amount of reciprocal lattice points, that cannot be
observed by rotation of the crystal, depicted as blue shaded zone (Figure 1.2) (Dauter,
1999; Rupp, 2010).

To fully record the lattice points intersecting with the Ewald’s sphere, crystals
are oscillated (rotated) during data collection at synchrotron sources. This results in
the formation of lunes of the Ewald’s sphere and the resulting diffraction patterns
(Rupp, 2010). The bandwidth of radiation from an X-ray free electron laser (XFEL)
is larger than at a synchrotron source (Hwu and Margaritondo, 2021) resulting in an
broader Ewald’s sphere without a per-frame oscillation. However, reflections are
sometimes only partially recorded and their partiality needs to be modeled (Rupp,
2010).
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Figure 1.2: Ewald’s sphere as a graphical description of diffraction physics
using the reciprocal space. The incoming wave s0 with the length 1/A, is
diffracted by the crystal (green cube) and results in constructive interference
on the detector surface, as indicated by the reciprocal lattice point (red dot)
intersecting the Ewald’s sphere (black circle). The blue circle displays the
resolution sphere with a radius of 1/dmin. The blue shaded zone marks the
reciprocal lattice points which will not intersect with the Ewald’s sphere and

thus cannot be collected. Reproduced with permission from Biomolecular
Crystallography by Bernhard Rupp, © 2009-2014 Garland Science/Taylor &
Francis LLC.

Molecules are arranged periodically in a crystal defined by the unit cell, which
has identical content throughout the crystal. The combination of the lattice and the
symmetry defines the space group of the crystal. Since proteins are chiral, the
protein itself can never be mirrored by a mirror plane, but only by simple rotational
axes or screw axes only. This limits the number of possible space groups for proteins
to 65. The space group can usually be defined in different ways and still explain the
same crystal, so it was decided that the maximum possible symmetry should be
applied in each case (Rupp, 2010).

However, the description of the protein crystal as a lattice is a theoretical
approach for describing diffraction behavior. X-rays are discretely scattered on the
electrons of the atoms of the protein, which are periodically arranged in a crystal
(Rupp, 2010). The scattering function of the entire unit cell is the summation of all
single scattering functions of the specific atoms in the unit cell (Rupp, 2010). The
scattering function gives the amplitude, phase, and position of the events of
constructive interference that are depicted as Bragg spots in a diffraction image
(Rupp, 2010). The distance of scattering atoms correlates with the distance of the
peaks in the scattering function. The peak intensity is closely related to the
amplitude of the scattered wave (Rupp, 2010). One single molecule still scatters X-
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rays the same way; however, the intensity of the scattering function is not detectable
(Rupp, 2010). The crystal lattice serves as a ‘signal amplifier’, as more copies of the
motif, i.e., the unit cell, contribute to obtain a strong and detectable signal. The
signal amplification factor is proportional to the number of repeating motifs (Rupp,
2010). This emphasizes that to generate a detectable signal the protein of interest
needs to be in a crystalline state.

1.2 Advances in data collection strategies and radiation sources enable the
use of small crystals for structure elucidation

The establishment of improved radiation sources tremendously helped to
promote X-ray crystallography for structure elucidation (Johanssonetal.,2017). The
establishment of the first synchrotron beamline for structural studies of proteins in
Stanford in 1974 enabled recording the diffraction patterns of smaller crystalsin a
shorter time frame at higher resolution than with lab-sources (Phillips et al., 1976).
When the usability and applicability of the X-rays as a byproduct of particle
accelerators became clearer, synchrotron storage rings were built solely for that
purpose (Johansson et al., 2017).

A synchrotron typically consists of an injector (the electron source) and a booster
accelerator that increases the energy of the electrons, before eventually injecting
these bunches of electrons into a storage ring i.e., the actual synchrotron (Lindley,
1999). When the electrons are then accelerated by, for example, undulators, X-rays
are emitted and directed into the experimental hutch. The performance of a radiation
source 1s defined by three parameters: the brilliance, the coherence, and the
polarization. For macromolecular crystallography (MX) the most important
parameter is the brilliance or brightness of a radiation source. It is defined by the
concentration of light, measured as the emitted photon flux, in the zone of utilization
and depends inversely on the solid angle of emission and the source area and (Hwu
and Margaritondo, 2021). It has been increased by 22 orders of magnitude since the
1970s by using free electrons instead of solid matter as electron sources, by a smaller
source area, and the use of undulators (Hwu and Margaritondo, 2021). Coherence is
required to observe interference events and it was improved by the advent of
undulators leading to longitudinal coherence without the use of monochromators
(Hwu and Margaritondo, 2021).

X-rays are emitted whenever electrons are accelerated. Thus, acceleration of
electron bunches by bending magnets or insertion devices like wigglers (second
generation) or undulators (third generation) generate very intense X-ray radiation
(Lindley, 1999). Insertion devices apply a periodic magnetic field on the electrons
resulting in a cone-shape emission of photons. The angular spread of the beam gives
thebegreee of lateral coherence. Undulators lead to emissions in a tight cone by
emitting photons in a small deflection angle, while wigglers and bending magnets
lead to a wider spread photon emission and a larger deflection angle. The wider cone
of emitted photons of wigglers lead to a reduction in photons that reach the zone of
utilization by simply being too far spread. The narrower photon emission cone
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emitted from undulators results in a photon bunch which is of higher longitudinal
coherence or ‘in-phase’ for a particular wavelength. Thus, undulators produce the
highest brilliance (Lindley, 1999). Additionally, advances in the focusing optics
resulted in the implementation of microfocus beamlines, centering a high photon flux
(photons per seconds) on a small sample area of e.g. 3 x 7 um? (Flot et al., 2010).

In parallel, new sources of X-ray radiation were developed and resulted in the
implementation of X-ray free electron lasers (XFELs). These radiation sources emit
X-rays with a photon energy of up to 25 keV (see beamline specifications European
XFEL) and a brilliance increased by a factor of one to ten billion (Johansson et al.,
2017). Radiation from XFELs is characterized by very short pulse length
(femtoseconds) and high coherence of the emitted photons achieved by optical
amplification (Hwu and Margaritondo, 2021; Johansson et al., 2017). An exposure
time in the range of femtoseconds allows data collection free of radiation damage as
it is below the time scale of ionization and onset of radiation damage (between 10
and 100 femtoseconds). This is termed the diffraction-before-destruction principle
(Neutze et al., 2000). However the applied energy destroys the crystal and inhibits
further data collection from the same crystal (Johansson et al., 2017). Consequently,
tens of thousands of crystals in random orientation are required to collect a complete
data set covering the full rotational space. Accordingly, serial femtosecond
crystallography (SFX) was born (Boutet et al., 2012; Chapman et al., 2011).

The massive increase in intensity and brilliance, which arose by the
implementation of these improved radiation sources, allowed a decrease in crystal
size that is sufficient to reach a comparable intensity of the Bragg spots to what was
observed before these technical improvements. The intensity of a Bragg spot in a
practical experiment depends not only on the structure factor as stated in chapter
1.1, but on various factors like exposure time, crystal volume and diffraction
geometry (Holton and Frankel, 2010). The scale factor which scales the fully recorded
reflection intensity to the structure factor is given by Darwin’s Formula (Equation
1.3) (Darwin, 1914; Havighurst, 1926; Holton and Frankel, 2010). It yields the
integrated spot intensity I [photons per spot] from facility parameters like the initial
beam intensity Ipeqm [Photons s~m™1], the polarization factor P, the Lorentz factor
L, the X-ray wavelength 1 and the angular velocity of the crystals w with crystal
parameters like the structure factor Fand the illuminated X-ray volume Vi the unit
cell volume Vs with the classical electron radius re, and the transmittance 4 through
the traveled path of the X-rays to the detector (Holton and Frankel, 2010). This
equation suggests that an increase in the intensity of the incoming beam by a factor
of 9 orders of magnitude (like changing from a synchrotron source to an XFEL
source) results in a comparable reflection intensity of a crystal having a volume
smaller than 9 orders of magnitude or is shorter by a factor of 1000 in all three
dimensions.
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Equation 1.3: Darwin’s Formula connecting the spot intensity with
influencing factors of the radiation source and the crystal (Darwin, 1914;
Holton and Frankel, 2010).

The concept of serial data collection is also applied at synchrotron sources,
denoted as SSX, and is conducted by either collecting still images (snapshots) or by
partial rotation of several smaller crystals and combining their partial data into a
full data set. By analyzing each of the collected serial detector frames individually,
the amount of data required for a full data set is higher for serial than for rotational
diffraction data collection. When analyzing rotation data, all frames are connected
by the specified rotation angle resulting in the requirement of less data.

As X-rays are ionizing radiation, they induce bond breaks or free radical
formation, which leads to a decay of the crystal. Serial diffraction methods also
reduce the influence of this radiation damage, because the transferred energy is
applied to multiple crystals, whose diffractions are combined to obtain a full data set
(Martiel et al., 2019; Schlichting, 2015).

Serial diffraction at XFELs require newly designed detectors, equipped for highly
intense radiation, short pulses and fast repetition rates, as well as innovative
algorithms for data analysis (Johansson et al., 2017). Not only the amount of data
produced has increased, also the lack of information on the relative orientation of
the single patterns harbor difficulties, for example in the determination of the
partiality of each recorded reflection.

The crystal size determines the optimal strategy for data collection. Data from
crystals in the upper micrometer range (min. 50 um) is typically collected by the
rotation method (Lindley, 1999). In this case, one single crystal is sufficient for a full
data set and is rotated by increments of 0.1 to 1.5° during data collection (Dauter,
1999). The rotation during data collection leads to a higher number of reciprocal
lattice points fulfilling Bragg’s law. A larger increment (~1°) rotation is applied to
generate full reflections, collected in one frame. A smaller increment (0.1 —0.3°) is
applied to collect a full three-dimensional spot profile by collecting the same
reflection with different partialities on different frames (fine slicing) (Dauter, 1999;
Pflugrath, 1999). However, data collection with small increments requires a certain
crystal size in order to rotate a single crystal by 360° without it being affected by
radiation damage. Thus, data from smaller crystals in the nanometer to small
micrometer range is usually collected serially as described above (Chapman et al.,
2011).
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1.3 From detector images containing Bragg peaks to a three-dimensional
model of the protein

To reduce the data collected in serial diffraction experiments, several programs,
like cctbx.xfel (Hattne et al., 2014), nXDS (Kabsch, 2014) or CrystFEL (White et al.,
2012), were developed or adapted to suit the needs of serial crystallography. Recent
developments focused on the refinement of the detector geometry and of the unit cell
parameters before integration and modelling of partial reflections (Johansson et al.,

2017).
Detector
readout

indexamaiig

.

stream file 4

:

cell_explorer ’

:

particlator  ———

:

hkl files
get_hkl compare_hkl
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Figure 1.3: Schematic description of the data processing pipeline using
CrystFEL. The detector images together with a file describing the detector
geometry are analyzed for Bragg peaks using indexamajig, which also indexes
and integrates the peaks for a specific crystal lattice. The result is written
into a stream file, which can be analyzed by the program cell_explorer to
generate a histogram of the observed lattice and unit cell parameters.
Patialator then merges and scales the reflection intensities written in the
stream file and outputs three hkl-files, one with all reflections, and two with
each harboring a half data set. Figures of merits can be calculated from these
files using the scripts check_hkl and compare_hkl, while get_hkl generates
an mtz-file, which is required for phasing and model building. In this step the
resolution cut-off, defined by the figures of merits, is applied on the obtained
data set.
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Diffraction data processing involves identifying, indexing, and integrating Bragg
peaks, followed by merging and scaling of the reflections. In this study, serial
diffraction data are mainly analyzed using the software suite CrystFEL (White,
2019; White et al., 2012). The workflow of CrystFEL is illustrated by the flowchart
in Figure 1.3. The detector output is stored in an image format such as cbf or hdfb.
To understand the geometry of the detector, a geometry file is needed for Cryst FEL
that provides parameters like wavelength, detector distance, beam position, and
untrusted regions.

First, Bragg peaks must be identified from the background by one of the various
peak detection algorithms. The peak detection algorithm used here is peakfinder8
originating from Cheetah (Barty et al., 2014; White et al., 2012, 2016). Peak-finding
algorithms require manual tuning to best detect the peaks for the measured protein
crystal. The identified peaks are the basis for indexing by algorithms like MOSFLM
(Battye et al., 2011), XDS (Kabsch, 2010), and xgandalf (Gevorkov et al., 2019),
which assign the correct reciprocal basis vectors spanning the reciprocal lattice,
corresponding to the reflections or, in direct space, the correct unit cell vectors to a
given lattice. To identify unknown lattice and unit cell parameters MOSFLM (Battye
et al., 2011) must be used. The assignment of the unit cells maximizes the symmetry
to reduce the amount of data needed to cover the complete reciprocal space.
CrystFEL then superimposes the expected reciprocal lattice on the detector and,
after local background subtraction, integrates all positions where diffraction spots
are expected. Partialator then models the partialities of the identified reflections to
scale and merge all reflections for a complete data set in a given symmetry (White,
2019). Partialator provides different partiality models suiting the need of the explicit
experiment. To define the high-resolution cut-off, the reflection data, the
completeness, the signal-to-noise ratio, and the correlation coefficient of the merged
data and the true intensity (CC¥*) are considered. Here, a minimal completeness of
95 %, a CC* valueabove 0.5, and a signal-to-noise ratio above 0.5in the highest shell
was used to define the high-resolution cut-off.

To generate an electron density map from the reflection data, phase information
must be introduced. While the position and the intensity of Bragg spots can be read
directly from the detector, the phase of the diffracted wave is lost. This is known as
the phase problem in crystallography. Phases can either be derived from phases of a
highly similar (homologous) protein or can be measured experimentally. In this
thesis, all structures were solved by molecular replacement using homologous,
already known structures to derive the phase information for the data setof interest.
The application of these phases to the collected data allows the calculation of electron
density maps by Fourier transform. The electron density map provides the basic
landscape for model building by guiding the placement of main chain and side chain
atoms in the correct position. Model building is performed in successive cycles
between automated, global model refinement and manual, local refinement of the
structure until the model fits the electron density perfectly, resulting in an estimate
of the three-dimensional protein structure.
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1.4 Intracellular crystallization of proteins

Protein crystallization is a native process occurring in all kingdoms of life.
Protein crystals in living organisms (referred to here as in vivo crystallization) can
either serve a specific function or be pathogenic. Functional in vivo crystallization is
a highly regulated process (Schonherr et al., 2018). These intracellular protein
crystals can function as protein storage, e.g. in seeds, as a protective mechanism, or
as a matrix for solid-state catalysis (Schénherr et al., 2018). Examples include viral
capsids, which form a protective, crystal-like shell (Henry and Atchison, 1971), as
well as the alcohol oxidase in yeast cells or the uricase in rat hepatocytes, which are
storedin a crystalline form (Hruban and Swift, 1964; Jakobietal., 2016). The alcohol
oxidase crystal performs solid-state catalysis, and the cell is protected from
potentially harmful intermediates like H20z2. In case of insulin, the protein is stored
in crystals placed in secretory vesicles prior to release (Dodson and Steiner, 1998).
The advantage of crystals is the rapid release of a high concentrations of the molecule
andtheregulated disassembly. Disease-associated crystallization occurs for example
in several forms of cataract, where crystallin proteins form crystals in the lens of the
eye (Schonherr et al., 2018). The naturally occurring protein crystallization of some
proteins indicates an intrinsic tendency to self-assemble into crystalline structures.

Proteins can be crystallized in situ (also referred to as conventional
crystallization), experimentally using diffusion-based approaches. This requires the
production, isolation, and purification of the protein of interest, followed by a trial-
and-error approach to find a condition under which the protein will form crystals of
a sufficient size and order. Influencing parameters include the pH, the temperature,
the concentration of salts and precipitants. Many of these crystallization approaches
rely on the diffusion of a supersaturated protein-precipitant solution into a
precipitant reservoir to find the right condition, where crystal nucleation is initiated
and subsequently reaches a phase of crystal growth. All steps involvedin the protein
production to crystallization are not only time consuming and labor intensive, but
also do not necessarily result in a protein crystal. However, automated screening
procedures to find the best crystallization conditions have largely increased the
output (Stevens, 2003).

The crystallization of recombinantly produced proteins in cell culture (referred to
here as in cellulo crystallization) was described as early as 1996 by Fan et al
However, the structure elucidation of the in cellulo crystallized, heterodimeric
complex of Neurospora crassa calcineurin A and human calcineurin B was not
possible at that time due to limitations in radiation brilliance. Since then, many
developments in accelerator physics, data collection and processing (see chapter 1.2)
have enabled the use of in cellulo crystallized proteins for structural studies. Since
the discovery of Fan et al. other examples of proteins crystallized in insect cells have
been published, like the fusion protein of EGFP and uNS of the avian reovirus, the
firefly luciferase (Schonherr et al., 2015), as well as cathepsin B (Redecke et al.,
2013), and IMP dehydrogenase (Nass et al., 2020) from the parasite Trypanosoma
brucei. In cellulo crystals have not only been described in insect cells, but also n
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bacteria (Oeda et al., 1989), and mammalian cells (Hasegawa et al., 2011). These
results suggest that intracellular crystallization of proteins can be developed into a
powerful method to produce homogeneous, micrometer-sized crystals suitable for
structural studies (Schonherr et al., 2018).

Several workflows for crystallization of proteins inside insect cells have been
published. The first, published in 2016 by Boudes and coauthors, describes a
workflow for protein crystallization in Sf9 insect cells utilizing a baculovirus-based
expression system and diffraction data collection in intact crystal-carrying cells.
They detect the crystals by bright-field microscopy and enrich crystal-bearing cells
by cell sorting, exploiting a changein the light scattering behavior of cells containing
crystals, to overcome the efficiency problem. Diffraction data were collected from
many single crystals by rotation and subsequent merging of small rotational data
sets (Boudes et al., 2016). Tang and co-authors published a similar approach for
crystal generation in 2020, focusing on high-throughput by introducing a gateway-
compatible cloning system. This offers the possibility of cloning many genes in
parallel, combined with different fusion tags suitable for various scientific
applications. The use of the BacMagic3 expression systems ensures prolonged
survival and higher expression yields by deleting the viral cathepsin, chitinase, p10,
p26 and p74 genes. They apply second-harmonic generation (SONICC) techniques
as well as transmission electron microscopy (TEM) for crystal detection. This
pipeline focusses on high-throughput and includes options for conventional protein
purification and crystallization if intracellular crystals are not formed (Tang et al.,
2020Db).

In the research group of Lars Redecke, another pipeline for in cellulo
crystallization of proteins in insect cells was developed (Schonherr, 2021). This
pipeline, includes a screening approach that targets the protein of interest to
different compartments of the cell to find optimal conditions for crystallization,
similar to conventional buffer screening. Additional to Boudes and coauthors,
Schonherr introduced fluorescence-assisted cell sorting based on the fluorescence of
the infection marker EYFP in the DH10EmBacY-based expression system as well as
the use of High Five cells for crystal growth (Schonherr, 2021). High Five cells have
an increased gene expression compared to Sf9 cells (Schonherr, 2021; Wilde et al.,
2014). Improvements established by this pipeline include the steps of titration, virus
amplification, infection, and crystal detection, but also the process of crystallization
has been studied in detail, revealing the optimal time frame and MOI for best yields
(Schonherr, 2021). However, Tang and Schénherr do not cover the data collection,
processing, and model building steps in their studies (Schénherr, 2021; Tanget al.,
2020b).

A general overview of the workflow developed by Schonherr, the so-called
InCellCryst pipeline, extended by the structure elucidation part, applied in this
thesis is presented in Figure 1.4. At the beginning, the gene of interest is PCR-
amplified to enable ligation-dependent cloning. Three cloning approaches are
established. First, the cloning of the gene of interest without additional amino acids
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using BamHI and HindIII as restriction enzymes (referred to here as ori variants).
Second, the cloning system I, which relies on blunt-end cloning using Ehel for vector
restriction to minimize the extend of additional amino acids to one at each terminus
but allows the encoding of localization signals for different compartments of the cell.
The latest approach, cloning system II, uses the more efficient sticky-end cloning by
introducing Kpnl and Nhel restriction sites that result in the addition of two amino
acids at each terminus. For all these approaches, the amplified gene is then cloned
into pFastBacl variants of choice. The vector library contains on the one hand
cellular translocation signals for the mitochondria, the endoplasmic reticulum, the
peroxisomes as well as the secretory pathway and the nucleus. On the other hand,
different tags for purification or antibody recognition can be fused to the protein of
interest (Schonherr, 2021). The vectors used in this study are cyto (cytosolic
localization, additional glycine residue at N-terminus and additional alanine residue
at C-terminus from cloning system I), cyto v2 (cytosolic localization, additional
glycine and threonine residues at the N-terminus and additional alanine and serine
residues at the C-terminus from cloning system II), NLS v2 (additional glycine and
threonine at the N-terminus and an additional alanine and serine at the C-terminus
followed by the nuclear localization signal of human c-myc from cloning system II)
and SS (signal sequence for the endoplasmic reticulum, additional glycine residue at
the N-terminus as well as an additional alanine residue at the C-terminus from
cloning systemI). A list of all sequences and encoded tags can befoundin Schénherr,
2021.

After successful cloning DH10EmBacY cells (Geneva Biotech) are transformed
with the pFastBac1 vector encoding the protein of interest to generate a recombinant
bacmid via transposition, which is subsequently used to transfect Sf9 insect cells.
Sf9 cells produce and amplify the recombinantbaculovirus for two passages to enable
harvesting of a high titer baculovirus stock. The recombinantbaculovirus stock (rbv)
1s then used to infect High Five insect cells to induce high protein production using
the strong, very late polyhedrin promoter hopefully resulting in intracellular crystal
growth of the target protein. Intact, crystal containing High Five cells are then
prepared for X-ray diffraction data collection, and the three-dimensional structure
is elucidated.
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Figure 1.4: InCellCryst Pipeline for protein crystallization in living insect
cells (Schonherr et al., 2023). The gene encoding the protein of interest is
amplified by PCR and insertedinto a pFastBacl variant of choice via ligation
dependent cloning. The vector variants include for example tags which direct
the protein of interest into a specific cellular compartment or enables
antibody recognition. E. coli DH10EmBacY cells are then transformed by the
cloned vector to generate a recombinant bacmid by transposition. Then
recombinant baculoviruses (rbuvs) are generated after transfection of Sf9
insect cells with the recombinant bacmid and amplified by 2 passages of virus
amplification. Then High Five insect cells are infected with these rbuvs. If
spontaneous growth of ordered structures can microscopically be observed, X-
ray diffraction data can be collected from crystals in intact, rbv-infected High
Five cells to enable structure solution.

For diffraction data collection, third-generation synchrotron sources or X-ray
free-electron lasers (XFELs) can be used (Boudes et al., 2016; Lahey-Rudolph et al,
2021). Forsynchrotron diffraction, cells are either loaded on a MeshMount and flash-
frozen in liquid nitrogen for cryo-crystallography (Boudes et al., 2016) or measured
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at room temperature using CrystalDirect™ plates or different chips which place the
crystal-containing cells or isolated crystals in the beam (Norton-Baker et al., 2021).
For XFELs, fixed-targets such as silicon microchips are preferred in terms of hit
rates over liquid- or viscous-jets that spray the intact cells or isolated crystals into
the beam (Lahey-Rudolph et al., 2021). The data collection strategy is chosen
according to the application. MeshMounts are mounted on a goniometer and can
therefore be rotated, enabling the collection of small rotational data sets, while the
targeted rotation/oscillation of a crystal in a liquid- or viscous-jet is not possible.
Then still images of the crystal are collected, requiring the use of recently developed
software like CrystFEL, as no information on the crystal orientation can be derived
from rotation of the crystal. If data is collected serially and one crystal is measured
during rotation, conventional software like XDS can be applied to integrate data sets
from multiple crystals which can then be merged. After obtaining the merged and
scaled reflection file the model building for rotational and still images is comparable.
To sum this up, streamlined approaches facilitate the accessibility of in cellulo
crystallization for new users and results in homogeneously sized microcrystals
suitable for structural studies.

In cellulo crystallization not only reveals the three-dimensional structure of the
protein studied, but also allows the identification of native cofactors in the natural
environment (Nass etal., 2020). The octameric structure of Trypanosoma brucei IMP
dehydrogenase (TbIMPDH) was crystallized in the inactive state in living Sf9 insect
cells. The crystals were isolated, and their diffraction data later collected at an XFEL
source. Without artificially added cofactors or soaking approaches, the structure
revealed an adenosine triphosphate in the canonical binding site I and a guanosine
monophosphate in the canonical binding site II, indicating these as the native
regulators bound to IMPDH in the inactive state (Nass et al., 2020). The
identification of native cofactors is unique to in cellulo crystallization making it a
valuable tool for understanding the mechanisms of enzyme function and activity.
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1.5 Model proteins
1.5.1 Neurospora crassa HEX-1 (NcHEX-1), a natively crystallizing model protein

Woronin bodies consist of hexagonally crystalline HEX-1 protein (Tang et al,,
2020b; Woronin, 1864). This is a good example of native and functional intracellular
crystallization. Woronin bodies are specialized organelles derived from peroxisomes
in filamentous fungi of the genus Ascomycota. Ascomycota form multicellular
syncytia which are connected by septal pores. When the hyphae are either physically
damaged or under osmotic stress, the Woronin bodies act as a plug to prevent the
loss of cellular contents like cytosol or organelles from neighboring cells (Maruyama
et al., 2005). This process is not the result of uncontrolled bleeding and clogging of
the Woronin bodies at the septal pore, but is tightly regulated and controlled instead
(Beck et al., 2013). The difference between the Woronin body and an organelle is the
dense packing of the contents. While an organelle can be deformed and thus be
sucked through the septal pore, the HEX-1 crystal inside the Woronin body cannot
be deformed and is therefore able to fulfill its plugging function. Woronin bodies are
also involved in maintaining the heterogeneity of adjacent hyphal cells (Tang et al.,
2020Db).

The crystallization of NcHEX-1 in situ after recombinant gene expression in E.
coli has already been described, and the structure was solved by Yuan et al. (2003).
Its spontaneous crystallization inside living insect cells after application of the
InCellCryst pipeline has already been published (Lahey-Rudolph et al., 2020, 2021,
Schonherr, 2021). NcHEX-1 crystallized in almost all compartments tested,
including the cytosol, the nucleus, the endoplasmic reticulum (ER), and the
mitochondria (Schonherr, 2021). Depending on the localization of the protein, the
crystal shape varied from spindle-like to cubic, both with hexagonal cross-section
(Figure 1.5). Bipyramidal shapes were also observed (Schénherr, 2021). The
structure of HEX-1 cyto, which was crystallized and its diffraction data collected at
an XFEL in cellulo, was elucidated by Lahey-Rudolph et al. in 2021 and shows a B-
sheet-rich fold like the in situ crystallized protein,, almost superimposable with the
conventionally crystallized HEX-1 structure (Yuan et al., 2003).
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Figure 1.5: Microscopic images of High Five cells infected by different rbuvs
encoding NcHEX-1. The cells display various crystal shapes and
morphologies. A: Infection with rbv NcHEX-1 NLS v2 reveals the growth of
bipyramidal-shaped crystals, while after rbv NcHEX-1 cyto infection two
different morphologies of the crystals are observed (B and C), namely a
spindle-like form in B and the bipyramidal-shaped morphology in C. D-F:
NcHEX-1 SS crystallizes either into a needle-shape (D), a rectangular shape
(E) or into a small spindle-like morphology (F). G: The expression of NcHEX-
1 ori, without any additional amino acids added as a consequence of cloning,
cubic crystals with a hexagonal cross-section are formed. H & I: After
infection with rbv NcHEX-1 cyto v2 two morphologies are observed, a
rectangular shape with hexagonal cross-section (H) and a bipyramidal shape
(I). Modified from Franke, 2021.

1.5.2 Trypanosoma brucei guanosine-monophosphate reductase (TbGMPR) and
Inosine-5'-monophosphate dehydrogenase (TbIMPDH) as a recombinantly
expressed, in cellulo crystallizing model protein

The African sleeping sickness, caused by Trypanosoma brucei, is a fatal yet
neglected disease in sub-Saharan Africa. The protozoan parasite is inoculated into
the bloodstream of the host by the bite of the tsetse fly and develops a
haemolymphatic stage followed by a meningoencephalitic stage. Depending on the
subspecies of T. brucei, humans or other hosts may be chronically or acute infected.
If left untreated or treated inappropriately regarding the specific disease stage,
African sleeping sickness is fatal in almost all cases. Unfortunately, only early- and
late-stage treatments are currently available. The late-stage drugs are highly toxic,
with a risk of developing a post-treatment reactive encephalopathy, resulting in a
fatality rate of 6% for late-stage treatment. Although several new drugs have been
developed and are currently under evaluation, further understanding of the
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Trypanosoma life cycle and structural investigation of potential drug targets is still
mandatory to enable rational design approaches (Kennedy, 2019).

Inosine-5’-monophosphate dehydrogenase (TbIMPDH)

TbIMPDH is involved in the purine metabolism and catalyzes the oxidation of
IMP to XMP by reduction of NAD* to NADH (Wang and Hedstrom, 1997). This
reaction is the rate limiting step in the conversion of IMP to GMP, which is followed
by the reaction of the GMP synthase that subsequently catalyzes the amination of
XMP to GMP (Patton et al., 2011). Its activity controls the intracellular levels of the
purines and thus plays a key role in cell proliferation and replication (Jayaram et
al., 2022), making this enzyme a suitable drug target for the treatment of African
sleeping sickness.

TbIMPDH was the third structure solved using intracellularly grown protein
crystals in the group of Redecke (Nass et al., 2020). The 55.7 kDa monomer forms a
biologically active octamer by the formation of two ring-like tetramers. TbIMPDH
cyto forms needle-shaped crystals of about 60 um in length that exceed the cell
diameter in around 60 to 80 % of High Five cells in a culture infected at an MOI of
one (Schonherr, 2021). The structure of ToIMPDH N-His revealed a dimer of two
monomers in the asymmetric unit that is formed by interaction of the Bateman and
finger domains, displaying the interaction of the two tetrameric rings, while the
intra-tetramer contacts are stabilized by interactions of the catalytic domains (Nass
et al., 2020). The diffraction data collection of isolated in cellulo crystals revealed co-
factors bound to the allosteric binding sites, namely an ATP that is bound at the first
canonical site and a GMP that is bound at the second canonical binding site. This
study suggests that natively bound co-factors can be identified by crystallizing the
protein in its native environment without the need of soaking or engineering of the
protein (Nass et al., 2020).

Figure 1.6: Quverlay of the structural models of conventional crystallized
TbGMPR (pdb: 6lk4) depicted in blue and in cellulo crystallized TbIMPDH
(pdb: 6rfu) depicted in red both in cartoon representation. Despite a low
sequence identity of 32 % both structural models display a high structural
conservation indicated by 85 % of matched secondary structural elements as
calculated by PDBeFold.
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Guanosine-monophosphate reductase (TbGMPR)

As the already described for ToIMPDH, also TbGMPR is involved in the purine
salvage pathway catalyzing the reduction of GMP to IMP while NADPH is oxidized
to NADP* (Imamura et al., 2020). TbGMPR is a structural homolog of TbIMPDH
(Imamura et al., 2020; Nass et al., 2020) as displayed by a structural superposition
in Figure 1.6. The sequence identity is 32,4 %, while the sequence similarity is
52.2 % (calculated by Ident and Sim of the Sequence Manipulation Suite). GMPR
catalyzes the reverse reaction of IMPDH and is also regulated oppositely (Patton et
al., 2011). The GMPR of trypanosomatids like Trypanosoma and Leishmania are the
only GMPRs known so far, which encode not only the catalytic but also the ~130 aa
long Bateman domain (Bessho et al., 2016; Smith et al., 2016). The Bateman domain
is usually part of IMPDHs and enables an additional level of regulation (Bessho et
al., 2016) indicating the purine biosynthesis to be crucial for the survival of these
parasites.

The structure of in situ crystallized TbGMPR recombinantly expressed in E. coli
was already elucidated by Imamura et al. in 2020. The structure was solved in the
apo form as well as in complex with GMP and GTP. TbGMPR either forms a
tetrameric structure or an octameric structure depending on its activity and
regulating co-factors bound (Imamura et al., 2020). The overall composition and
interaction of the subunits of the octameric structure are similar to those described
above for TOIMPDH (Imamura et al., 2020; Nass et al., 2020). Nevertheless,
Imamura et al. showed a twisted octameric structure of GMP- and GTP-bound
GMPR indicating its active state and a relaxed structure when no guanosine
nucleotide is present. GMPR cyto v2 also forms needle-shaped crystals of up to
140 um length, starting to grow 44 hours post infection (hpi) in recombinant
baculovirus (rbv) infected High Five cells (Kardoostet al., 2023; Schonherr, 2021).
So far, neither the structure of in cellulo crystallized GMPR nor the native cofactors
could be elucidated.
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1.6 Challenges in intracellular protein crystallization

In cellulo crystallization is facing some limitations. First, not all proteins
successfully produced inside the cells form crystals. Secondly, sometimes
crystallization efficiency, i.e. the number of crystal-containing cells within a cell
culture, meaning the number of cells, in which conditions for nucleation and crystal
growth were successfully met, is too low to enable the collection of a full diffraction
data set in due time. Thirdly, sometimes the crystals and their diffractive volume
are too small, resulting in low resolution diffraction.

Like in conventional crystallization approaches not all proteins crystallize
spontaneously inside the cell. Even though every protein has a natural tendency to
crystallize, evolution has managed to decrease the self-assembly of proteins, which
should not crystallize in the living organism/cell to prevent cellular damage, to a
minimum. But this in turn also prevents its crystallization in experimental studies
(Doye and Poon, 2006). As described before, conventional approaches rely on testing
different buffer conditions to find suitable conditions for successful crystallization
(Rupp, 2010). In intracellular crystallization the different milieus of various
compartments of the cell are exploited to find an environment that supports crystal
growth (Schonherr, 2021). The amount of protein present in the cell was identified
as critical parameter driving the crystallization of proteins (Koiwai et al., 2019;
Schonherr, 2021). This is in accordance with conventional approaches where the
rate-limiting step 1is also the nucleation, which requires high levels of
supersaturation (Bergfors, 2003). If nucleation has occurred, the crystals grow when
the metastable phase was reached (Bergfors, 2003).

Whereas for many proteins indications for intracellular crystallization have been
observed, the overall very low efficiency frequently prevents diffraction data
collection (Koiwai et al., 2019). However, enrichment of crystal-containing cells by
cell sorting is limited by the lack of survival of sorted cells (Schénherr, 2021). Human
neuraminidase 1 crystallized in HEK cells reveal a crystallization efficiency of 3.4 %
(Koiwai et al., 2019). The crystal concentration per volume and the hit rate could be
improved by crystal isolation and concentration (Koiwaiet al., 2019). The automated
crystal identification in living cells established by Kardoost et al. (2023) is a step
forward to overcome the detection limits for proteins that crystallize with a too low
efficiency and may be a starting point for cell sorting as a prerequisite to collect data
of these systems in due time. Even though upscaling is comparably easy, if a protein
does not crystallize spontaneously, driving it to a crystalline state in the context of
the living cells is hard to obtain. An approach of adding crowding agents like
nucleotides or small RNA molecules, acting as precipitants in cellulo, is discussed to
improve crystallization of the target protein (Mudogo et al., 2020). Cell reactive
compounds, like Brefeldin A which inhibits the protein secretion, showed positive
effects at least on endoplasmic protein crystals in insect and mammalian cells
(Harms, 2019; Hasegawa et al., 2014).
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Like in conventional crystallization, not all in cellulo crystallized proteins,
diffract X-rays to high resolution. The higher the periodicity and homogeneity inside
the crystal, the clearer and stronger the Bragg peaks resulting from its scattering
function (Rupp, 2010). Furthermore, the more copies of the unit cell correspond to
the scattering function, the better the signal to noise ratio (Rupp, 2010). Hence, the
better the order and/or the larger the crystal, the better the intensity of the Bragg
reflections. For proteins like GFP-uNS, intracellular crystallization is described,
however structure elucidation is prevented by its low-resolution diffraction
(Nagaratnamet al., 2020; Schonherretal., 2015). The application of XFEL radiation
of higher brilliance and intensity than synchrotron radiation is one possible solution
to improve the signal to noise ratio, however structure elucidation was still not
possible (Nagaratnam et al., 2020). Access to XFELs is restricted and rare, thus this
approach is not suitable for high-throughput applications. Up to now no other option
to improve the resolution of in cellulo crystals is published.

Finally, the data collection and processing of the InCellCryst pipeline described
by Schonherr is not implemented yet. Even if suitable software is available for
processing serial synchrotrondata, the data collection inside living cells still requires
further adjustments. Problems occur e.g., during the loading of intact, crystal-
carrying cells where salts and other metabolites are present, which can crystallize
during the sample preparation procedure and result in additional Bragg diffraction
overlaying the diffraction of the protein.

To summarize, the broad application of in cellulo crystallization as an additional
approach to crystallize proteins is still limited by some challenges. Improvements
are needed in the data collection and processing stage next to solutions for difficult
samples, that do not diffract well, crystallize rarely or in a diffractive volume too
small for structure elucidation. If these limitations are overcome, the intracellular
crystallization approach can be implemented as supplement to other structure
biological methods by a broader user community due to its streamlined workflow.
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2. Objective

Due to advances in the accelerator physics and the diffraction data collection and
processing, intracellular crystallized proteins can be successfully used for X-ray
crystallography (Gati et al.,, 2014; Redecke et al., 2013). The quasi-native
environment of the cell provides the full range of regulating molecules and
substrates, allowing co-crystallization and identification of the naturally bound
cofactors without the selection bias of conventional co-crystallization experiments
(Nass et al., 2020).

The aim of this study is to implement and optimize a strategy to process
diffraction data from crystals grown in living cells as well as to overcome common
challenges of intracellular crystallography. Namely, the statistical problem of
finding a suitable candidate for in cellulo crystallization as well as cellular
characteristics of the producing cell limiting crystal size, diffractive volume, and the
achievable resolution of the protein structure that is to be elucidated.

Two approaches are developed to optimize diffraction data processing. Firstly,
data processing using a semi-serial approach, relying on processing many small
rotational data sets using the software XDS, which are subsequently merged into
one complete data set using XSCALE. And secondly, the optimized application of a
software for serial snap shots, namely CrystFEL.

Additionally, the influence of the amino acids added by the cloning systems
developed by Schonherr (2021) on the structure of NcHEX-1 is to be investigated.
For this purpose, three variants of NcHEX-1 are subjected to structure elucidation
and model building.

To overcome the statistical problem of finding a protein that crystallizes in
cellulo, homologs of proteins, that are already crystallized in living insect cells are
tested for their ability to crystallize. For this approach not only orthologs, i.e.,
homologs from different species encoding a protein with the same function, but also
a paralog pair, 1.e., homologs in one species resulting from gene duplications with
different functions, are selected and recombinantly expressed using the pipeline
developed by Schonherr (2021).

Structure elucidation of different homologs of the Woronin body major protein is
interesting especially because there is only limited literature available concerning
the structures of various HEX-1 proteins other than NcHEX-1. The structural
comparison of multiple, natively crystallizing HEX-1 proteins may lead to a deeper
understanding of the strong, intrinsic crystallization tendency and the identification
of essential areas involved in the crystal formation.

The purine salvage pathway is a good target for drug development against
African Sleeping Sickness. Especially treatments against the TbGMPR, a paralog of
TbIMPDH, may be effective. This protein encodes a Bateman domain, which is
unique to Leishmania and other Trypanosomatids, and displays an additional
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regulatory element known from IMPDHs. The crystallization and structure solution
of T GMPR will deepen the knowledge on its regulation and natively bound cofactors
to develop effective drugs against Trypanosomiasis.

Cell fusion is used to increase the cell size and to combine the protein production
capabilities of the individual cells to overcome resolution limits caused by a limited
diffractive volume of the crystals. A strategy for PEG-mediated cell fusion will be
established and the optimal conditions for cell fusion will be investigated to
maximize the diffractive volume of different model protein crystals. The ability to
increase the crystal volume is a milestone in intracellular crystallography because
it opens a way to collect diffraction data from the many proteins which form small
or bad diffracting crystals in cells.

Overcoming these challenges can open up in cellulo crystallography to a wide
community of users, further consolidating its importance in structural biology by
exploring the natively bound cofactors of the respective protein, which cannot be
conducted in the same way by Kl-based structure prediction software or
conventional soaking experiments.
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3. Material

Manufacturers of materials used in this study are listed below together with their
place of incorporation. In the following only the manufacturer is named.

BDH Laboratory Supplies (Poole, UK), Becton Dickinson (Franklin Lakes, NdJ,
USA), BIO-RAD (Hercules, CA, USA), Bioair Instruments (Siziano, I), Biolegend (San
Diego, CA, USA), Biozym Scientific GmbH (Hessisch-Oldendorf, DE), Brunel
Microscopes Ltd. (Chippenham, UK), Carl Roth GmbH (Karlsruhe, DE), Carl Zeiss AG
(Oberkochen, DE), Consort BVBA (Turnhout, BE), Corning Inc. (Coning, NY, USA),
Eppendorf AG (Hamburg, DE), Expression Systems LLC (Davis, CA, USA), Fluka
Chemie GmbH (Buchs, CH), GE Healthcare Life Sciences (Marlborough, MA, USA),
Gelaire Ltd. (Sydney, AUS), Gerbu Biotechnik GmbH (Heidelberg, DE), Greiner Bio-
One (Frickenhausen, DE), Hassa Laborbedarf (Libeck, DE), Heraeus Holding GmbH
(Hanau, DE), Andreas Hettich GmbH & Co. KG (Tuttlingen, DE), highQu GmbH
(Kraichtal, DE), Invitrogen (Carlsbad, CA, USA), LAUDA DR. R. WOBSER GmbH & Co.
KG (Lauda-Koénigshofen, DE), Leica Microsystems GmbH (Wetzlar, DE), LGC Genomics
(Berlin, DE), Marienfeld Superior (Lauda-Koénigshofen, DE), Merck (Darmstadt, DE),
Metabion GmbH (Planegg/Steinkirchen, DE), Millipore (Billerica, MA, USA), MiTeGen
LLC. (Ithaca, NY, USA), Nalge Nunc Int. (Rochester, NY, USA), NET New Electronic
Technology GmbH (Finning, DE), New Brunswick Scientific (Enfield, CT, USA), New
England Biolabs (Ipswich, MA, USA), NikonInstruments (Melville, NY, USA), NIPPON
Genetics Europe (Diiren, DE), Promega (Madison, WI, USA), Sarstedt (Niurmbrecht,
DE), Sartorius AG (Géttingen, DE), SERVA Electrophoresis (Heidelberg, DE), Sigma-
Aldrich (St. Louis, MO, USA), Starlab (Hamburg, DE), Techne (Cambridge, UK), Thermo
Fisher Scientific (Waltham, MA, USA), VWR International (Erlangen, DE)

3.1 Laboratory devices
Table 3.1: List of all used laboratory devices by specification of the exact
notation and the manufacturer.

Device Article description Manufacturer

Agarose gel chamber
Power supply

Easy Phor Mini or Midi
EV 1450

Biozym Scientific
Consort BVBA

Agarose gel documentation
Transilluminator

Camera

Blue/Green LED
Transilluminator XL
FOculus IEE1394

Nippon Genetics

NET New Electronic
Technology GmbH

Centrifuge for 5- or 15-ml tubes

Rotina 380

Andreas Hettich

Centrifuge for 1.5- or 2-mL
tubes

Centrifuge 5424

Eppendorf

Centrifuge for 1.5- or 2-mL
tubes

Heraeus Pico 21 Centrifuge

Thermo Fisher Scientific

Freezing Container

Nalgene Cryo 1 °C Freezing
Container

Nalge Nunc Int.

Fluorescence microscope
Camera

Light source
Software

Nikon Eclipse Ts2R-FL
Nikon Qi2

505 nm LED unit

NIS Elements BR 5.2

Nikon Instruments
Nikon Instruments
Nikon Instruments
Nikon Instruments

Light microscopy

DM IL LED

Leica Microsystems
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Device Article description Manufacturer
Camera MC 170 HD Leica Microsystems
Neubauer counting chamber Improved Neubauer Marienfeld Superior
Microscope for MeshMounts Axioskop 20 Carl Zeiss
Pipets Ergo One Starlab

Eppendorf Research Plus Eppendorf

Shaking incubator

Innova 4230

New Brunswick Scientific

Sterile hood

MSC-Advantage

Thermo Fisher Scientific

Spectrophotometer

Nanodrop 2000c¢
Nanodrop One®
Ultrospec 3100 pro

Thermo Fisher Scientific
Thermo Fisher Scientific
GE Healthcare Life Sciences

Thermocycler

Techne Genius

Techne

Thermomixer

Mixing Block MB-102

Biozym

Water bath

3.2 Consumables

Hydro H8

LAUDA Dr. R. Wobser

Table 3.2: List of the used consumables by specification of the manufacturer.

Article Manufacturer

Cover slip @ 25 mm VWR

Pipette tips Starlab
Sarstedt

Cryo-Tubes 2 mL

Hassa Laborbedarf

Micro screw-cap tubes 2ml, Caps

Sarstedt, Biozym Scientific

Multi Well plates

Greiner Bio-One

Reaction tubes: 0,2 mL, 0,5 mL, 1,5 mLund Sarstedt

2 mL

Reusable Goniometer Base BTA MiTeGen
Tubes, 15 mL, 50 mL Sarstedt
Sterile filters, 0,2 um Sartorius
Cell culture flasks 25 cm?2, 75cm3 for Sarstedt

suspension cultures

3.3 Enzymes, markers, and commercially available kits

Table 3.3: List of used enzymes, markers, and commercially available Ekits by

specifying the manufacturer.

Name

Manufacturer

ALLin HiFi DNA polymerase

highQu

Dpnl

New England Biolabs

ESCORT IV Transfection Reagent

Sigma-Aldrich

FastAP Thermosensitive Alkaline Phosphatase

Thermo Fisher Scientific

FastDigest BamHl| Thermo Fisher Scientific
FastDigest Hindlll Thermo Fisher Scientific
FastDigest Kpnl Thermo Fisher Scientific
FastDigest Nhel Thermo Fisher Scientific

GenelET Gel Extraction Kit

Thermo Fisher Scientific

GenelET PCR Purification Kit

Thermo Fisher Scientific

GenelET Plasmid Miniprep Kit

Thermo Fisher Scientific

GeneRuler DNA Ladder Mix

Thermo Fisher Scientific

T4 DNA ligase

Thermo Fisher Scientific
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Table 3.4: List of used chemicals by specifying the source of supply.

Name

Source of supply

10x FastDigest Buffer

Thermo Fisher Scientific

10x FastDigest Green Buffer

Thermo Fisher Scientific

100x Anti-Anti

Sigma-Aldrich

5-Brom-4-chlor-3-indoxyl-B-D-Galactoside (X-Gal)

Carl Roth

6x TriTrack DNA Loading Dye

Thermo Fisher Scientific

Agar Becton Dickinson
Agarose NEEO Ulira-Qualitét Carl Roth
Ampicillin Sigma-Aldrich
ALLin Buffer (5x) HighQu

Calcium chloride (CaCl,) Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Ethanol 100 % denatured Merck

Ethanol 100 % Carl Roth
Gentamycin Gerbu Biotechnik
Glucose Carl Roth
Glycerol Sigma-Aldrich
Glycine Sigma-Aldrich
Yeast extract Becton Dickinson
Immersion oil Type N Nikon

Insect cell medium ESF921

Expression Systems

Isopropyl-B-D-thiogalactopyranoside (IPTG)

Gerbu Biotechnik

Kanamycin sulfate Sigma-Aldrich

Potassium chloride (KCI) BDH Laboratory Supplies
Magnesium chloride (MgCly) Sigma-Aldrich
Magnesium sulfate (MgSQOa4) Fluka Chemie

Midori Green Advance NIPPON Genetics Europe
Sodium chloride (NaCl) Sigma-Aldrich

PEG200 Sigma-Aldrich

PEG400 Sigma-Aldrich
PEG4000 SERVA Electrophoresis
Penicillin/Streptomycin (100x konz.) Sigma-Aldrich
Tetracycline SERVA Electrophoresis
Tris Base Promega

Triton-X 100 Carl Roth

Tryptone Becton Dickinson
Tween-20 SERVA Electrophoresis
T4 DNA Ligase Buffer Thermo Fisher Scientific
YT medium Carl Roth

3.5 Buffers and solutions

Table 3.5: List of used buffers and solutions by specification of their

composition.

Name Composition

Bacmid-Agar

TY medium with 1,5 % agar, 50 ug/mL kanamycin,

7 ug/mL gentamycin, 10 ug/mL tetracycline,
100 pg/mL X-Gal, 40 ug/mL IPTG

CaCl; solution

0,1 M CaClz, 10 % glycerol
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Name

Composition

YT medium

5 g/L yeast extract, 10 g/L tryptone, 0,5 g/L NaCl,
pH 7,0

YT bacmid medium

5 g/L yeast extract, 10 g/L tryptone, 5 g/L NaCl,
pH 7,0, 50 ug/mL kanamycin, 7 ug/mL gentamycin,
10 pg/ml tetracycline

Insect cell culture medium (1)

ESF921 medium, 100 U/mL penicillin, 100 ug/mL
streptomycin

Insect cell culture medium (2)

ESF921 medium, 1x Anti-Anti

Modified TAE buffer (50x)

2 M Tris-Acetate, 5 mM Na2EDTA, pH 8,0

PBS (10x)

137 mM NaCl, 2,7 mM KCI, 10 mM Na2HPOy4,
1,8 mM KH2POy, pH 7,4

SOB medium

YT medium, 20 mM MgCl;, 20 mM MgSQO4

SOC medium

YT medium, 20 mM MgClz, 20 mM MgSQOy4, 25 mM
glucose

3.6 Cell lines and bacterial strains

Table 3.6: List of used bacterial strains by specification of genotype and

source of supply.

Name Source of supply

E. coli DH5a New England Biolabs

E. coli HB101 Institute of Virology and Cell Biology, University of Libeck
E. coli DH10Bac Invitrogen

E. coli DH1OEmBacY Institute of Physics, University of Libeck

Table 3.7: List of used used cell lines by specification of their source of supply.

Name Organism Description Source of supply
Sf9 Spodoptera Clonal isolate of $f21 cell line, Institute of Virology and
frugiperda derived from pupa ovarian fissue of  Cell Biology, University of
the fall armyworm Lobeck
High Five  Trichoplusia ni  Clonal isolate from ovarian tissue of  Institute of Virology and
(BTI-Tn- the cabbage looper Cell Biology, University of
5B1-4) Lubeck
3.7 Plasmids
Table 3.8: List of used plasmids with a short description, supplied by Prof. Dr.
Lars Redecke (University of Liibeck).
Plasmid Description
pFastBac1 (pFB1) Plasmid for expression of recombinant genes in insect cells using the
transposition-based Bac-To-Bac system.
pFB1 IMPDH ori pFastBac1 plasmid encoding IMP dehydrogenase of Trypanosoma
brucei

pFB1 GMPR cyto v2  pFastBac1 plasmid encoding GMP reductase of Trypanosoma brucei
modified with Glycine and Threonine (N-terminal) and Alanine and
Serine (C-terminal)
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3.8 Oligonucleotides

Table 3.9: List of oligonucleotides and their sequenced used, supplied by

metabion.
Name sequence (5'—3)
AfHEX-1delN fwd GATCGGATCCATGGGTTACTATGACGATGAC
AfHEX-1 rev GATCAAGCTTTTACAGACGGGAACCG
MrHEX-1delN fwd GATCGGATCCATGGGTTACTATGATGAGGAC
MrHEX-1 rev GATCAAGCTTTTACAGGCGAGAGCCG
PIHEX-1delIN fwd GATCGGATCCATGGGTTACTATGACGAGG
PIHEX-1 rev GATCAAGCTTTTACAGGCGCGAGC
PtHEX-1delN fwd GATCGGATCCATGGGCTATTATGACAATGAG
PtHEX-1 rev GATCAAGCTTCTACAAGCGGGAGCC

pFB1 fwd seq v3

GTTGGCTACGTATACTCCGGA

pFB1 rev seq v2

ACAAACCACAACTAGAATGCAGTG

pUCM13 fwd

CCCAGTCACGACGTTGTAAAACG

pUCM13 rev

AGCGGATAACAATTTCACACAGG

3.9 Recombinant baculoviruses

Table 3.10: List of all recombinant baculoviruses used. They were all supplied

by Prof. Dr. Lars Redecke (University of Liibeck).
Name Description
AfHEX-1 Produces AfHEX-1 (UniProt: AOA0J5PW54) of Aspergillus fumigatus
AnHEX-1 Produces AnHEX-1 (UniProt: Q9P8K9) of Aspergillus nidulans
AoHEX-1 Produces AoHEX-1 (UniProt: IBTQ26) of Aspergillus oryzae
CgHEX-1 Produces CgHEX-1 (UniProt: Q2H4T3) of Chaetomium globosum
MgHEX-1 Produces MgHEX-1 (UniProt: Q9UW16) of Magnaporthe grisea
MrHEX-1 Produces MrHEX-1 (UniProt:E9EN82) of Metarhizium robertsii
NcHEX-1 Produces NcHEX-1 (UniProt: P87252) of Neurospora crassa

NcHEX-1 cyto

Produces NcHEX-1 (UniProt: P87252) of Neurospora crassa elongated by
an Alanine residue at C-terminus

NcHEX-1 cyto v2

Produces NcHEX-1 (UniProt: P87252) of Neurospora crassa N-terminal
elongated by Glycine and Threonine and C-terminal by Alanine and
Serine

PIHEX-1 Produces PIHEX-1 (UniProt: AOA179H7Q1) of Purpureocilium lilacinum
PtHEX-1 Produces PtHEX-1 (UniProt: B2VT43) of Pyrenophora tritici-repentis
VdHEX-1 Produces VAHEX-1 (UniProt: G2WVW3) of Verticillium dahliae
VgHEX-1 Produces VAHEX-1 (UniProt: AOAOD2A115) of Verruconis gallopava

3.10 Programs

Table 3.11: List of programs used.

Program Developer

Adxv 1.9.14 https://www.scripps.edu/tainer/arvai/adxv.himl
benchling Benchling

blastp (Johnson et al., 2008)

ccpdi 7.1.015 Winn et al., 2011)

CrystFEL 9.0, 9.1, 10.0, 10.1,10.2

White, 2019; White et al., 2012, 2013)

(

Clustal Omega 1.2.4 (McWilliam et al., 2013)
(
(

Coot (Linux) 0.9.5

Emsley et al., 2010)
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Program Developer
Coot (Windows) 0.8.9.2 (Lohkamp et al., 2005)
CorelDRAW 21.0.0.638 Corel GmbH

FiJi/lmage) 1.52b

(Schindelin et al., 2012)

GraphPad Prism 9

GraphPad Software

Ident and Sim (Stothard, 2000)

Ligplot v2.2.5 (Wallace et al., 1995)
MXCuBE 2 & 3 (Oscarsson et al., 2019)

NIS Elements BR 5.2 Nikon Instruments

PDBeFold (Krissinel and Henrick, 2005)
PDBePISA (Krissinel and Henrick, 2007)
Phenix 1.19.2-4158, 1.20.1-4487 (Liebschner et al., 2019)
Pymol Schradinger Inc.

XDS, XSCALE, XDSCONV (Kabsch, 2010)

WeblLogo3 (Crooks et al., 2004; Schneider and Stephens, 1990)
Zanuda (Lebedev and Isupov, 2014)
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4. Methods

4.1 Molecular biological methods
4.1.1 Polymerase chain reaction (PCR) using ALLin HiFi DNA polymerase

Nucleic acids were amplified using polymerase chain reactions. For analytical
purposes, 20 pLi reaction volume was used and 50 uL. for preparative purposes. In
Table 4.1 the standard recipe for PCR reactions is displayed. Usually, a master mix
was prepared and then aliquoted to individual reaction tubes.

Table 4.1: Composition of PCR reactions for analytical and preparative

purposes.
20 pL 50 uL
Polymerase 0.05 uL 0.1 uL
Buffer (5x) 4 uL 10 uL
Template 1 ng (plasmids) 1 ng (plasmids)
10 ng (bacmids) 20 ng (bacmids)
Primer fwd (10 uM) 1 ul 1-1.5uL
Primer rev (10 uM) 1 ul 1-1.5uL
H20O ad 20 uL ad 50 uL

For DNA amplification, the program depicted in Table 4.2 was executed by the
thermocycler. The optimal annealing temperature for the used primers was
calculated using the NEB-Tm calculator. Normally, the steps denaturation,
annealing and elongation were repeated 30 to 35 times.

Table 4.2: Program used for the amplification of DNA by PCR.

Temperature Time
Initial denaturation 95 °C 2 min (plasmids)
3 min (bacmids)
Denaturation 95 °C 20 s (plasmids)
30 s (bacmids)
Annealing 20's
Elongation 72 °C 30 s/kb
Final elongation 72 °C 2.5x elongation time

4.1.2 Agarose gel electrophoresis

To analyze the size of nucleicacids, 1%-Agarose gels were supplemented with the
DNA-dye MidoriGreen Xtra (1:50.000). Loading buffer, either 6 x TriTrack or 10 x
FastDigest Green Buffer, was added to the sample and after loading the samples,
the separation was conducted by the application of 100V for 20 min. The gel was
then transilluminated by blue-green light to excite the fluorescence dye and a
FOculus IEEE1394 Camera was used for documentation. If needed, the desired
bands were cut using a scalpel.
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4.1.3 DNA restriction

DNA was restricted using FastDigest-Enzymes of Thermo Fisher according to the
manufacturer’s protocol. After digestion, enzymes were heat inactivated and desired
nucleic acids were gel purified using the Genedet-Gel-Extraction Kit. When vectors
were digested, producing cohesive ends, FastAP was added to reduce vector
religation in further steps.

4.1.4 DNA ligation

DNA ligation was performed using T4-Ligase of Thermo Fisher according to the
manufacturer’s manual. Usually, a molar ratio of 1:3 (vector : insert) was used. The
ligation reaction was conducted either within 1 h at RT (room temperature) or
overnight at 16 °C.

4.1.5 Gel extraction and Ethanol precipitation

Nucleic acids were extracted from Agarose gels using the Genedet-Gel- Extraction
kit according to the manufacturer's protocol. If required, DNA was purified and
concentrated by ethanol precipitation. For this purpose, 0.1 volumes of NaOAc (3 M)
and 2.5 volumes of 100 % ethanol were added to the sample following incubation at
-80 °C for at least 1 h. The DNA was then pelleted by centrifugation at min. 15.000
g for 30 min at 4 °C. The supernatant was removed and 500 pL of 70 % ethanol was
carefully added to wash the pellet without resuspending it. The sample was again
centrifuged at min. 15.000 g for 20 min at 4 °C and the supernatant discarded.
Exceeding ethanol was evaporated by warming the sample to 42 °C with open lid
and the resulting DNA was resuspended in the desired amount of water.

4.1.6 Determination of nucleic acid concentration

The concentration of nucleic acids was determined by spectrophotometric
measurements using a NanoDrop 2000c¢ or a NanoDrop One®.

4.1.7 Sequencing of nucleic acids

Sanger sequencing was performed by LGC genomics using the Ready-2-run
sample preparation. Usually, 1 pug of plasmid or 100 to 400 ng of PCR products were
diluted in 12 uLL water and 2 pL of the sequencing primer was added.
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4.2 Microbiological methods
4.2.1 Generation of chemically competent E. coli cells

For a preculture, one single colony was inoculated into 5 mL bacteria medium
and if required antibiotics were added. Medium for chemically competent E. coli
DH10EmBacY contained Kanamycin and Tetracycline. This culture was incubated
shaking (250 rpm) at 37 °C overnight. The next day, 200 mL bacteria medium
supplemented with antibiotics as required was prewarmed to 37 °C for at least
30 min and subsequently inoculated with 0.5 % of the preculture. Bacteria were
incubated at 37 °C until they reached an ODeoo of 0.5-0.8. Bacteria suspensions were
transferred to four 50 mL reaction tubes and cooled in ice water for 30 min, followed
by centrifugation at 2500 g at 4 °C for 30 min. All following steps were performed at
4 °C. The supernatant was discarded, the four pellets were resuspended in 10 mL
ice-cooled Calcium-chloride-solution each and transferred into one tube. After
additional 15 min on ice, bacteria suspensions were centrifuged again for 30 min at
2000 g. The supernatant again was discarded, the pellet resuspended in 1 mL ice-
cooled Calcium-chloride-solution and aliquoted into 50/100/200 pL portions. Finally,
the aliquots were flash-frozen in liquid nitrogen and stored at -80 °C.

4.2.2 Transformation of chemically competent cells

20 uLL of chemically competent cells were thawed on ice per transformation
reaction. Either 1 ng plasmid, 10 ng bacmid or 2 pL of ligation reaction were added
to the bacteria suspension (E. coli DH5a/HB101 for plasmids and ligation reactions
and E. coli DH10EmBacY for bacmids), and incubated on ice for 10 - 30 min, followed
by a heat shock at 42 °C for 30 to 45 sec. Cells were then again incubated on ice for
2 minutes and bacteria medium was added. To plasmid and ligation reaction
transformations, 180 p. medium was added, bacmid transformations received
380 uLL medium. Subsequently, transformed bacteria were recovered at 37 °C for
either 1 h (plasmids and ligation reactions) or upto 16 h (for bacmids), before 100 ul.
of the suspension were plated on agar plates supplemented with the required
antibiotic(s) using glass balls. Plates were incubated for 1 d (plasmids and ligation
reactions) or 2 d (bacmids) at 37 °C.

4.2.3 Plasmid preparation from bacteria cells

To isolate plasmids from bacteria cells, an overnight culture was prepared by
inoculation of 5 mL bacteria medium supplemented with the required antibiotics
with a single clone of the bacteria carrying the required plasmid. The next day the
culture was pelleted, and the plasmid isolated using the Genedet Miniprep kit
according to the manufacturer's protocol. DNA was eluted using either elution buffer
or water, depending on downstream applications.
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4.2.4 Bacmid preparation from bacteria cells

5 mL culture of the bacmid containing bacteria cells were spun for 3 min at
10,000 g at RT before the bacmid DNA was extracted from the cells using the ZR Bac
miniprep kit according to the manufacturer’s protocol. Bacmid DNA was eluted
using 30 pL prewarmed elution buffer.

4.3 Cell biological methods
4.3.1 Maintenance of insect cell lines

Insect cell lines were cultivated at 27 °C in shaking cultures (110 rpm) in 15 to
20 mL ESF921 cell culture medium supplemented with Penicillin (100 U/mL) and
Streptomycin (100 ng/mL). For insect cell cultivation, upright oriented 75 cm?-cell
culture flasks were used. Cell densities were kept ideally between 0.5 and 4 million
cells/mL. Cell densities were determined by using an improved Neubauer counting
chamber.

4.3.2 Thawing of insect cells

Thawing of insectcells either stored at -80 °C or in liquid nitrogen was performed
quickly in a 37°C water bath. After prewarming two 75 cm?-cell culture flask
containing 25 mL insect cell culture medium supplemented with Penicillin and
Streptomycin, 500 pL of the thawed cell suspension was added. Cells were then
incubated shaking upright until a density of 4 million cells/mL was reached. The
cultures were then split to a density of 1 million cells/mL and further cultured as
described above.

4.3.3 Insect cell transfection

For the transfection of insect cells 0.45 million Sf9-cells were seeded in antibiotic-
free cell culture medium in a 12 well plate. To achieve semi-adherentcells, they were
incubated for at least 30 min to let them settle down. Meanwhile 1 ug Bacmid-DNA
was diluted in 50 pL antibiotic-free cell culture medium, as well as 3 uLL ESCORT IV
were added to 47 uL of antibiotic-free cell culture medium. To allow the formation of
DNA-liposome complexes both preparations were mixed and incubated for 30 — 45
min at RT. Cells were washed twice with 1 mL antibiotic-free cell culture medium
and then covered with 400 pL antibiotic-free cell culture medium. The DNA-liposome
complexes were added in a dropwise manner covering the whole well. After 16-24 h
incubation at 27 °C the supernatant medium was replaced by 1 mL cell culture
medium supplemented with Penicillin and Streptomycin. Cells were incubated for
additional 4 days and subsequently checked for fluorescence. A successful
transfection was hallmarked by viral spread visible by the appearance of clusters of
fluorescing cells. To harvest the viral P1 stock supernatant medium was removed
and centrifuged at min. 13.000 g for 30 s at RT.
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4.3.4 Virus stock amplification

To further amplify viral stocks, 6 million Sf9-cells were incubated in a total
volume of 5 mL insect cell culture medium with the desired amount of virus stock
(for P2 stock generation 1 mL of P1 virus stock was used) into a 25 cm?-cell culture
flask. The flask was incubated lying for 4-6 days until at least 85 % of the cells were
fluorescing. Harvesting of the amplified virus stock was performed as described for
P1 virus stocks in chapter 4.3.3.

4.3.5 Determining virus stock titers

Titers of virus stocks were determined using an endpoint-dilution method based
on the infection reporter EYFP encoded in the DH10EmBacY bacmid. 0.45 x 10*
High Five-cells were applied in each well of a 96-wellplate in a total volume of 180 L
cell culture medium per well. Six wells were used in parallel for 8 steps of serial
dilution to determine the virus dilution required to infect half of the cultures (TCIDso
value).

20 pL of the pre-diluted (1:10) virus stock was added into each well of the first
row. After intensive mixing serial dilutions were performed by transferring 20 pL
into the next well. In the last row 20 pL of each well were discarded. After 4 days of
incubation at 27 °C all wells were checked for fluorescence and a well was counted
as positive if more than two distant cells showed fluorescence.

The titer (TCIDso/mL) was calculated according to Reed and Muench (1938) and
the required amount of virus for following infections was calculated according to
Equation 4.1.

MOI * cell count B

1 - Vvirus [mL]

TCID50 mL *0.7

Equation 4.1: Equation to calculate the volume of the respective, titrated virus
stock to infect a given number of cells with a defined MOI.

4.3.6 Infection of insect cells

To recombinantly express proteins in living insect cells, High Five-cells were
seeded to 0.5 to 1 million cells per well of a 6-wellplate in a total volume of 2.5 mL
cell culture medium. Cells were infected by adding the calculated volume (Equation
4.1) of the desired virus stock corresponding to a MOI of one to the medium. Cells
were then incubated at 27 °C for 4 to 7 days.

4.3.7 Fusion of infected insect cells

Insect cells were infected as described above in chapter 4.3.6 and 23 to 47 h later
fused by slow addition of 10 uL. PEG4000 at various concentrations as a drop into
the center of the well of a 6-wellplate. The stock solution of 50 % PEG4000 dissolved
in water was diluted in insect cell medium to prepare PEG4000 concentrations
needed.
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4.4 Microscopic methods
4.4.1 Sample preparation for microscopy

For live cell microscopy using 100x oil-immersion objectives, the sample
preparation included the infection of insect cells on cover slides inside one well of a
6-wellplate. After at least 4 days of incubation the cover slide was then placed onto
a tailor-made holder, again covered by insect cell medium and subsequently imaged
using the Nikon Ti2R microscope.

4.4.2 Evaluation of microscopic pictures

Microscopic images were analyzed using the Fiji software.
4.5 X-ray diffraction
4.5.1 Sample preparation

Insect cells were infected using the desired rbv as described in chapter 4.3.6.
After 4 to 6 days, cells were harvested into a 1.5 mL tube and allowed to settle down
by gravitation. 0.5 pLi cells from the loose pellet were then loaded onto a micro
MeshMount under microscopic supervision. Excess liquid was removed using liquid
wicks. 0.35 uL cryoprotectant (40 % PEG200) was added and the excess liquid again
removed by liquid wicks. The micro MeshMount was then flash frozen and stored in
liquid nitrogen until diffraction.

4.5.2 X-ray diffraction at beamline P14 at PETRAIII

The synchrotron data was collected at beamline P14 operated by EMBL Hamburg
at the PETRA III storage ring (DESY, Hamburg, Germany). Mesh Mounts were
automatically mounted on the goniometer and diffracted using a helical line scan
approach using an oscillation of 1° or 0.1° per frame, an exposure time of 0.02 s and
100 % transmission. The beam was double focused to a size of 3 x 7 um. Photon flux
was around 1013 photons per second.

4.6 Bioinformatic methods
4.6.1 X-ray diffraction data reduction and processing using CrystFEL

To process X-ray diffraction data using CrystFEL, a geometry file specifying
information about the sample to detector distance (clen), the wavelength
(photon_energy), the size of the detector (max_fs and max_ss) as well as the beam
position on the detector relative to the detector corner (corner_x and corner_y) is
required. Then peak detection parameters can be specified using the graphical user
interface of CrystFEL version 10.0/10.1 or the check-peak-detection script of version
9.1 and older versions using peakfinding algorithm peakfinderS8. In general, for this
study, a threshold of 0, a local_bg_radius of 3, min_res of 50, a max_res of 2200 and
a max_pix value of 50 were a suitable starting point. The min_snr and min-pix were
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adjusted to allow proper peak detection for each sample. Afterwards, all frames were
indexed by moslfm, and the correct lattice and unit cell parameters were optimized,
and cycles of beam position refinement were performed by executing the
detector_shift script (version 9.1) on the obtained stream files. If the optimized beam
position did not differ more than 0.1 mm from the input, the beam position was
accepted and all frames were indexed invoking mosfim-latt-cell, mosfim-latt-cell, xds
and xgandalf. Then the peakogram-stream script was executed to set the maximum
allowed intensity for each resolution range to separate salt reflections from protein
reflections applying the filtering script described in chapter 5.1.3. Finally, the
filtered intensities were scaled and merged applying partialator modelling
partialities according to the model xspheres and restricting the per-frame resolution
by a push-resvaluebetween 1 and 2. The resolution limit was setwhere CC"is above
50 %, SNR above 0.5 and the completeness over 95 %. Mtz-files for subsequent
modeling were generated using get_hkl. To set up peak detection parameters
CrystFEL version 10.0 was applied, forindexing CrystFEL version 10.1 or 10.2, while
for merging and scaling CrystFEL version 9.1 or 10.2 were used.

Table 4.3: Peak finding parameters for peakfinder8 for all data sets
elucidated in this study.
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AfHEX-1delN 0O 4 4 50 50 2200 14 3/5/7
GMPR cyto v2 0O 4 4 50 50 2200 14 3/5/7
"MgHEX-1 0 35 4 50 50 2200 14 3/5/7
MrHEX-1delN 0O 4 4 50 50 2200 14 3/5/7
NcHEX-1ori 0O 3 4 50 50 2000 20 3/5/6
NcHEX-1 cyto 0O 3.5 3 40 50 2000 20 3/5/7
NcHEX-1 eytov2 0 3 4 50 50 2000 20 3/5/7
PIHEX-1delN 0 4 4 50 50 2200 14 3/5/7

4.6.2 X-ray diffraction data reduction and processing using XDS

A prerequisite for data processing by XDSis the definition of crystal wedges from
the helical line scans. This is performed using the tailor-made script and then XDS
is applied to the crystal wedges identified. After some optimization steps the
successfully generated HKL-files were scaled and merged using XSCALE. The
resolution limit was set where CC* is above 50 %, I/sigma(I) above 1.5 and the
completeness over 95 %. Mtz-files were generated applying XDSCONYV and a ccp4
script.

4.6.3 X-ray diffraction phasing and model building

Phasing was performed by molecular replacement (MR) using phenix.phaser by
testing all possible space groups in the named point group. Then refinement was
conducted using phenix.refine followed by manual refinements cycles using coot. If
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resolution was sufficientindividual B-factors, real-space and xyzcoordinates, as well
as TLS refinement was performed using the automatic optimization of target
weights. Sometimes additional restraints (secondary structure, NCS as well as
rotameric and Ramachandran restraints) were applied if necessary.

4.6.4 Analysis of crystal symmetry elements

To investigate the symmetry elements of the GMPR cyto v2 structure, the refined
structure, processed in space group P1 was given to Zanuda, which analyses the
symmetry elements of the different molecules to identify crystallographic and non-
crystallographic symmetry elements.

4.6.5 Sequence alignment

DNA sequences were aligned using the inbuilt alignment software invoking
MAFFT v7 (Katoh and Standley, 2013) of the cloud-based molecular biology platform
benchling.

4.6.6 Primer design

Oligonucleotides were designed using the inbuilt primer design software of the
cloud-based platform benchling.

4.6.7 Database search for HEX-1 homologs in different fungi species

A blastp search was conducted using the Neurospora crassa HEX-1 (UniProt-ID:
P87252) as query, searching RefSeq database by applying the default parameters
including up to 5,000 hits. All hits were then analyzed by their annotated sequence
length.

4.6.8 Alignment of selected HEX-1 homologs

The amino acid sequences of the 10 selected HEX-1 homologs were compared
using the alignment function of the webserver UniProt executing Clustal Omega.
The sequence alignment was then introduced into Ident and Sim to generate the
identity and similarity matrices. With the alignment of the highly conserved, C-
terminal 158 amino acids as input to WebLogo3 the sequence logo was generated.

4.6.9 Structure comparison and alignment

Protein structures were compared using either the webserver PDBeFold or the
graphical software pymol and aligned with the program superpose of the software
suite ccp4i.
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5. Results

Intracellular crystallization of proteins is a complementary method to existing
crystallization techniques. Proteins that could not be crystallized in situ so far have
been crystallized in living insect cells, enabling the elucidation of their structure
(Duszenko et al., 2015; Gati et al., 2014; Nass et al., 2020).

In order to successfully implement a strategy for diffraction data processing and
model building of in cellulo crystallized proteins, two model proteins, NcHEX-1 and
TbIMPDH, were selected and their structures were elucidated. In the process of data
processing, problems arose regardingoverlappingice and saltreflections that needed
to be separated from the protein reflection signal.

Furthermore, the influence of additional amino acids, which are cloning artifacts
of the recently developed cloning systems (Schonherr, 2021), was investigated by
structure elucidation followed by examination of the 3D model of different
Neurospora crassa HEX-1 proteins with these additional amino acids.

Additionally, suitable candidates for structure elucidation were selected by
sequence homology to the selected model proteins to investigate their ability to form
intracellular crystals. Not only orthologs, but also paralogs were tested for this
approach and were then subjected to structure elucidation.

The structure of TbGMPR could not be solved without the improvements in the
crystal volume. Thus, cell fusion was established as a powerful tool to overcome
resolution limits in in cellulo crystallography.

5.1 Establishing a data processing workflow for protein crystals grown and
diffracted in living insect cells

To extend Schonherr’s in cellulo crystallization pipeline with a workflow for
diffraction data processing and model building, two model proteins were selected:
the Woronin Body Major Protein (HEX-1) from Neurospora crassa and the IMP
dehydrogenase from Trypanosoma brucei. Both are known to crystallize inside living
insectcells (Lahey-Rudolph etal., 2021; Nass etal., 2020). In addition to establishing
a data processing and modeling strategy, the effects of additional amino acids,
resulting from the cloning strategy developed by Schénherr, on the structure will be
investigated for NcHEX-1. Therefore, three versions of NcHEX-1 were subjected to
structure elucidation: NcHEX-1 ori without additional amino acids, NcHEX-1 cyto
cloned using the first generation cloning system and NcHEX-1 cyto v2 encoding two
additional amino acids at each terminus (Schonherr, 2021). The results discussed
here are mainly included in Schoenherr et al., (2023).

For both model proteins reference structures from in cellulo grown crystals that
have been diffracted at XFEL sources are available. Nass and coworkers isolated
crystals of ThIMPDH N-His, which includes an N-terminal fused His-tag next to the
protein sequence and crystallizes spontaneously in Sf9 cells after rbv infection. The
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TbIMPDH N-His crystals were sprayed into the pulsed XFEL beam using a liquid-
jet and revealed native cofactor binding in both canonical binding sites of the
Bateman domain (Nass et al.,, 2020). In case of NcHEX-1 cyto, intact, crystal-
containing High Five cells were loaded into the pores of a silicon chip for X-ray
diffraction (Lahey-Rudolphetal., 2021). Both structures were solved using Cryst FEL
for data processing and served as references in this study.

Due to limited access to XFEL sources, the strategy developed here for diffraction
data processing focuses on diffraction experiments at synchrotron sources with fixed
targets, which allow for a high hit rate. At synchrotron sources, different approaches
for crystal delivery are established. For example nylon loops (Gati et al., 2014) or
MeshMounts (Boudes et al., 2016), as well as different chip systems (Lahey-Rudolph
et al., 2021; Norton-Baker et al., 2021) can be mounted on a goniometer to place the
diffraction sample into the beam. Additionally, crystals can be delivered by moving
tape drives covered with crystal containing solutions (Zielinski et al., 2022) or
CrystalDirect™ plates on which crystals can be grown in situ (Ciprianiet al., 2012;
Schoenherr et al., 2023). In this study, micro MeshMounts were chosen for data
collection because they enable the collection of rotational data and stills by using the
helical line scan approach with or without oscillation (Gatiet al., 2014). The same is
true for nylon loops, but sample loading is easier when using MeshMounts. Silicon
chips and CrystalDirect™ plates have also been successfully tested and
implemented for delivery of in cellulo crystals but will not be discussed here (Norton-
Baker et al., 2021; Schoenherr et al., 2023).

The high energy of the XFEL radiation leads to the destruction of the crystal and
thus XFEL sources allow only serial data collection, where justone image per crystal
can be collected (Chapman et al., 2011; Doerr, 2011; Neutze et al., 2000). While
synchrotron radiation allows the collection of more than one image per crystal, also
semi-serial approaches for data collection are possible (Gatiet al., 2014). These rely
on the collection and merging of small rotational data sets from many individual
crystals. In serially collected data, difficulties arise in identifying the crystal
orientation as well as in collecting full reflections.

In this work, small rotational data sets were collected by using the helical line
scan approach. In order to use the best out of both conventional single-crystal
diffraction and serial data collection, these small rotational data sets need to be
1dentified, individually processed and finally mergedinto a complete data set. In this
study, a script was developed to identify subsequent frames corresponding to the
same crystal, combined with a script that subsequently filters for duplicates. The so
identified crystal wedges were then processed individually with XDS. A detailed
description can be found in chapter 5.1.1. The developed scripts were applied to
diffraction data from NcHEX-1 ori and TbIMPDH ori. Additionally, diffraction data
collected from NcHEX-1 ori, cyto and cyto v2 were processed using CrystFEL as
described in chapter 5.1.2. To compare the two software suites, XDS was applied on
the same raw data of the diffraction data from NcHEX-1 ori and T6IMPDH ori,
respectively.
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While CrystFEL is the software suite of choice for snapshot data, also called still
images (White et al., 2012, 2016), XDS is frequently used to process rotational data
(Kabsch, 2010). For both processing approaches, the data can be collected by helical
line scans on a MeshMount. Rotational data sets have the advantage of requiring
fewer diffraction patterns, as additional information is added by the rotation series
(Rupp, 2010). Integrating diffraction data with CrystFEL has the advantage that
this software is built to work with large amounts of data (White, 2019; White et al.,
2012, 2016). Both software suites are able to integrate even low diffraction signals
at the predicted spotpositions up to the detector edges. When signals from thousands
of crystals are accumulated a more reliable signal can be obtained, than if signals
from one small crystal wedge of only several detector frames is integrated. By
combining the low signals from many different crystals, the signal-to-noise ratio is
improved, and the resolution of the resulting data set can be higher than the Bragg
spot with highest resolution found by the peak finding algorithm per single image.

For data collection, crystal-containing cells were harvested from the cell culture
dish andloaded onto micro MeshMounts, which were cryoprotected, flash-frozen and
stored in liquid nitrogen until diffraction data collection. The meshes were loaded
into the automatic sample changer installed at the synchrotron beamline P14,
operated by EMBL in Hamburg (PETRA III, DESY). Data were collected by helical
line scans comparable to the approach described by Gati et al., (2014). The oscillation
was set to 1.0° per frame and the exposure time was 0.02 s at full transmission.

5.1.1 Development of a script for serial diffraction data processing using XDS

A prerequisite for data processing with XDS is the use of small rotational data
sets within the helical line scan. In this work, this is performed by analyzing one
vertical line of subsequent frames by their spot count given by dozor (Zander et al.,
2015), which is implemented as a real time analysis tool at the P14 beamline, using
a sliding window analysis. Here, the frame with the maximum spot count of 10
subsequent frames was defined as the crystal center. The adjacent frames in a
crystal specific distance half_length before and after the crystal center were defined
as part of the crystal if the detected spot countwas above a protein specific threshold
spot_min. The frames corresponding to one crystal wedge defined this way were
individually indexed and integrated using XDS. Next, the window of 10 subsequent
frames was shifted by two frames and analyzed again for the maximum spot count,
which was again defined as the crystal center and thus analyzed as described above.
For each crystal wedge, XDSrequires an input file, containing information about the
experimental setup, and the location of the data frames as well as the detector
distance, the detector properties, crystal system information and the peak finding
parameters.

This sliding window analysis resulted in duplication of crystals, but also allowed
for the separate identification and processing of different crystals that were hit
simultaneously. After indexing, integration, and optimizing the processing of each
crystal wedge, crystal wedges were filtered by application of a second custom script
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and only unique crystals that were successfully indexed and integrated were scaled
and merged using XSCALE. The filtering is based on the orientation of the crystal
by analyzing the orientation matrix. If overlapping crystals have an orientation that
differs less than 6°, they are considered as equal and only the crystal wedge
described by most subsequent frames was kept. The script developed to filter for the
desired crystals is presented in the Appendix, p. 140, along with a full list of the
commands executed. XSCALFE needs a similar input file as XDS, containing all the
crystal wedges to be merged and the unit cell parameters as well as the space group.

The scripts were applied on the diffraction data sets of the two model proteins
NcHEX-1 ori and TbIMPDH ori to verify their performance. The obtained MTZ-files
were subjected to molecular replacementusing the conventionally in situ crystallized
NcHEX-1 structure (pdb: 1khi) as a search model for the NcHEX-1 ori data and the
conventionally crystallized human IMPDH structure (pdb: 1jcn) to obtain phases for
the TbIMPDH ori data set. The structures are further analyzed in chapter 5.1.4 and
5.1.5, respectively.

5.1.2 Description of serial diffraction data processing using CrystFEL

As an alternative approach, CrystFEL, a software suite designed for processing
of diffraction snapshots collected at XFELs, was applied to the diffraction data
collected. This software treats all frames individually and does not use rotation or
other prior information (Sawaya et al., 2014; White et al., 2012). It was applied to
diffraction data from NcHEX-1 ori, cyto and cyto v2 crystals. CrystFEL requires a
list of frames as input, as well as an optional file describing the unit cell by the cell
parameters and the lattice, and a geometry file describing the experimental setup,
including parameters such as the detector size, beam center, untrusted regions, and
sample to detector distance.

The information needed for the geometry file can be found in the image header of
the detector frames. First, an appropriate detector file was generated manually, to
allow CrystFEL to read the detector frames. An example detector file is shown in the
Appendix (p. 143). Then the peak detection parameters were set manually. The
geometry file and the peak-finding parameters were required to run the indexing
program indexamajig, invoking the indexing algorithm without prior information on
the wunit cell and lattice (mosflm-nolatt-nocell), which then enabled the
determination of the lattice and unit cell parameters with the program cell_explorer.
When the unit cell parameters converged, they were combined into the unit cell file
also shown in the Appendix (p. 143). Still using only mosfim but with the unit cell
included in the indexing process, the refinement of the beam center was conducted
by iteratively applying the detector_shift script and indexing again with the new
beam center.

For the NcHEX-1 cyto v2 data set, the beam center refinement did not converge
neatly, indicating a tilt in the detector plane. In this sample, cell_explorer also
showed a second unit cell population, indicating an imperfect geometrical setup.
However, after separating the two unit cell populations with the stream_grep script,
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the unit cell histograms were clearer, but only one structure showed acceptable
quality parameters and could be subjected to phasing and model building. These
problems were not encountered in the other data sets shown here.

Of note, salt reflections and ice rings nextto the Bragg spots corresponding to the
protein of interest were observed in all data sets analyzed, as indicated by powder
diffraction signals in the plots generated by the peakogram_stream script (Figure
5.1 A & B). To reduce the disturbance of the contaminating signals, all predicted spot
positions needed to be filtered.

5.1.3 Filtering for salt and ice signals during data processing using CrystFEL

The occurrence of salt crystals was most likely a result of the sample preparation
technique applied. MeshMounts were loaded with a dense suspension of crystal-
containing cells in insect cell medium. The medium contains high concentrations of
salt that can precipitate and form crystals when the excess liquid is blotted. Salt
crystals produce additional strong Bragg reflections besides the desired spots
corresponding to the respective protein crystal. Moreover, water within the sample
forming ice crystals during the freezing process, due to insufficient cryoprotection,
as well as ice crystals within the liquid nitrogen settling on the sample also result in
the appearance of additional diffraction signals. These contaminant reflections were
already observed during data acquisition and negatively affected data processing.

Ice rings are usually excluded in the peak detection by setting a maximum
number of pixels per peak, but integration on predicted peak positions also leads to
integration of contaminant reflections. Salt reflections can be identified by their high
intensity even in higher resolution shells and their larger spacing due to the smaller
unit cells. Salt reflections also do not cover the low-resolution range and start to
appearat around 10 A due to their small unit cell (Rupp, 2010). These characteristics
were used to exclude salt reflections when filtering for reflections corresponding to
the protein by applying a custom script. The script filters all integrated intensities
at the predicted spot positions, based on a protein-specificintensity limit in a defined
resolution range, that removes unreliable high intensities at high resolution because
of the high probability that this reflection overlaps with a contaminant signal. The
developed script is presented in the Appendix (p. 142).

The thresholds for the different resolution ranges were defined using the
peakogram-stream script of CrystFEL. The peakogram-stream script analyzes the
stream file and plots the observed intensities at each resolution (Figure 5.1 A-C).
Without salt or ice crystals present in the sample, the intensity decreases with
resolution. With salt or ice crystals present, there are vertical lines in the
peakogram-stream plot at certain resolutions, corresponding to the powder
diffraction signal or Bragg spots of the salt or ice crystals present. Finally, to avoid
the merging and scaling of these unusual high-intensity salt or ice reflections,
resolution-dependent intensity cut-offs were applied, and the reflections of the
stream-file were filtered accordingly, as shown in Figure 5.1 C for NcHEX-1 cyto.
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Compared to unfiltered stream files, application of the script revealed improved
correlation coefficients with a smoother decrease as shown for CCvz2ofthe NcHEX-1
cyto data set in Figure 5.1 D (Table 5.1). The calculation of CC* values failed in
resolution shells affected by the powder diffraction signal. The established filtering
step enabled the calculation of the correlation coefficient, CC*, and revealed reliable
values. The signal-to-noise ratio as well as the completeness were unaffected, while
the Rsplit values were lower in the shells above the resolution cut-off (Table 5.1).

The filtering for the contaminant reflections resulted in an overall higher
resolution cut-off of the obtained data set with improved figures of merit. However,
the Wilson B-factorincreased from 27.6 A2to 44.3 A2. The script for filtering saltand
ice contamination was applied to all data sets except for that of ToGMPR cyto v2,
where, due to its low resolution, the overlap with the contaminant signal was not
that strong.

oo

A 60000 - :

50000 4: .

2000
1750

3 1500 1SN
40000 :
£ 1250 88

30000 1000 JE

20000 i 750

Reflection max intensity
=
o
A

Reflection max intensity

500
10000 ¢

250

0.1 0.2 0.3 0.4 0.5 0.6 0.7
1/d (A"-1)

2000
S
= 1.0
1750
£ 1500 10*
s
£ 1250
5 10° g 0.51 — unfiltered
1000 & — filtered
& 750 4 102
&
500 -
10! B T T T
250 4 3 V2
resolution [A]

10°

0.1 0.2 0.3 0.4 0.5 0.6 0.7
1/d (A™-1)

Figure 5.1: Analysis of the stream file of NcHEX-1 cyto before and after
filtering for salt reflections and ice rings. Peakogram_stream output from the
unfiltered stream file (A), from the unfiltered stream file restricted to an
intensity maximum of 2,200 (B), compared to the filtered stream file (C). The
reflection intensity is plotted against the reciprocal resolution in Al The
unfiltered stream file shows powder diffraction signal from salt and ice
crystals inside the sample (A & B), after filtering with the developed script,
the obtained stream file shows a decrease of intensity along the resolution (C)
and a smoother decrease of CC12values (D) as expected for a protein crystal.
The CC12 values are plotted against the resolution in A.
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Table 5.1: Figures of merit of the unfiltered and filtered stream according to the resolution shell. The filtered stream file shows

improved correlation coefficients, while the completeness and the SNR is unaffected. CC* values could not be calculated for the
unfiltered stream file in some resolution shells. The resolution cut-off is defined by the highest shell where SNR and CC* are above 0.5

and the completeness is above 95 %. The resolution cut-off is depicted as dashed line for the filtered data set.

Unfiltered Filtered
Resolution (A) | Repiit (%) cc* CCi2 Completeness (%)  SNR | Ry (%) cc* CCi, Completeness (%)  SNR
9.45 2.85 0.9990653 0.9962697 100.00 42.01 2.51 0.9996535 0.9986154 100.00 42.23
4.40 3.44 0.9986719 0.9947052 100.00 37.10 2.77 0.9995033 0.9980156 100.00 38.57
3.68 4.38 0.9978531 0.9914583 100.00 27.36 3.73 0.9992751 0.9971058 100.00 27.90
3.28 6.34 0.9695712 0.8869139 100.00 19.42 4.87 0.9990285 0.9961234 100.00 19.69
3.01 7.18 0.9980937 0.9924108 100.00 13.44 7.40 0.9979452 0.9918230 100.00 13.46
2.82 11.71 0.9951728 0.9809217 100.00 8.80 11.59 0.9953245 0.9815144 100.00 8.83
2.66 19.55 0.9720771 0.8956157 100.00 6.19 16.26 0.9881320 0.9538975 100.00 6.34
2.54 23.50 0.9776022 0.9151696 100.00 4.59 23.18 0.9784502 0.9182163 100.00 4.60
2.43 33.85 0.9420120 0.7975695 100.00 3.38 29.84 0.9656482 0.8734950 100.00 3.46
2.35 51.47 0.9021191 0.6860833 100.00 2.20 47.02 0.9252314 0.7483331 100.00 2.26
2.27 | 148.01 nan -0.0177005 100.00 1.37 75.79 0.8186323 0.5039391 100.00 1.48
2.20 | 113.43 0.7312103 0.3648789 100.00 0.94 | 111.75 0.7347476 0.3697261 100.00 0.96
2.14 | 194.34 nan -0.1225313 100.00 0.57 | 187.80 0.6464223 0.2641121 100.00 0.56
2.09 | 361.18 nan -0.0146618 100.00 0.28 | 325.81 0.4443764 0.1095518 100.00 0.34
2.04 | 363.71 nan -0.0006223 99.88 0.18 | 466.93 0.5236477 0.1588875 100.00 0.22
1.99 | 776.12 0.5167239 0.1540705 100.00 0.12 | 967.18 0.4375711 0.1058696 100.00 0.12
1.95 | 415.68 nan -0.0009013 100.00 0.11 | 741.85 0.3550181 0.0672574 100.00 0.12
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5.1.4 Comparing structural models obtained by processing using either CrystFEL
or XDS

The NcHEX-1 ori data set was processed with XDS and CrystFEL, while the
TbIMPDH ori data set was only processed with XDS. The obtained mtz-files were
then subjected to phasing with molecular replacement and subsequent model
building and refinement. The same raw data of TbIMDPH ori were CrystFEL-
processed, phased, and modelled by Mia Lahey-Rudolph within the framework of the
respective publication (Schoenherr et al., 2023) and is used here for comparison.

For both proteins, TbIMPDH ori and NcHEX-1 ori, the structure obtained with
XDS was highly similar to that elucidated with CrystFEL, with the same biological
information and shows only minor deviations to the reference structures solved from
diffraction experiments at XFEL sources (Table 5.3). The NcHEX-1 ori structures
(Figure 5.3 A (CrystFEL) and B (XDS)) showed the same fold as the conventionally
crystallized NcHEX-1 (Yuan et al., 2003). Analysis of structural similarity between
the NcHEX-1 ori structures obtained after processing with both software suites by
PDBeFold revealed a very high similarity indicated by a Q-score of 0.913 and a mean
RMSD of Ca atoms of 0.078 A. The Q-score scores the quality of the match by
considering the number of aligned residues, the total number of residues in the
structures to be compared and the RMSD of Ca atoms. Its value ranges between 0
and 1. A Value of 1 indicates a perfect match, while a value close to 0 indicates low
similarity.

The structure solution of TbIMPDH ori crystals revealed two monomers in the
asymmetric unit with a conserved fold of two domains, the catalytic domain, and the
Bateman domain. Due to the symmetry elements this reveals the biologically unit of
an octamer. Like the ThIMPDH N-His structure (Nass et al., 2020), this octamer is
in the inactive, closed conformation. The diffraction of ToIMPDH ori crystals inside
living cells provided additional information about the natively bound cofactors. Nass
et al. (2020) isolated the TbIMPDH N-His crystals prior to diffraction and obtained
ATP and GMP bound to the canonical binding sites in the Bateman domain. In the
THbIMPDH ori structure presented here, ATP was bound in two different
conformations tothe canonical binding site I, while a GDP was found in the canonical
binding site II (supp. Figure 10.1, Appendix p. 148). These results indicate that
cofactor hydrolysis can occur if crystals are isolated from the protecting cells prior
diffraction, and that further detail can be obtained when crystals are measured
inside the intact insect cells. The same cofactors were identified in the CrystFEL-
processed THIMPDH ori structure, elucidated by Mia Lahey-Rudolph. Both
TbIMPDH ori structures are highly similar, indicated by high Q-scores (mean 0.98)
and small deviations (mean RMSD of Ca atoms 0.338 A) between the structures
(Table 5.2).
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Table 5.2: Structural comparison of both chains of TbIMPDH ori structures
processed with XDS or CrystFEL in accordance with the @Q-score, the
percentage of matched secondary structure elements and the RMSD of Ca
atoms in A, revealing a high structural similarity.

ChainID of the Chain ID of the

% of matched secondary RMSD

XDS-np:Lc;ceelssed CrystFﬂ.::irZIcessed Q-score structure elements (A)
B A 0.98 91 0.28
B B 0.98 91 0.39
A B 0.97 94 0.31
A A 0.97 88 0.37

The resolution of the XDS-processed structures is worse than that of the
CrystFEL-processed structures (Table 5.3). Nevertheless, for the NcHEX-1 ori data
set, the electron density obtained after processing with CrystFEL was in some parts,
e.g., the termini, slightly weaker than in maps obtained from XDS-processing.
Consequently, the amino acids 28 to 175 could be modeled in the XDS-processed
NcHEX-1 ori structural model, while interpretable electron density in the CrystFEL-
processed structural model starts at residue 29. The number of detector frames used
are comparable in both processing approaches.

The obtained refinement R-factors (all in the range of 0.21 to 0.24) as well as the
atomic B-factors and Wilson B-factors (ThIMPDH ori XDS: 53.73 A2 vs. CrystFEL:
53.06 A2, NeHEX-1 ori XDS: 27.53 A2 vs. CrystFEL: 31.60 A2) were comparable in
the structural models after processing with XDS and CrystFEL (Table 5.3),
indicating that the structures are of comparable quality even if the resolution differs.
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87 A

Figure 5.2: Cartoon representation of the TbIMPDH ori structure obtained
after diffraction data processing with XDS. Ouverview on the dimer in the
asymmetric unit with chain A in dark and chain B in light green (A). The omit
maps of the bound ligands, ATP (with alternative conformations) and GDP,
are depicted as grey mesh. Detailed view on theregulatory Bateman domain
with the identified ligands and their omit maps (Fo-Fc) contoured at
3.0 sigma carved at 2.0 A (B). Due to the symmetry operators the biological
unit, an octamer, is obtained (top view C). The octamer is shown from side
view and reveals a size of 152 A in width and 87 A in height (D).
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Table 5.3: Data processing and refinement statistics of TbIMPDH ori and NcHEX-1 ori processed by CrystFEL and XDS. Values in

parentheses refer to the highest resolution shell. ¢of up to 11 consecutive frames; b of up to 7 consecutive frames

Data set

Processing software
Pdb code

Space group

Unit cell (A or °)

Resolution range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
SNR/ < I/o(l)>
Wilson B-factor
Rmeas (%)
Rsplit (%)
CC1/2
cc*
No. collected images
No. hits/ indexed lattices
Removed salt spots
Refl.used inrefinement
Refl. used for R-free
Rwork
Rfree
No. non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues

RMS bonds (A)
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TbIMPDH ori TbIMPDH ori
CrystFEL XDS
8ch1 8cgy
P4 2,2
207.12 207.12 92.54 9090 207.10207.10 92.50 90 90
90 90
57.38-2.30(2.330-2.299) 92.62 -3.00(3.107 - 3.000)
326,687,476 97,508,239
89,070 (5,857) 40,798 (9,383)
3,667 (1,246) 1,274 (1,135)
99.88 (99.09) 99.80 (99.20)
10.06 (0.58) 20.37 (4.21)
53.06 53.76
- 341.1 (8,831.4)
8.62 (199.52)

0.9976 (0.1957)
0.9994 (0.5722)

75,741/82,831
7.60 %

88,932 (8,710)
1078 (107)
0.2132 (0.3772)
0.2431 (0.3386)
7,081

6,799

182

148

894

0.004

0.9810 (0.8700)

96,949
6,001°

40,788 (3,982)
1,598 (156)
0.2014 (0.3415)
0.2388 (0.4156)
6,852

6,716

182

2

894

0.005

NcHEX-1 ori
CrystFEL
8cd5

NcHEX-1 ori

XDS

8cgx

P65 2 2

57.2357.23 198.1590 90 57.24 57.24 198.19 90

120

48.08-1.56(1.616-1.560)

210,384,917
28,553 (1,386)
7,367 (610)
99.83 (98.82)
31.47 (0.59)
27.56

1.95 (188.97)
0.9997 (0.2865)
0.9999 (0.6674)
54,077/131,442
0.03 %

28,419 (2,729)
1,473 (139)
0.1993 (0.4334)
0.2159 (0.4060)
1,226

1,128

0

98

147

0.004

90 120
33.03-1.85 (1.916 -
1.850)

80,449,866

17,305 (1,674)
4,639 (4,197)

99.80 (98.30)

35.15 (3.30)

31.60

117.0 (56,232.3)

0.9990 (0.9390)

56,891

7,922°

18,624 (1,699)
1,268 (117)
0.2061 (0.3500)
0.2352 (0.4580)
1,202

1,124

0

78

148

0.006



Data set
Processing software
RMS angles (°)
Ramachandran favored
(%)
Ramachandran allowed
(%)
Ramachandran outliers
(%)
Rotamer outliers (%)
Clash score
Average B-factor (A2)
Macromolecules
Ligands
Solvent
Mean RMSD (A) to érfu
for IMPDH; 7asx for
HEX-1
Max. RMSD (A) to 6rfu
for IMPDH; 7asx for
HEX-1
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TbIMPDH ori
CrystFEL
0.62

97 .4

2.6
0

0.97
5.26
59.98
59.87
61.64
57.22
0.3650

7.0810

TbIMPDH ori
XDS

0.63

95.46

4.54
0

0.14
12.78
52.12
51.77
58.01
34.41
0.4143

7.0310

NcHEX-1 ori
CrystFEL
0.71

98.62

0.69
0.69

0

4.44
41.25
40.6
48.67
0.4240

2.1740

NcHEX-1 ori
XDS

0.86

97.95

1.37
0.68

0

4.03
42.06
41.65
47 .91
0.4226

2.1700
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5.1.5 Effect of cloning artifacts on the structure of NcHEX-1

To investigate the effect of cloning artifacts introduced by the different cloning
systems used, the structure of three NcHEX-1 variants was elucidated by processing
diffraction data with CrystFEL. All analyzed NcHEX-1 variants, namely NcHEX-1
ori (Figure 5.3 A), NcHEX-1 cyto (Figure 5.3 C) und NcHEX-1 cyto v2 (Figure 5.3 D),
displayed the two-domain structure described by Yuan et al., (2003) for
conventionally crystallized NcHEX-1.

No electron density was observed for the first 27 N-terminal amino acids and for
one C-terminal amino acid. Superposition of the different structures of NcHEX-1
obtained in this study reveals a high level of similarity (Figure 5.3 E & Table 5.4),
indicated by an overall Q-score of 0.92 and a mean RMSD of Ca atoms of 0.330 A,
calculated by PDBeFold. The highest deviation from the reference structure 7asx (in
cellulo crystallized NcHEX-1 cyto) collected from intact cells at an XFEL (Lahey-
Rudolph et al., 2021) was observed in the variable loop region (amino acids 60-66,
shown by the arrowhead in Figure 5.3 A) connecting two B-sheets of NcHEX-1 cyto
v2, displaying a maximum RMSD of the Ca atoms of 2 A. Overall, the deviations of
the Ca atoms of the in cellulo crystallized NcHEX-1 variants from the reference
structure were small, as shown in Table 5.4, indicating a high structural similarity
despite the additional amino acids added by the cloning strategy used.

The crystal lattice and contact interfaces are also not affected since an interface
analysis by PDBePISA revealed no differences between the structures. All models
show two types of interfaces stabilized by a salt bridge. The first type, including salt
bridges between Arg41 and Asp44 as well as His39 and Asp 44, is comparably strong
and induces self-assembly, while the second type, forming a salt bridge between
Argh57 and Asp 110, is a result of the assembly instead and the interactions are
weaker.

Despite the different crystal morphologies observed after recombinant gene
expression of the NcHEX-1 variants, all protein structures were solved in the same
space group and revealed a similar resolution cut-off. While NcHEX-1 ori forms
squared crystals with hexagonal cross-sections, NcHEX-1 cyto and NcHEX-1 cyto v2
form spindle-like crystals with hexagonal cross-sections or bipyramidal ones
(Schonherr, 2021). At least for NcHEX-1, an impact of the additional amino acids
resulting from the cloning strategy (C-terminal Ala in NcHEX-1 cyto; N-terminal
Gly and Thr and C-terminal Ala and Ser in NcHEX-1 cyto v2) on the protein
structure was not detected.
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Figure 5.3: Overview of solved NcHEX-1 structures. Cartoon representation of
the structural models of (A) NcHEX-1 ori processed using CrystFEL, (B) using
XDS, (C) NcHEX-1 cyto (CrystFEL) and (D) NcHEX-1 cyto v2 (CrystFEL). -
sheets are displayed in green; a-helices are shown in blue. In (D) the highly
variable loop region of residues 60 to 66 is marked by an arrowhead. (E)
RMSD of Ca atoms calculated by ccp4i superpose, plotted per amino acid,
numbered after the reference structure NcHEX-1 cyto (7asx), from which data
were collected from intact cells at an XFEL. The differences observed are
small, but larger differences were observed in the loop region e.g., for residues
60 to 66 indicated by a RMSD above 1.5 A. Overview (F) and detailed view (G)
of the structural overlay of NcHEX-1 ori (CrystFEL) displayed in green and
the search model for molecular replacement, in situ crystallized NcHEX-1
(pdb: 1khi) displayed in blue. A representative section, residues 80 to 89, of the
Fo-Fc map (omit map) contoured at 3.0 sigma of the NcHEX-1 ori (CrystFEL)
data set is shown in mesh representation.

NcHEX-1 eyto v2  NcHEX-1 ori Nc HEX-1 ori

(CrystFEL) (CrystFEL) (XDS)
Nec HEX-1 cyto 0.44 0.43 0.42 RMSD
(CrystFEL) 0.95 0.93 0.92 Q-Score
Nc HEX-1 cyto v2 0.21 0.21 RMSD
(CrystFEL) 0.94 0.94 Q-Score
Nc HEX-1 ori 0.08 RMSD
(CrystFEL) 0.91 Q-Score

Figure 5.4: Structural comparison of the different NcHEX-1 variants using
PDBeFold reveals high Q-scores and small RMSD values of Ca atoms (in fi),
indicating a high similarity. A lighter coloring indicates a higher similarity
of the respective structures.
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Table 5.4: Data processing and refinement statistics of NcHEX-1 variants. Values in parentheses refer to the highest resolution shell.
The columns for NcHEX-1 ori are equal to Table 5.3 and are repeated here for comparison. @ of up to 7 consecutive frames.

Data set NcHEX-1 ori NcHEX-1 ori NcHEX-1 cyto NcHEX-1 cyto v2
Processing software CrystFEL XDS CrystFEL CrystFEL
PDB code 8cd5 8cgx 8cd4 8cdé
Data collection date 26.11.2019 26.11.2019 24.08.2021 24.08.2021
Sample temperature [K] 100 100 100 100
Space group P6522 P6522 P6522 P6522
Unit cell (A or °) 57.23 57.23 198.15 57.24 57.24 198.19  57.39 57.39 189.96 56.70 56.70 196.80
90 90 120 90 90 120 9090 120 9090 120
48.08 - 1.56 33.03-1.85 50.19 - 1.83 47.64 - 1.85
Resolution range (A) (1.616 - (1.916 - (1.895 - (1.916 -
1.560) 1.850) 1.830) 1.850)
Total reflections 210,384,917 80,449,866 24,754,589 4,735,984
Unique reflections 28,553 17,305 17,908 17,016
Multiplicity 7,367 (610) - 1,382 (100) 278 (115.9)
Completeness (%) 99.83 (98.82) 99.80 (98.30) 99.92 (99.31) 99.81 (99.09)
SNR/ < I/o(l)> 31.47 (0.59) 35.15 (3.30) 22.16 (0.64) 8.15 (0.53)
Wilson B-factor (A2) 27.56 31.60 31.70 34.14
Rmeas (%) - 117.0 (56,232.3) - -
Repiit (%) 1.95 (188.97) - 3.40 (168.07) 7.95(184.98)
CC1/2 0.9997 (0.2865) 0.9990 (0.9390) 0.9994 (0.2745) 0.9953 (0.4226)
cc 0.9999 (0.6674) 0.9998 (0.6564) 0.9988 (0.7707)

No. collected images

No. hits/ indexed |attices/ lattices

after stream_grep

Removed salt intensities

Reflections used in refinement

Reflections used for R-free

Rwork

Rfree

No. non-hydrogen atoms
Macromolecules

56,891
54,077/131,442

0.03%
28,419 (2,729)
1,473 (139)
0.1993 (0.4334)
0.2159 (0.4060)
1,226

1,128

56,891
7,922 ©

18,624 (1,699)
1,268 (117)
0.2061 (0.3500)
0.2352 (0.4580)
1,202

1,124

119,053
44,200/ 41,591

0.02%

17,807 (1,718)
1,323 (127)
0.1923 (0.3548)
0.2148 (0.3489)
1,185

1,095

114,498
24,520/21,835/6,117

0.01%
16,899 (1,631)
1,045 (102)
0.2034 (0.3964)
0.2369 (0.4258)
1,174

1,090
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Data set NcHEX-1 ori NcHEX-1 ori NcHEX-1 cyto NcHEX-1 cyto v2
Processing software CrystFEL XDS CrystFEL CrystFEL
Solvent 98 78 90 84
Protein residues 147 148 143 143
RMS bonds (A) 0.004 0.006 0.011 0.008
RMS angles (°) 0.71 0.86 1.02 0.91
Ramachandran favored (%) 98.62 97.95 97.87 98.58
Ramachandran allowed (%) 0.69 1.37 2.13 1.42
Ramachandran outliers (%) 0.69 0.68 0.00 0.00
Rotamer outliers (%) 0 0 0 0
Clash score 4.44 4.03 3.65 6.89
Average B-factor (A2) 41.25 42.06 39.19 40.88
Macromolecules 40.60 41.65 38.64 40.27
Solvent 48.67 47.91 45.94 48.73
Mearf RMSD (A) to ref. structure 0.424 0.423 0.260 0.520
(pdb: 7 asx)
Max RMSD (A) to ref. structure 2174 2.170 0.652 2.084

(pdb: 7 asx)
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5.2 Overcoming statistical limitations by identifying promising candidates
from sequence orthologs for NcHEX-1

As 1n conventional crystallography not all proteins form crystals at given
conditions, not all proteins spontaneously crystallize after recombinant expression
inside living insect cells. To increase the chances of finding a protein that
spontaneously crystallizes in cellulo to further investigate the crystallization process
inside the living insect cells, homologs of proteins that are already known to
crystallize were identified. A homolog of a specific protein can either be a protein
thatis foundin a closely related species fulfilling the same function and can be traced
back to a common ancestor (ortholog), or one that is found in the same species. The
latter results from gene duplication within a species, and although both proteins
have a high sequence similarity, they fulfill different functions (paralogs).

As described above, NcHEX-1 forms crystals inside the Woronin bodies in
Neurospora crassa, and thus represents an excellent target for in cellulo
crystallization studies (Schénherr, 2021). Woronin bodies are a common feature of
filamentous fungi functioning as a plug for the intercellular connections in case of
cellular damage (Tang et al., 2020a; Tenney et al., 2000; Yuan et al., 2003). In this
thesis, homologous genes encoding the Woronin body major protein (HEX-1) of
different fungal species were identified, recombinantly expressed and crystallized in
insect cells and subjected to structure elucidation.

5.2.1 Identification of suitable orthologs of NcHEX-1

HEX-1 homologs are highly abundant in Ascomycota (Tang et al., 2020a). A
UniProt search for “Woronin body major protein” yielded 390 proteins. A blasip
search using the amino acids sequence of NcHEX-1 as the query returned 1,782
results in the RefSeq database ranging from 30 % to 99 % sequence identity. The
sequence length of the proteins found was highly variable, but two major groups
were identified characterized by maxima in the histogram shown in Figure 5.5. Thus,
the lengths converge either around 160 to 220 or around 400 to 500 amino acids (aa).

Structurally the best studied Woronin body major protein is that of Neurospora
crassa (Tenney et al., 2000; Yuan et al., 2003). A literature review revealed that
among others the HEX-1 orthologs from species listed in Table 5.5 have been further
characterized. Most studies have focused on deletion mutants and the functionalrole
of the HEX-1 protein and the Woronin body itself. Studies focusing on the three-
dimensional structure (Yuan et al., 2003) or the mechanisms underlying its self-
assembly (Juvvadi et al., 2007) are underrepresented.
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Table 5.5: Overview of HEX-1 orthologs which are further characterized in the
literature specifying their reference.

Species Reference

Arthrobotrys oligospora (Liang et al., 2017)

Aspergillus flavus (Yuan et al., 2019)

Aspergillus fumigatus (Beck and Ebel, 2013; Beck et al., 2013;
Yuan et al., 2019)

Aspergillus nidulans (Beck and Ebel, 2013)

Aspergillus oryzae (Beck et al., 2013; Juvvadi et al., 2007)

Colletotrichum orbiculare (Kubo et al., 2015)

Fusarium graminearum (Son et al., 2013)

Magnaporthe grisea (Asiegbu et al., 2004; Soundararajan et al.,
2004)

Metarhizium robertsii (Tang et al., 2020q)

Verticillium dahliae Vangalis et al., 2020)

(
Trichoderma reesei (Curach et al., 2004)
Zymoseptoria tritici (Steinberg et al., 2017)
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Figure 5.5: A: Blastp search of the NcHEX-1 protein sequence against RefSeq
database revealed a high variety of sequence length of HEX-1 proteins. The
most abundant sequence lengths cluster around 160 to 220 aa as well as
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around 400 to 500 aa. (B) The selected HEX-1 proteins, namely from
Aspergillus fumigatus (Af), Aspergillus nidulans (An), Aspergillus oryzae
(Ao), Metarhizium robertsii (Mr), Verticillium dahliae (Vd), Chaetomium
globosum (Cg), Magnaporthe grisea (Mg), Pyrenophora tritici-repentis (Pt),
Purpureocilium lilacinum (Pl) and Verruconis gallopava (Vg), and NcHEX1
were analyzed according to their sequence conservation in the C-terminal
domain. Therefore, all 11 HEX-1 sequenceswere aligned using Clustal Omega
and subsequently the last 158 C-terminal residues of each of the protein were
analyzed using WebLogo3 revealing a high sequence conservation in this
domain.

To cover the full spectrum of protein lengths and genera, HEX-1 proteins of the
following 10 different species were selected to investigate their ability to crystallize
spontaneously in living insect cells: Aspergillus fumigatus (Af), Aspergillus nidulans
(An), Aspergillus oryzae (Ao), Metarhizium robertsii (Mr), Verticillium dahliae (Vd),
Chaetomium globosum (Cg), Magnaporthe grisea (Mg) Pyrenophora tritici-repentis
(Pt), Purpureocilium lilacinum (Pl) and Verruconis gallopava (Vg). The sequence
length varies between 176 aa for AoHEX-1, and 640 aa for PtHEX-1 as shown in
Table 5.6.

Table 5.6: Overview of 10 homologous HEX-1 proteins of different fungal
species selected for this study, compared to Neurospora crassa HEX-1.
Depicted is their sequence length, the origin, abbreviation and UniProt

identifier.
Organism HEX-1 homolog  UniProt ID Sequence length
Neurospora crassa NcHEX-1 P87252 176 aa
Aspergillus fumigatus AfHEX-1 AOAQJ5PW54 485 aa
Aspergillus nidulans AnHEX-1 Q9P8K9 221 aa
Aspergillus oryzae AoHEX-1 18TQ26 176 aa
Chaetomium globosum CgHEX-1 Q2H4T3 173 aa
Magnaporthe grisea MgHEX-1 QoUW16 182 aa
Metarhizium robertsii MrHEX-1 E9EN82 392 aa
Purpureocilium lilacinum PIHEX-1 AOA179H7Q1 416 aa
Pyrenophora tritici-repentis PtHEX-1 B2VT43 640 aa
Verticillium dahlice VdHEX-1 G2WVW3 197 aa
Verruconis gallopava VgHEX-1 AOAOD2A115 234 aa

The amino acid sequences were aligned using the UniProt alignment tool Clustal
Omega for multiple sequence alignment. The resulting alignment (Appendix p. 145)
shows a high degree of conservation in the C-terminal region ending with the
conserved peroxisomal target sequence (PTS1) ‘SRL’, consisting of Ser-Arg-Leu. The
158 C-terminal amino acids were further analyzed for conserved motifs using the
WebLogo3 web application (Figure 5.5), confirming the high identity in the 146 C-
terminal amino acids, referred to as common region, previously reported by Tang et
al., (2020a). It further revealed a conserved motif, subsequently referred to as
‘heptapeptide’, including the amino acid sequence ‘M(G/A)YD(D/E/N)(D/E), which is
encoded in 9 of the 10 investigated HEX-1 genes and have been described previously
by Vangalis et al., (2020).
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The analyzed sequences not only vary in their sequence but also in their length
between the heptapeptide and the common region at the C-terminus. The four
longest HEX-1 proteins selected here (AfHEX-1, MrHEX-1, PIHEX-1, and PtHEX-1)
even include additional amino acids N-terminal to the conserved heptapeptide.
Another exception is VdHEX-1, which encodes 9 additional amino acids after the
peroxisomal target sequence and lacks the conserved heptapeptide. To allow proper
localization of the target protein in the fungal cell, the PTS1 sequence must be C-
terminal without any additional amino acids (Gould et al., 1989). Therefore, these 9
additional amino acids were not included in cloning of the respective gene.

5.2.2 Investigation of the intracellular crystallization of HEX-1 proteins from 10
different fungal species

In order to achieve high expression levels of the recombinant genes of the selected
HEX-1 homologs, the gene sequences were codon-optimized for enhanced expression
in Trichoplusia ni, commercially synthesized and inserted into pFastBacl vectors
without additional amino acids (denoted as ori) for subsequent gene expression.
After generation of recombinant bacmids using DH10EmBacY cells, subsequent
baculovirus production and amplification in Sf9 cells, High Five cells were infected
at an MOI of one and incubated for 4 days. The infected cells were then examined
using light microscopy for crystal formation. In infected cultures of six out of the ten
HEX-1 homologues the formation of ordered structures was immediately visible
(Figure 5.6): AoHEX-1 (panel A), AnHEX-1 (panel B), CeHEX-1 (panel C), MgHEX-
1 (panel D), VdHEX-1 (panel F), and VgHEX-1 (panel G). AnHEX-1 forms unique
structures that are thin and elongated, reminding of a comet’s tail (Figure 5.6 A).
The morphology of MgHEX-1 (Figure 5.6 D) is similar to that of NcHEX-1 (Figure
5.6 E), which also forms square structures with a hexagonal base. In contrast,
AoHEX-1, CgHEX-1, VdHEX-1 and VgHEX-1 form extended rodlike structures with
a hexagonal cross section (Figure 5.6 B, C, F, G). Crystals of VeHEX-1 show severe
growth defects (blue arrowheads Figure 5.6 G).

56



Results

Figure 5.6: Investigation of the crystallization behavior of HEX-1 proteins
from 10 different fungal species. High Five insect cells were infected at an
MOI of one with the respective rbuv. Cells were imaged 4 dpi using differential
interference contrast (DIC) and a 100x objective on a Nikon Ts2R-FL. The
scale bars correspond to 20 um. High Five cells produce crystals looking like a
comet’s tail after infection with rbv AnHEX-1ori (A) and needle-shaped crystals
after infection with rbv AoHEX-1ori (B). High Five cells produce spindle-like
crystals with a hexagonal cross-section after infection with rbv CgHEX-1ori (C).
High Five cells produce squared crystals with a hexagonal cross-section after
infection with rbv MgHEX-1ori (D), NcHEX-1ori (E), while rectangular crystals
with hexagonal cross-section are formed after infection with rbv VAHEX-1ori
(F). High Five cells produce small hexagonal crystals with growth defects (blue
arrowhead) afterinfection with rbv VgHEX-1ori (G). In High Five cells infected
with rbv AfHEX-1ori (H), MrHEX-I1ori (I), PIHEX-1ori (J) or PtHEX-1ori (K) no
ordered structures could be observed. However, larger vacuolar structures were
detected in High Five cells expressing AfHEX-lori (H), PIHEX-1ori (J) or
PtHEX-1ori (K) as indicated by magenta arrow heads.

Four HEX-1 proteins, namely AfHEX-1, MrHEX-1, PIHEX-1, and PtHEX-1, did
not show any spontaneous growth of ordered structures inside the cells, despite a
successful infection as evidenced by EYFP fluorescence. For AfHEX-1, PIHEX-1 and
PtHEX-1 large, vacuolar structures were observed (Figure 5.6 H, J & K). The four
homologs include an elongated N-terminus before the heptapeptide, which is
discussed as a putative starting peptide for HEX-1 proteins (Vangalis et al., 2020).
To test the hypothesis of incorrect translation start annotation in the database, the
protein sequences lacking the N-terminus, referred to as delN-variant, were
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investigated regarding their spontaneous crystallization in insect cells. A truncation
of the N-terminal extension results in an almost conserved length of the HEX-1-
homologs of about 200 aa (Table 5.7). With a sequence length of 295 aa, PEFHEX-1 is
still outstanding.

Table 5.7: To verify the correctness of the translation start at the conserved
heptapeptide, N-terminally extended HEX-1 proteins were truncated at the N-
terminus (delN). Sequence lengths of HEX-1delN proteins are compared to
their original length.

N -terminal truncated

Organism HEX-1 homolog Original length
sequence length

Aspergillus fumigatus AfHEX-1 217 aa 485 aa

Metarhizium robertsii MrHEX-1 206 aa 392 aa

Purpureocilium lilacinum  PIHEX-1 208 aa 416 aa

Pyrenophora tritici-repentis  PtHEX-1 295 aa 640 aa

Analysis of the sequence identity and similarity of the selected HEX-1 proteins
and the N-terminal truncated versions led to the assumption that the translation
start is indeed incorrectly annotated for the longest four of the selected HEX-1
proteins. A matrix of sequence similarity and identity is depicted in Figure 5.7. The
four N-terminal extended proteins show less sequence similarity (mean sequence
similarity 33.2 %) and identity (mean sequence identity 28.4 %) compared to the
seven proteins that start with the conserved heptapeptide. However, the N-terminal
truncation variants show a comparable sequence similarity (mean sequence
similarity 62.9 %) and identity (mean sequence identity 54.5 %) to those which have
been annotated to start with the N-terminal heptapeptide (mean sequence similarity
64.9 % and identity 55.9 %).

Briefly, the gene sequence between the encoded heptapeptide and the stop codon
was amplified by PCR and restriction sites for BamHI and HindIlI were added to
subsequently ligate the digested product into a similarly digested pFastBac1l vector.
Bacmids and recombinant baculoviruses were prepared as described above.
Microscopic examination of rbv-infected High Five cells revealed growth of ordered
structures for three of the four HEX-1deIN proteins (Figure 5.8): AfHEX-1delN,
MrHEX-1delN and PIHEX-1delN. Only for PtHEX-1delN still no ordered structures
were observed. PPHEX-1delN and AfHEX-1delN showed a squared morphology with
a hexagonal cross section as observed for NcHEX-1 and others, while MrHEX-1delN
produced an elongated shape with a hexagonal base comparable to AoHEX-1.
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Figure 5.7: Similarity and identity matrix of the selected 11 HEX-1 orthologs including the N-terminal truncated variants. The matrix indicates the
similarity (upper value, shaded in blue) and the identity (lower value, shaded in red) when comparing the protein sequences of the selected HEX-1
homologs. The darker the color, the less similar/identical arethe sequences. The least identical and least similar protein sequencesto all othersis observed
for N-terminal extended HEX-1 proteins like AAHEX-1, MrHEX-1, PIHEX-1, and PtHEX-1.
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Figure 5.8: Investigation of the crystallization behavior of N-terminal
truncated HEX-1 proteins from 4 different fungi species. High Five insect cells
infected at an MOI of one of the recombinant baculoviruses were imaged 4 dpi
using differential interference contrast (DIC) and a 100x magnifying objective
at a Nikon Ts2R-FL. The scale bar corresponds to 20 um. High Five cells
produce small hexagonal crystals after infection with rbv AfHEX-1delN ori (A)
and rectangular crystals with a hexagonal cross-section after infection with
rbv MrHEX-1delN ori (B). Rbv PIHEX-1delN ori-infected High Five cells
produce small, squared crystals with a hexagonal cross-section (C), while no
indication of crystallization was observed in rbv PtHEX-1delN-infected High
Five (D).

The analysis of the size and the estimation of the volume of the structures formed
by all tested HEX-1 proteins displayed a high variability (Table 5.8). While AfHEX-
1delN produces the smallest structures in terms of volume, expression of CgHEX-1
leads to structures with the largest volume. All proteins formed crystalsin 61 to 93 %
of the cells, enabling the diffraction data collection in due time.

Table 5.8: Overview on crystal dimensions of 10 different HEX-1 proteins. The
dimensions of the ordered structures were determined by measuring an
average of 50 structuresper protein on microscopic images taken by using a
100x magnifying objective.

Protein Length [um] Width [um] Volume [um3]
NcHEX-1 ori 9.07 = 2.53 8.82 = 2.93 906.1 = 891.8
AnHEX-1 ori 12.31 = 5.34 2.61 = 1.04 114.0 £ 150.9
AoHEX-1 ori 24.70 = 10.01 450 = 1.87 578.6 = 547.7
VdHEX-1 ori 14.98 = 5.59 5.78 = 1.71 635.9 + 554.3
CgHEX-1 ori 16.15 = 5.53 6.78 = 1.87 918.4 = 823.5
VgHEX-1 ori 7.59 = 2.62 4.99 = 3.11 358.6 + 682.7
MgHEX-1 ori 8.57 = 2.48 8.21 = 2.44 701.2 = 536.2
PIHEX-1delN ori 4.97 + 1.46 4.89 = 1.55 150.3 = 140.8
MrHEX-1delN ori 9.60 + 4.22 4.85 = 1.95 309.3 = 370.3
AfHEX-1delN ori 3.29 = 1.26 3.39 = 1.42 60.3 = 146.0
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5.2.3 Diffraction data collection of HEX-1 proteins

To confirm the crystalline state of the HEX-1 proteins that formed ordered
structures, they were tested for their ability to diffract X-rays. High Five cells were
infected with recombinant baculoviruses encoding the crystallizing proteins at an
MOI of one and harvested at 4 dpi. Crystal-containing cells were loaded onto
MeshMounts, cryo-protected and immediately flash-frozen in liquid nitrogen for
storage. Frozen MeshMounts were automatically placed at the goniometer at the
PETRA III beamline P14 operated by EMBL Hamburg at DESY. Diffraction tests
revealed visually observed resolution between 2 A and 3 A for all samples, allowing
the collection of a complete, serial data set of each of the proteins by applying helical
line scans. The diffraction data were processed with CrystFEL, which is described in
detail in chapter 5.1.2.

While the in cellulo crystallization as part of the InCellCryst pipeline has already
been optimized (Schonherr, 2021), the process of data collection, reduction,
processing, and model building is still in its infancy. Thus, besides solving the
problem of contaminant diffraction resulting fromice and salt crystals in the sample,
optimizations regarding the data collection procedure were investigated.

Prior to the recent establishment of intracellular diffraction (Boudes etal., 2016),
crystals had to be isolated before data collection (Gati et al., 2014; Nass et al., 2020).
Spreading of isolated crystals on a MeshMount for data collection results in a
preferred orientation of the crystals (Zander et al., 2015). Therefore, data collection
was performed using helical line scans with 1.0° of oscillation per frame to ensure
recording a complete data set. With the adventof in cellulo diffraction (Boudes et al.,
2016), the diffraction parameters were not changed, but when the crystals are still
inside the cells, they have a larger degree of freedom to orient themselves on the
MeshMount, especially if the crystals do not exceed the diameter of the cell. This
raised the question of whetherthe data collection parameters established sofar were
still optimal.
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Figure 5.9: Histograms of resolution distribution of successfully indexed
crystals of AfHEX-1delN ori and MrHEX-1delN ori measured at EMBL
beamline P14 at PETRA III at DESY, Hamburg by applying different
oscillation angles of the MeshMount during data collection using helical line
scans. The y-axis shows the number of detector patterns against the maximum
observed resolution on the x-axis in nm-1. The histograms were prepared by
the CrystFEL script ave_resolution.

A large oscillation range per image during data collection can lead to a loss of
usable reflections due to overlapping reflections on the detector, and thus can lead
to a loss of information (Rupp, 2010). On the other hand, too small oscillation during
data collection may result in incomplete (partial) reflections or in a low number of
reflections observed. The HEX-1 protein crystals, which were measured here, have
small unit cell parameters, resulting in a larger spacing of the resulting Bragg spots
on the detector. With a smaller unit cell, the risk of overlapping reflection lunes is
higher. Consequently, AfHEX-1delN ori and MrHEX-1delN ori were recorded with a
reduced oscillation of 0.1° and a smaller spacing between adjacentframes was tested.
The exposure time of 0.02 s per image was not changed.
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Table 5.9: Comparison of diffraction capabilities of different oscillation
angles for AfHEX-1delN ori and MrHEX-1delN ori. An 0.1° oscillation gave
higher mean resolution values for both crystals, MrHEX-1delN and AfHEX-
1delN. However, changesin the valuesof the best and worst diffracting crystals
are minor between the different oscillations. The statistics are exported by the
CrystFEL script ave_resolution.

AfHEX-1delN ori MrHEX-1delN ori
Oscillation 1.0° 0.1° 1.0° 0.1°
Mean 3.7A 3.5A 3.1TA 2.6 A
Best 1.9A 1.9A 1.9A 1.9A
Worst 10 A 11 A 8.8 A 8.0 A
Std deviation 0.49 nm™' 0.44 nm! 0.6 nm™! 0.66 nm’'

Analysis of the diffraction data recorded using intracellular crystals of two
different proteins (MrHEX-1delN and AfHEX-1delN) at 1° and 0.1° oscillation
showed that an oscillation of 0.1° was the better choice. All four data sets were
indexed using CrystFEL and analyzed using the ave-resolution script, which outputs
a histogram of the observed per-image resolution (Figure 5.9) as well as some
statistics on the highest resolution spots of the indexed patterns shown in Table 5.9.
The resolution of the best diffracting crystal is equal for both data sets of the same
protein. However, the number of diffraction patterns with higher resolution is higher
when an oscillation of 0.1° is used. The data sets collected at 0.1° oscillation of both
proteins were subjected to phasing and model building. Their structures are
discussed in the following (chapter 5.2.4).

For both proteins analyzed, an oscillation of 0.1° seems to be the better choice if
resolution is to be optimized. However, for structure elucidation, the redundancy and
completeness should also be considered. If the oscillation is smaller, the rotational
space of the data collected by the same number of images is not fully covered, the
resulting data set may be incomplete. As shown in Table 5.10, the data sets are
complete in all four cases, but the redundancy is slightly lower for an oscillation of
0.1° than for 1.0°, due to the smaller rotational space covered by the combined
diffraction patterns. The high degree of symmetry of the space group P6522 is
favorable in this case. However, this should be considered in the case of a sample
with low crystallization efficiencies or lower space group symmetry.
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Table 5.10: Abstract of the data processing statistics of MrHEX-1delN and
AfHEX-1delN collected using either an oscillation of 1.0° or 0.1° per frame.
Values in parentheses refer to the highest resolution shell.

Rotation
Resolution (A)

Total reflections
Unique reflections

Multiplicity

Completeness (%)

SNR

Wilson B-factor (Az2)

Rsplit (%)
CC1/2

cC*

No. collected images
No. hits/ indexed

crystals

AfHEX-1delN
1.0°
63.35-1.97
(2.27 - 2.25)
6,091,067
9,873 (464)
617.0

100.00
(100.00)
13.74 (0.69)
29.88

6.65 (163.14)
0.9975
(0.4246)
0.9994
(0.7720)
85,665
51,878/28,741

AfHEX-1delIN
0.1°

63.35 - 2.00
(2.02 - 2.00)
3,304,618
13,815 (649)
239.2

99.64 (97.30)

12.57 (0.59)
22.95

8.97 (219.66)
0.9959
(0.2227)
0.9990
(0.6036)
75,544
41,616/28,424

MrHEX-1delN
1.0°

66.10 - 1.90
(1.92 - 1.90)
26,479,476
16,392 (810)
1,615.4
100.00
(100.00)
19.12 (0.50)
30.71

4.30 (213.32)
0.9984
(0.1919)
0.9996
(0.5674)
78,380
51,183/54,601

MrHEX-1delN
0.1°

66.10 - 1.72
(1.73 - 1.72)
19,214,102
21,819 (1,065)
880.6

99.98 (99.72)
21.92 (0.70)
28.38

3.38 (151.75)
0.9988
(0.2594)
0.9997
(0.6418)
82,410

61,895/80,380
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5.2.4 Structure elucidation of four HEX-1 proteins

For the N-terminal deletion variants the oscillation during data collection was
optimized as described in further detail in chapter 5.2.3. However, structure
elucidation was only possible for 4 of the HEX-1 homologs, namely AfHEX-1delN,
MgHEX-1, MrHEX-1delN, and PIHEX-1delN, due to a misalignment of beam and
detector that could not be resolved during data processing. When the detector is
tilted, the refinement for the position of the incoming beam does not converge and
the data cannot be processed properly. Due to limited access to synchrotron sources,
a second data collection was not possible.

After merging the data, molecular replacement with phenix.phaser was
performed using the conventionally crystallized structure of NcHEX-1 as search
model (pdb: 1khi). Subsequently, cycles of automated refinement with phenix.refine
and manual refinement using coot yielded models of the HEX-1 ori structures of
AfHEX-1delN, MgHEX-1, MrHEX-1delN, and PIHEX-1delN, (Figure 5.10).
Complete data processing and refinement statistics are shown in Table 5.11 along
with the residues for which interpretable electron density was obtained.

The overall fold is conserved among all HEX-1 proteins tested, especially in the
so-called common region at the C-terminus (last 148 aa at C-terminus) and reveals
a two-domain structure similar to the in situ crystallized NcHEX-1 structure (pdb:
1khi). The N-terminal B-barrel consists of six B-sheets, while the C-terminal domain
contains of five B-sheets forming a B-barrel and two a-helices (Yuan et al., 2003).
PIHEX-1deIN and MrHEX-1deIlN also have highly ordered N-termini with two
additional B-sheets formed by the first amino acids, for PIHEX-1delN residues 2 to
19 and for MrHEX-1delN residues 2 to 4 and 10 to 13 accordingly. The N-terminus
also contains parts of the conserved heptapeptide motif. No electron density was
observed for the 30 or 49 residues, respectively between the N-terminus and the
common region at the C-terminus in these two HEX-1 structures indicating a high
flexibility in this region. The electron density obtained for the other two HEX-1 data
sets did only reveal interpretable electron density for the common region. In the
following the numbering of residues refers to NcHEX-1 to ease reading. Forthe other
HEX-1 proteins, refer to the sequence alignment in the Appendix (p. 145).

The crystal lattice and contact interfaces were also found to be highly conserved
in the structures of the HEX-1 homologs modeled in this study. Analysis of the
interface between the monomers in a crystal using PDBePISA revealed, similar to
what has been observed for NcHEX-1, two types of interfaces: one which is
responsible for the self-assembly and one resulting from the crystal packing. The
first one encounters the stronger interactions and is observed in all HEX-1
structures presented here. This interface includes the formation of salt bridges
between Arg41 and Asp44 as well as His39 and Asp44 (residue numbers refer to
NcHEX1 cyto but are conserved in the HEX-1 proteins investigated here). The
interfaces of PIHEX-1delN show two interfaces corresponding to the self-assembly
function, the second one is characterized by salt bridges between Arg68 and Glu81.
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Another type of interface encountered in all analyzed HEX-1 structures analyzed
here is characterized by weaker interactions, mainly hydrogen bonds, but also
includes a salt bridge between Argh57 and Asp110.

Superposition of the solved homologous structures with the in cellulo crystallized
NcHEX-1 cyto (pdb: 7asx) reveals a high degree of conservation in the overall motif,
especially in the residues 31 to 170 as also observed by sequence analysis depicted
in Figure 5.6. The structural deviations are minor with a maximum mean RMSD of
0.7A (Ca atoms) in all analyzed HEX-1 proteins and a maximum RMSD of 2.3 A (Ca
atoms) in PIHEX-1delN ori in flexible loop structures connecting the individual B-
sheets. However, a higher degree of variability was observed in N- and C-terminal
residues as well as in the loops connecting adjacent secondary structure elements.

The target protein selection based on sequence orthology was successful and
revealed a high overall structural conservation of the HEX-1 proteins presented in
this study (Figure 5.11), indicated by an overall Q-score of 0.7184 as calculated by
PDBeFold.
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Figure 5.10: Overview of the solved HEX-1 protein structures of selected
species: AfHEX-1delN (A), MgHEX-1 ori (B), MrHEX-1delN ori (C) and PIHEX-
1delN ori (D). -sheets are displayed in green, while a-helices are shown in blue.
RMSD of Ca atoms plotted against the amino acid position of all HEX-1
structuresdetermined by superposition to NcHEX-1 crystallized in cellulo and
measured at RT at a free electron laser (pdb: 7asx) (E). The differences observed
are minor, but larger differences were observed in the loop regions e.g., for
residues 60-66 indicated by a RMSD above 1.5 A. 3D structural model of PLHEX-
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1delN ori (F). The structure is colored according to the atomic displacement
factor (B-factor). Blue indicates a low B-factor, while orange indicates larger
flexibility by an increased B-factor. The distribution of B-factors was
comparably observed in all other HEX-1 structures.

Mg HEX-1 Mr HEX-1del PIHEX-1delN
0.61 0.75 0.88 RMSD
AFHEX-1delN 0.93 0.84 0.70 Q-Score
0.68 0.70 0.70 Sequence identity
0.69 0.86 RMSD
Mg HEX-1 0.84 0.70 Q-Score
0.79 0.77 Sequence identity
0.46 RMSD
MrHEX-1delN 0.68 Q-Score
0.92 Sequence identily

Figure 5.11: Comparison of the obtained structural models of four HEX-1
homologs, namely AfHEX-1delN, MgHEX-1, MrHEX-1delN, and PIHEX-1delN.
The matrix displays the mean RMSD of Ca atoms in A, the Q@-score of the
respective structures and the similarity of their sequences as calculated by
PDBeFold after multiple comparison. The Q-score, ranging between 0 and 1,
considers the alignment length, the total number of residues in the structures
to be compared and the RMSD of Ca atoms. A high value indicates a high
structural conservation. The level of similarity is displayed by the color
intensity, namely the higher the similarities of the structuresthe lighter the
coloring of the cell.

67



Results

Table 5.11: Data processing and refinement statistics for the N-terminal truncated HEX-1 proteins originating from Aspergillus
fumigatus, Metarhizium robertsii, Purpureocilium lilacinum and the full-length HEX-1 protein originating from Magnaporthe grisea.

Values in parentheses refer to the highest resolution shell.

Data set

Data collection date
Sample temperature [K]
Processing software
Oscillation

Space group

Unit cell (A or °)

Resolution range (A)

Total reflections

Unique reflections

Multiplicity

Completeness (%)

SNR

Wilson B-factor

Rsplii (%)

CC1/2

CC*

No. collected images

No. hits/ indexed lattices

Refl. used in refinement

Refl. used for R-free

R-work

R-free

No. non-hydrogen atoms
Macromolecules
Solvent

68

AfHEX-1delN ori
04.07.2022

100

CrysiFEL

0.1°

P6522
58.3658.36 190.05 90
90 120

63.35 -2.00 (2.04 -
2.02)

3,301,177
13,432 (633)
245.8

99.64 (97.30)
12.92 (0.67)
29.66

8.54 (218.99)
0.9962 (0.2190)
0.9990 (0.5994)
75,544
41,616/28,424
13,270 (1,206)
1,323 (117)
0.2179 (0.3585)
0.2325 (0.3343)
1,114

1,045

69

MrHEX-1delN ori
04.07.2022

100

CrystFEL

0.1°

P6522
57.6557.65198.29 90
90 120
66.10-1.72 (1.73 -
1.72)

19,214,102
21,819 (1,065)
880.6

99.98 (99.72)
21.92 (0.70)
28.27

3.38 (151.75)
0.9988 (0.2594)
0.9997 (0.6418)
82,410
61,895/80,380
21,620 (1,988)
1,673 (154)
0.1932 (0.3470)
0.2261 (0.3639)
1,249

1,156

93

PIHEX-1delN ori
04.07.2022

100

Crys{FEL

1.0°

P6522
57.1057.10200.34 90
90 120

66.78 - 1.97 (1.99 -
1.97)
17,726,635
14,631 (684)
1,211.5

100.00 (100.00)
18.27 (0.62)
31.70

5.07 (185.29)
0.9989 (0.1924)
0.9997 (0.5681)
102,476
49,318/50,341
14,531 (1,409)
1,453 (141)
0.2023 (0.3552)
0.2398 (0.3759)
1,420

1,343

77

MgHEX-1 ori
24.08.2021

100

CrystFEL

1.0°

P6522
57.6657.66187.89 90
90 120
93.95-1.80 (1.82 -
1.80)
31,949,243
18,144 (855)
176.9

100.00 (99.88)
25.86 (0.59)
25.69

3.34 (177.35)
0.9993 (0.2583)
0.9998 (0.6407)
110,030
59,042/62,496
17,256 (1322)
1,401 (108)
0.2130 (0.4174)
0.2364 (0.4764)
1,126

1,033
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Data set
Protein residues

RMS bonds (A)
RMS angles (°)

Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

Clash score
Average B-factor

Macromolecules

Solvent

TLS refinement groups
Mean RMSD (A) to ref. structure

(pdb: 7asx)
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0
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3
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1khi
71.98
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5.3 Overcoming statistical limitations by identification of promising
candidates from sequence paralogs for ThIMPDH

Paralogous proteins result from gene duplication in the same species and may
lead to a broad variety of functions of the resulting proteins which diverge during
evolution and specify their functional properties. As the TbGMPR structure of
Imamura et al. (2020) displayed a high structural similarity to the TbIMPDH
structure this protein was subjected to investigation of its intracellular
crystallization ability. While the similarity in structure is very high (mean RMSD of
Ca atoms around 1.50 A and 85% of matched secondary structure elements
calculated by PDBeFold), the sequence identity is low with 35 % identical amino
acids (calculated by PDBeFold). Crystals of TbIMPDH obtained by in cellulo
methods revealed native cofactor binding (Nass etal., 2020), which havenotyetbeen
identified for TbGMPR. Consequently, here, TbGMPR was subjected to the
established InCellCryst crystallization pipeline to investigate whether the TbGMPR
would also form similar crystals inside the cells, enabling the identification of
natively bound co-factors. Revealing information about the native cofactors involved
and their binding sites will broaden the understanding of enzyme regulation and
function and open another possibility for structure-based drug design against
African sleeping sickness.

5.3.1 Crystallization and first diffraction tests of Trypanosoma brucei GMPR

The intracellular crystallization of TbGMPR has been previously described
(Kardoost et al., 2023; Schonherr, 2021). High Five cells infected with rbv TbGMPR
cyto v2 produce long, needle-shaped crystals with a square baseof 42.5+14.8 um in
length and 4.7 + 1.5 pm in width (corresponding to a crystal volume of 938.8 pm?) in
roughly 50 to 80 % of the cells 4 dpi (Figure 5.12 A). The morphology and size of the
crystals is comparable to TOBIMPDH ori crystals that are 39.7+11.9 pm in length
and 4.6 = 1.7 um in width (corresponding to a crystal volume of 840.1 um?®) (Figure
5.12 B).

Figure 5.12: Detection of crystals in High Five insect cells infected at an MOI
of one of the rbv TbGMPR cyto v2 (A) and the rbv TbIMPDH ori (B) 4 dpi
applying Emboss contrast (EC) and a 25x magnifying objective at a Nikon
Ts2R-FL. The scale bar corresponds to 40 um.
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Despite several attempts of X-ray diffraction data collection and subsequent
processing, the three-dimensional structure of TbGMPR cyto v2 remained to be
solved. A data set collected at the beamline P14 operated by EMBL (PETRA III,
DESY) under cryo-conditions in 2019 was processed using CrystFEL (Table 5.12).
The unit cell dimensions derived, indicate a large tetragonal unit -cell
(a=b=168.TA, c=280.0 A, a=B=y=90°), resulting in a narrow spacing of the
Bragg peaks on the detector. A tetragonal space group was also observed for
TbIMPDH ori, with a smaller unit cell (a =b = 207.10 A, ¢ = 92.50 A) containing two
monomers of the protein in the asymmetric unit. The resolution of the obtained
TbGMPR cyto v2 data set was below 4.5 A. This resolution is not sufficient for
cofactor identification in a calculated structural model and can either be improved
by using an X-ray source of higher intensity or by using larger crystals. Due to
limited access to XFEL beamtime, a method for growing larger crystals had to be
developed.

Table 5.12: Data processing statistics for TbGMPR cyto v2 crystals measured
in intact High Five cells at EMBL beamline P14 at PETRA III, DESY,
Hamburg, at 100 K using MeshMounts, which were raster scanned by helical
lines. Values in parentheses refer to the highest resolution shell.

Data set TbGMPR cyto v2

Data collection date 26.11.2019

Sample temperature (K) 100

Processing software CrystFEL

Oscillation (°) 1

Space group P422

Unit cell (A resp. °) 168.7 168.7 280.0 90 90 90
Resolution range (A) 280.00 - 4.51 (4.55 - 4.51)
Total reflections 58,271,456

Unique reflections 24,622 (1,206)
Multiplicity 2,366

Completeness (%) 100 (100)

SNR 3.24 (0.34)

R-split (%) 23.37 (339.27)

CC1/2 0.9901 (0.2482)

cc* 0.9975 (0.6306)

No. collected images 44,795
No. hits/indexed lattices 34,120/10,076
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5.3.2 Development of a strategy to overcome crystal size limitations and
resolution limits

As mentioned in chapter 5.3.1, intracellularly grown crystals of TbGMPR cyto v2
have not been suitable for structure elucidation due to the comparatively low
resolution of the diffraction data and the very large unit cells. Because of the close
spacing of Bragg reflections, more constructive interference maxima must be
collected to achieve comparable resolution to samples with smaller unit cells. The
intensity of interference maxima decreases by their order (Rupp, 2010). Thus, to be
able to detect further interference maxima the intensity of these reflections needs to
be enhanced.

According to Darwin’s Formula (chapter 1.2), the intensity of a reflection
correlates with several parameters, some of which are related to the radiation source
and the diffraction setup, while other parameters are defined by the crystal system
(Darwin, 1914; Holton and Frankel, 2010). The ratio of unit cell to crystal volume,
for example, directly correlates with the observed reflection intensity, and an
increased crystal volume directly affects the signal-to-noise ratio, leading to an
improved peak detection especially at high resolution. Thus, the crystal volume is a
suitable parameter to be increased to enable structure elucidation of TbGMPR cyto
v2 at higher resolution.

The cell as a crystallization chamber has several limitations, and factors
influencing the crystal growth are difficult to determine. The protein concentration
inside the cell has been identified as a critical factor that was improved by choosing
High Five cells over Sf9 cells for protein production (Koiwaiet al., 2019; Schénherr,
2021; Wilde et al., 2014). The application of different substances, for example
Brefeldin A, thatleads to the accumulation of proteins in the ER by disassembly of
the Golgiapparatus (Fujiwaraetal., 1988), can alsoincrease the crystal size (Harms,
2019; Hasegawa et al., 2011).

Although the cell diameter does not limit the size of the crystal (Schonherr et al,
2015), cellular resources are a limiting factor for the size a crystal can reach.
Manipulation of cell size can be achieved by interfering with the regulatory factors
involved or by fusing cells (Lentz, 2007; Lentz and Lee, 1999a), the latter was
investigated in this study to increase crystal size. Cell fusion can be induced by
applying electric fields (electrofusion) (Takamori et al., 2022; Zimmermann, 1982),
by heating nanoparticles in the membrane, resulting in membrane melting (hot-
particle fusion) (Rervig-Lund et al., 2015), by inducing conformational changes in
viral, fusogenic proteins involved in membrane-fusion (Gottesman et al., 2010;
Harrison, 2015), or by adding high molecular weight (2000 to 4000 kDa)
polyethylene glycol (PEG) (Lentz, 2007; Lentz and Lee, 1999Db).

PEG-mediated cell fusion is highly reproducible and lacks immunogenicity
(Lentz and Lee, 1999a). PEG acts as a dehydrating agent depleting the hydration
shell of two adjacent membranes. This results in a closer contact of the membranes
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and, if the outer leaflet is either disrupted or highly curved, the membranes fuse.
Consequently, lipids and cytosols mix and a syncytium, a cell of increased size with
two or more nuclei is formed (Lentz, 2007; Lentz and Lee, 1999b).

By coincidence, a preliminary result had shown, that PEG-mediated cell fusion
works with rbv-infected High Five cells, representing the basis for the subsequently
described experiments (personal communication R. Schonherr).

5.3.3 Establishment of PEG-mediated cell fusion to increase the crystal volume

The size of the syncytia depends on the number of fused cells and defines the
resources available for protein production and subsequent crystal formation. Thus,
the syncytia size is tightly connected to the process of crystallization. For fusion
induction PEG4000 was used in this study.

Possible factors influencing the syncytia size include the concentration of
PEG4000 used, the cell density, the timing of PEG4000 addition, as well as the
method of PEG4000 application. PEG4000 can be applied as a homogeneous solution
to the entire well. However, preliminary results showed that rbv-infected High Five
cells fuse, when a 50 % stock solution of PEG4000 is added as a drop in the center of
the well (personal communication R. Schonherr).

addition of
PEG4000 as
a drop in well 4 _
etection
center dead cells
infection / fused cells
cells
-> @ é. unaffected

by fusion

Figure 5.13: Workflow to induce cell fusion of baculovirus infected High Five
cells. For fusion induction, 10 uL of the PEG4000 solution is added one to two
days pi to the center of the well. Within several minutes, cell fusion can be
observed in a ring with a specific distance around the inoculation site. Inside
the ring the cells die due to high PEG4000 concentration and osmotic shock.
Outside the ring, cells show no signs of cell fusion.

Both approaches were tested here, but after application of PEG4000 1 dpi as a
homogeneous solution at various concentrations ranging from 50 % to 3.125 %, cells
were reduced in size and showed a hypertonic morphology with no evidence of EYFP
fluorescence and crystal growth 4 dpi. When PEG4000 was added in the same way
at 2 or 3 dpi, crystals that had already formed were bent (Figure 5.14 A), indicating
a negative effect of PEG4000 on crystal stability and integrity. Addition of PEG4000
as a drop establishes, due to its high viscosity, a diffusion gradient from the center
to the edge of the well. Three distinct zones have been identified in the well, as
depicted in Figure 5.13. In the outermost zone cells are unaffected by the addition of
PEG4000 and behave as usual. Cells in the innermost zone appear either unaffected
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by fusion (applied stock solution concentration below or equal to 10 %) or, depending
on the concentration of PEG4000 applied, exhibit the hypertonic morphology with a
reduced cell diameter and granular appearance (applied stock solution concentration
above 10 %) (Figure 5.14 B). The fusion zone was identified in between these zones
and is characterized by the appearance of fused cells of various sizes (Figure 5.14 C).
Therefore, PEG4000 was added as a drop in the center of the well in all further
experiments.

Figure 5.14: Light microscopic images of rbv TbGMPR cyto v2 infected High
Five cells with 25x magnifying object imaged 4 dpi. 25 % PEG4000 solution was
added 2 dpi as a homogenous solution resulting in bending of already formed
crystals and a small, granular phenotype (A). Cells in the innermost ring
display a shrunken phenotype if 50 % PEG4000 was applied in the center of the
well (B). When 25 % PEG4000 solution was added 2 dpi as a drop in the center
of thewell, a ring-like zone of fused, crystal-containing cells was observed (C).
Control well of rbv TbGMPR cyto v2 infected High Five cells without PEG4000
(D). The scale bar corresponds to 40 um. Crystals are marked by an arrowhead.

In a first experiment 10 puL of 50 % PEG4000 was added in the center of the well
1, 2 and 3 dpi and the fusion zone was microscopically examined 4 dpi. The syncytia
formed after fusion induction at 1 dpi are smaller than those after fusion induction

at 2 dpior 3 dpi, while the crystal size is maximized after fusion induction at 2 dpi
(Figure 5.15 D-G).

To investigate the impact of the concentration of PEG4000 used, different
concentrations of the stock solution were added to the cells at 1 dpi (23 hpi) and 2 dpi
(47 hpi). At 4 dpi, samples were microscopically examined. Independent of the day
of PEG4000 addition or the PEG4000 concentration, syncytia were formed in the
fusion zone. All investigations described in this chapter focus on the behavior of this
fusion zone.

The crystal size observed in cells that were fused by a stock solution of either 10
or 50 % PEG4000 is comparable (Figure 5.15 A, B & D-F). The timing of PEG
addition is identified as a crucial parameter. However, regardless of whether fusion
induction is performed 1 dpi or 2 dpi, the crystal volume of fused cells is higher than
of unfused cells (Figure 5.15 H & Table 5.13).

Also, regardless of the concentration of the PEG4000 stock solution applied
(between 10 and 50 %) to induce fusion, the crystal volumes of fused cells are
comparable (Figure 5.15 H & Table 5.13). To minimize negative effects of PEG4000
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on crystal stability and integrity and to achieve the same approx. 5-fold increase in
crystal growth a 10 % PEG4000 stock solution was used in subsequent experiments.

Table 5.13: Tabular comparison of the average mean crystal volume
enlargement when fusion is induced by PEG4000 stock solutions between 10
and 50 % 1 or 2 dpi of the threereplicates. The crystal length and width were
measured in microscopic images and the volume estimated by multiplying the
length by the square of the width. In each replicate the relative crystal volume
increase is standardized against the mean value of the respective control. The
given mean values were calculated from the individual values of all
replicates after standardization.

Concentration of PEG4000 Time points of fusion Mean crystal volume  Standard

stock solution induction increase deviation
Control - 1.11 0.77
50 % 1 dpi 4.63 2.98
50 % 2 dpi 5.83 4.90
40 % 1 dpi 416 2.92
40 % 2 dpi 5.27 4.20
30 % 1 dpi 4.55 3.54
30 % 2 dpi 4.85 3.71
20 % 1 dpi 4.35 2.92
20 % 2 dpi 5.72 4.48
10 % 1 dpi 3.96 3.31
10 % 2 dpi 5.73 5.09

Next, a closer look on the influence of cell density and the time point of PEG4000
addition was taken. Therefore, six different cell densities between 0.5 and 1.0 million
cells per 6-well and four different time points between 23 hpi and 47 hpi were
systematically analyzed as described above, again performed in three replicates.
Confirming previous results, the higher the cell density and the later the cells were
fused, the larger the resulting syncytia, however this was not true for the obtained
crystal volume (Figure 5.16).

A cell density of 0.8 million cells per 6-well and PEG4000 application at 39 hpi
were found to be the optimal conditions for growing TbGMPR cyto v2 crystals of the
largest dimensions (Figure 5.17 & Table 5.14). A maximum increase of crystal
volume of more than 40-fold was observed at these conditions compared to the mean
reference crystal size. The optimal conditions showed an average mean increase in
crystal volume of approx. 7, which, according to Darwin’s Formula, should result in
an increase in intensity of the observed diffraction spots by the same factor and thus
an increase in resolution should be observable.

However, it was observable, that due to the infective stress, cells tend to detach
from the bottom of the well especially if they are also fused. This means that in some
cases the cell in the fusion zone appears to be lower and thus the number of syncytia
investigated in the respective replicate and condition is reduced.
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Based on the observation of cells in the fusion zone that did not exhibit EYFP
fluorescence and did not fuse, the conditions for cell fusion induction developed here
were also applied to uninfected and rbv-infected Sf9 cells. These cells did also not
fuse under the optimized cell fusion conditions, indicating that additional virus-
associated factors are involved in the process of cell fusion.
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Figure 5.15: Investigation of the crystallization behavior of ThoGMPR cyto v2
produced in High Five insect cells infected at an MOI of one of the rbv (A-F).
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Cells were imaged at 4 dpi applying Emboss contrast (EC) at a Nikon Ts2R-FL.
The scale bar corresponds to 40 um and applies to panels A-F. Fused cells are
marked by white arrow heads, while crystals are marked by magenta arrow
heads. PEG-mediated cell fusion was induced by adding 10 uL. PEG4000 (10%)
as a drop into the center of the well either 1 dpi (A) or 2dpi (B). No PEG4000
was added and thus no cell fusion was induced (C). PEG-mediated cell fusion
was induced by adding 10 ul. PEG4000 (50%) as a drop into the center of the
well 1dpi (D), 2dpi (E) or 3dpi (F). The dimensions of the crystals in fused
cells were measured and are shown as a scatter plot for the individual time
points tested for fusion induction, when 50 % PEG4000 is added as a drop in
the center of the well. When fusion is induced at 3 dpi, the resulting crystal
dimensions are close to those of unfused cells (approximately 50 um in length
and 5 um in width). The largest increase in crystal volume can be obtained by
fusion induction at 2 dpi (resulting in between 100 and 200 um in length and
5 to 15 um in width). A moderate enlargement in the crystal volume can be
seen when fusion is induced at 1 dpi (up to 120 um in length and 12 um in
width). Fusion of rbuv-infected High Five cellsleads to an increase in length and
width of the crystal (G). The diffractive volume was estimated by multiplying
the length by the square of its width. The experiment was conducted in three
replicates. To compare the replicates, the crystal volume of one replicate was
normalized to the mean crystal volume of the respective control and the
crystal volume increase of all individual crystals of the three replicates was
combined. Box plots show the crystal volume increase relative to the control
(H). Tukey outliers (McGill et al., 1978) are marked as single points. The box
plot line marks the median of the measured crystal volume increase.
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0.5 million 0.7 million 0.9 million

Figure 5.16: Selected bright-field microscopic pictures of a systematic
screening for the optimal conditions of cell fusion induction to enable the
largest growth of TbGMPR cyto v2 crystals. High Five cells at different
densities, ranging from 0.5 million to 1.0 million cells per six well, were infected
at an MOI of one of the rbv TbGMPR cyto v2. PEG-mediated cell fusion was
induced at different time points ranging from 23 hpi to 47 hpi. Crystal growth
was investigated 4 dpi using a 25x magnifying objective and applying Emboss
contrast (EC). The scale bar corresponds to 40 um. White arrow heads point to
crystals inside fused cells, while arrow heads in magenta display residual
unfused cells, which are also present in the fusion ring. The later infected High
Five cells are fused and the higher the cell density, the larger the syncytia grow.
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Figure 5.17: Fusion of baculovirus infected High Five cells increases the
volume of TbGMPR cyto v2 crystals. Box plots, prepared as described above,
display the crystal volume increase relative to the control at a cell density of
0.8 million cells per 6-well (A). Outliers and the median are marked as
described above. Systematic screening for the largest crystal volume was
performed by testing 0.5 to 1.0 million cells per 6-well and inducing fusion
between 23 hpi and 47 hpi. A general tendency of increased crystal volume is
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observed when fusion is induced 39 hpi or 47 hpi, while a cell density of 0.8
million cells per well showed regardless of the timepoint of fusion induction the
largest crystal enlargement. Therefore, the cell density of 0.8 million cells per
well is inspected closer and the comparison of different timepoints of fusion
induction revealed a maximum for 39 hpi (B). Crystal volume is enlarged on
average by a factor of approx. 7(mean) at the conditions, considered as optimal.
The measured crystal dimensions are shown under optimal conditions (fusion
induction at 39 hpi at 0.8 million cells per well) depicted in dark blue and
control conditions (0.8 million cells per well without PEG4000) depictedin light
blue (C). Crystals enlarged in their length are also increased in their width.

Table 5.14: Tabular presentation of the mean crystal increase of ThoGMPR cyto
v2 crystals and its standard deviation (relative tothe crystal volume observed
in the respective replicate at 0.8 million cells) observed at 4 dpi for 6 different
cell densities tested against four time points of PEG4000 addition between
23 hpi and 47 hpi. The same results are presented as box plots in Figure 5.17.
The experiment was conducted in three replicates.

Time poin’rs.qf PEG4000 Cell density Mean 'crysfcl volume S’ror?dqrd
addition increase deviation

- 0.5 million 1.00 0.90

- 0.6 million 1.17 0.90

- 0.7 million 0.87 0.68

- 0.8 million 1.01 0.94

- 0.9 million 0.85 0.72

- 1.0 million 0.81 0.65
23 hpi 0.5 million 2.77 2.41
23 hpi 0.6 million 2.59 2.66
23 hpi 0.7 million 2.25 1.82
23 hpi 0.8 million 3.22 2.55
23 hpi 0.9 million 3.00 2.31
23 hpi 1.0 million 2.56 1.61
31 hpi 0.5 million 3.67 2.99
31 hpi 0.6 million 3.98 4.02
31 hpi 0.7 million 2.32 1.80
31 hpi 0.8 million 4.23 4.00
31 hpi 0.9 million 3.16 2.47
31 hpi 1.0 million 3.22 2.57
39 hpi 0.5 million 4.04 3.62
39 hpi 0.6 million 4.68 5.02
39 hpi 0.7 million 4.98 5.96
39 hpi 0.8 million 6.99 6.83
39 hpi 0.9 million 5.10 4.50
39 hpi 1.0 million 4.50 5.12
47 hpi 0.5 million 4.63 3.77
47 hpi 0.6 million 5.21 5.80
47 hpi 0.7 million 6.33 6.28
47 hpi 0.8 million 6.40 4.36
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Time poin’rs_of PEG4000 Cell density Mean Frystol volume S’rqr]dqrd
addition increase deviation

47 hpi 0.9 million 4.06 3.25

47 hpi 1.0 million 4.84 4.44

Resuming from these experiments, the cell size has to be considered for further
diffraction experiments. Cells are pipetted onto the MeshMount, requiring the large
syncytia, which were observed to be stable in the cell culture dish, to survive the
shear forces at the opening of the pipette tip. Because the crystal sizes were not
maximized at the highest cell density (1.0 million cells) and the latest time point
(47 hpi) studied, the cell size was still manageable and not limiting the size of the
intracellular grown crystals.

To collect diffraction data of crystals from fused and unfused High Five cells
infected with rbv GMPR cyto v2, they were harvested at 4 dpi by gently removing
the cells from the entire well and transferring them to 1.5 mL tubes. Cells were
allowed to form a light pellet by gravity and loaded onto a MeshMount, cryoprotected
and flash-frozen in liquid nitrogen. Data acquisition was performed at the P14
beamline operated by EMBL, Hamburg, located at PETRA III, DESY, by applying
helical line scans.

5.3.4 Diffraction data processing and model building of T GMPR

Processing of diffraction data was performed using CrystFEL. The derived unit
cell parameters after indexing with mosflm were the same as for crystals from
unfused cells (chapter 5.3.1), with 168.7 A for the axes a andb and 280.0 A for the c-
axis (space group P422), determined by invoking the indexing settings mosfim-
nolatt-nocell, followed by mosfim-latt-nocell. This implies that the cell fusion has no
effect on the crystal lattice. Since all angles are 90° and axis a and b are almost
identical, the spots were indexed in a tetragonal lattice (Figure 5.18 A). Intensities
were merged, scaled and partialities modelled, resulting in a resolution cut-off of
2.75 A, which is defined by the highest resolution shell where the signal-to-noise
ratio and the CC* value are above 0.5 and the completeness is above 95 %. Although
11 different IMPDH monomers from various species were tested as search models
(pdb: 6100, 610m, 6gjk, 6gjv, 4287, 5tc3, 5mcep, 3usb, 3tsd, 3tsb and 6rfu) no molecular
replacement solution was found that could be refined to a Reree below 45 %.

Therefore, the already published GTP-TbGMPR structure (pdb: 61k4, Imamura
et al., 2020) was used as a search model. This revealed a model with 6 monomers of
TbGMPR in the asymmetric unit. Due to the symmetry of the crystal, this describes
the biological unit of an octamer. However, after several cycles of manual and
automatic refinement, Riee remained static above 32 % and atomic B factors above
100 A2, indicating problems in the space group determination and/or the possibility
of twinning. The octamer composition was also unusual as shown in Figure 5.18 C,
because chains B and C, as well as E and F, each formed dimers, which resulted in
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octamers due to the symmetry operation. Chain A, however, formed its own octamer,
as did chain D (octamers in green and yellow Figure 5.18 C).

Therefore, the data were reindexed, merged, and scaled in space group P1 (Figure
5.18 B), resulting in a data set at a resolution of 3.19 A. Molecular replacement using
the published Trypanosoma brucei GMPR structure (pdb: 6lk4) enabled the
refinement of a model consisting of 48 monomers building 3 full octamers and
additional 16 partial octamers (completed by periodic repetition of the motif), as
indicated by an Reree of 0.2335 (Figure 5.20 D & Table 5.15).

The refined model was loaded into Zanuda (Lebedev and Isupov, 2014) (part of
ccp4i) which analyzes the symmetry of the molecules and performs refinements in
all possible space groups. The algorithm then suggests a possible space group with
its maximum symmetry considering the R-factors after refinement. Although the
best R-factors were obtained for P121, Zanuda still suggested P422 as the optimal
solution. Because of this uncertainty, the structure was finally refined and modeled
in space group P1 (Table 5.15).

A a'169.32*122A| b'168.70+111] €=281.13+1.53,

1600 A 1700A 1800A 190 0A 16004 1700A 180.0A 190 0A 270.0A 280.0A 290.0A 3000A 310

a=90.04+0.20° ‘ B =90.03+0.18° | y =90.02 + 0.20°
10 for 10l

10l 20.0°

B a=16859+1.05A ‘ b=169.80+1.10A | c=281.21+ 1504

1600A 1700A 180 0A 1600A 17004 180.0A 190 0A 27004 2800A 2900A 300

a=90.12 +0.41° ‘ B =90.09 +0.39° | y=90.24+0.51°
) T )

‘. MS%

C

Figure 5.18: Histogram of unit cell parameters of the TbGMPR cyto v2
diffraction data after indexing with CrystFEL by applying a tetragonal
lattice (A), indexed with mosflm, xds and xgandalf, or a triclinic lattice (B),
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indexed with xgandalf, reported by cell_explorer. Cartoon representations of
the structural model of TbGMPR cyto v2 (C-E). Crystal packing of TbGMPR
cyto v2 monomers in case of a tetragonal lattice colored by chain identity
(chain A - green, chain B - blue, chain C - pink, chain D - yellow, chain E -
pale pink, chain F - grey) (C). Top view (D) and side view (E) of the octamer
containing chain Aand C to Iof the TbGMPR cyto v2 structure, solved in space
group P1.

The solved structure showed unusually high B-factors (Figure 5.21 E) despite a
good electron density map (Figure 5.19 A). Following the optimization approach
described by Sawaya et al. (2014), map sharpening improved the details visible in
the electron density map (Figure 5.19 B) and real-space refinement against the
sharpened map improved the B-factors to be in a reasonable range at around 40 A
(Table 5.12). Superposition of the Ca atoms of the A chains of the real-space refined
structure with the usually refined structure revealed a max. RMSD of 0.712 A,
excluding that significant structural changes were induced by the real-space
refinement. Thus, both structural models are considered to be highly similar.

A le317 - B le317 Iley?f19

=

Figure 5.19: Chain A of ToGMPR cyto v2, residues 315 to 321 shown as sticks
overlaid with the map resulting from CrystFEL (A) and the sharpened map
(B) in mesh representation. Both maps are contoured at 1.0 sigma and carved
at 2.0 A. The sharpened map shows a higher degree of details e.g., the electron
density of the side chain of Ile319 is better resolved in the sharpened map.

As previously described, GMPR forms octamers in the biologically active state,
as confirmed by the obtained structural model. Differences in between the Ca atoms
of the different chains of TbGMPR cyto v2 were small, with an average RMSD of
0.1A. No interpretable electron density was observed for the residues 1-2 (N-
terminus), 402-412, 421-434 (part of the finger domain) and 487-495 (C-terminus).
The octamer analyzed here consists of chain A and chains C to I. It is tightly packed
and shows a twisted conformation which is 135 A in width and 88 A in height (Figure
5.18 E). The monomers exhibit the typical TIM barrel fold of the catalytic subunit
(residues 1to 97 and 226 to 484) as well as the tandem repeat of a-B-B8-a folds in the
Bateman or CBS domain (residues 98 to 225) and contains a finger domain
(Imamura et al., 2020). The obtained model shows high structural similarity to the
published, conventionally crystallized, twisted TbGMPR solved by Imamura and
coworkers with GMP bound in the canonical binding site II (pdb: 6jig, referred to as
GMP-TbGMPR). The electron density, especially in the Bateman domain, is less
defined for some of the chains in the asymmetric unit and the obtained model shows
increased B-factors indicating a high uncertainty in the position of the atoms (Figure
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5.21 E). Based on the best-defined electron density, Chain A was selected for further
investigation. Superposition of the Ca atoms of chain A and the GMP-T6GMPR (pdb:
6jig) showed only minor differences in the overall structure indicated by an average
RMSD of 0.816 A. However, the finger domain region between residues 391 and 438,
whose electron density is only partially visible in this structure, exhibits a different
conformation, indicated by maximum RMSD values of up to 20 A
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Figure 5.20. Binding sites of ligands in the TbGMPR cyto v2 structure. Display
of theinteractions of GTP in the allosteric binding site Il and the protein in
chain A of the TbGMPR cyto v2 structure model (A&C). Interactions of the
substrate, a monophosphate ribonucleotide, close to the active center with the
protein in chain A of the TboGMPR structure (B&D). Ligand interaction plots
in (C) and (D) were created using LigPlot. Cofactor orientation in the
canonical binding site Il in ToIMPDH N-His structure (pdb: 6rfu) depicted in
green and TbGMPR cyto v2 structure depicted in berry (E).

The modeled structure reveals a GTP in the allosteric binding site II, close to
Asp211, indicated by a well-defined electron density (Polder omit map in Appendix
p-149, Figure 10.2). This suggests the formation of octamers instead of tetramers as
the biological active unit, as reported by Imamura et al. (2020). Additionally, a
monophosphate ribonucleotide was found to be bound to Asp351 in the active site,
similar to GMP identified by Imamura et al.

In the following the structural models of TbIMPDH ori and Tb6GMPR cyto v2,
that were elucidated in this study, are compared. In the structural model of
TbIMPDH ori, which was obtained after processing with XDS and model building,
the position of the phosphate group of the ribonucleotide substrate is occupied by a
single phosphate. The ribonucleotide bound to T6GMPR cannot be further
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characterized due to thelack of electron density at the base. Following the enzymatic
reaction this could either be GMP or IMP. Both ribose moieties are close to aspartic
acid residues. The GTP interacts with the proteins with all the individual moieties.
The base forms hydrogen bonds with residues Arg103, Arg93 and Cys129, while the
phosphate groups form hydrogen bonds with residues Arg123 and Ser210 (Figure
5.20 A and C). The phosphate group of the ribonucleotide monophosphate in the
active site forms polar interactions with the protein backbone at residues Ser316,
Gly353 and the Asn375 (Figure 5.20 B and D).

While in To)IMPDH crystals the relaxed octamers are linearly aligned with large
cavities and high solvent content (72 %), in TbGMPR crystals the twisted octamers
are staggered, resulting in a tighter packing and a lower solvent content (61 %) as
can be seen in Figure 5.21 A (TbIMPDH N-His) and B (TbGMPR cyto v2),
respectively. The overall fold of ToGMPR and TbIMPDH is similar, but the exact
orientation of the regulatory and the catalytic domains, which is a key element in
regulating these enzymes, differs with respect to the angle between the two domains
(Figure 5.21 F).

In TbIMPDH and TbGMPR the interactions between the monomers of a
tetrameric ring and between adjacent octamers along the vertical axis are mediated
via the catalytic domain, involved are, among others, the residue Thr2 (TbGMPR)
and the corresponding residue Asp13 (TbIMPDH). Thr2 in the TbGMPR is an amino
acid added due to the cloning system II, used here. The tetrameric rings interact in
both cases via their Bateman domain and the residues Argl90 and Argl99 in
TbGMPR and TbIMPDH, respectively. In the ThbIMPDH structure the interactions
are supported by the Finger domains. The interaction of octamers positioned side by
side differs in the two structural models: The oblique placing of octamers in TbGMPR
1s favorable, indicated by AG of -2.9 kcal/mol, while the interaction of adjacent
THbIMPDH octamers is unfavorable indicated by a positive AG divided on two
interaction surfaces, one between chain A and chain A (2.0 kcal/mol) and one
between chain B and chain B (0.9 kcal/mol). The lateral interaction interface for the
eight monomers of an octamer of ToGMPR is the product of the lateral interface area
of two monomers (215 A?) and the number of monomers (8), yielding a lateral
interface area of 1,720 A2 The lateral interaction interface area of TboIMPDH is the
sum of the single interaction interfaces (414 and 45 Az respectively) multiplied by
four. This yields a similar sized lateral interaction interface of 1,836 A2.
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Figure 5.21: Cartoon representation of TbIMPDH N-His (pdb: 6rfu) (A) and
TbGMPR cyto v2 (B - F). Side view of the lattice of octamers of in cellulo
crystallized ToIMPDH N-His (pdb: 6rfu) (A) as well as side view (B) and top
view (C) of the lattice of octamers of the structural model of TboGMPR cyto v2.
The complete octamers in one unit cell are consisting of chain A and C to I
(representedin orange), the chains a, b, f, g, I, n, 0o and v (representedin blue)
as well as chains ¢ to e and h to k and m (represented in cyan). Cartoon
representation of the dimer of chain A and F of the TbGMPR cyto v2 structure
(D). Monomer of chain A which displays the uncertainty in the atom position
as atomic B-factor by a rainbow color code combined with a broadening of the
cartoon representation (E). Red and orange indicate high B-factors while
blue and green indicate low B-factors. Structural overlay of the catalytic
domains of TbIMPDH N-His (pdb: 6rfu) depicted in green and TbGMPR cyto
v2 depicted in berry (F). The orientation of the Bateman domain and the N-
terminus differs in both structures.
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Table 5.15: Data processing and refinement statistics of the TboGMPR cyto v2
structure modeled after data collection using rbu-infected, fused High Five
cells. Values in parentheses refer to the highest resolution shell.

Data set
Data collection date
Sample temperature [K]
Processing software
Oscillation
Space group
Unit cell
Resolution range
Total reflections
Unique reflections
Multiplicity
Completeness (%)
SNR/ < I/a(l)>
Wilson B-factor
R-split
CC1/2
CcCc*
No. collected images
No. hits/ indexed lattices
Reflections used in refinement
Reflections used for R-free
R-work
R-free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
RMS bonds (A)
RMS angles (°)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clash score
Average B-factor
Macromolecules
Ligands
Protein after map sharpening
Ligands after map sharpening
TLS refinement groups
Mean RMSD (A) to ref. Structure 6JIG
Max. RMSD (A) to ref. Structure 6JIG

GMPR cyto v2 fused
11.12.2022

100

CrystFEL

0.1°

P1

168.75 169.09 280.66 90.03 90.02 90.02
109.93 -3.19 A (3.22 - 3.19 A)
48,476,621
1,033,341 (51,626)
46.9

100 (100)

5.14 (0.63)
103.13

16.49 (191.01)
0.9763 (0.1656)
0.9940 (0.5330)
575,871

247,691 /239,442
516,248 (51,625)
1,180 (116)
0.2147 (0.3819)
0.2335 (0.4628)
154,699

152.299

2,400

0

22,031

0.004

0.66

96.13

3.87

0.00

0.33

5.18

115.17

114.80

138.83

37.43

41.99

48

0.816

20.058
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5.3.5 Application of PEG-mediated cell fusion on model proteins NcHEX-1 and
TbIMPDH

The optimized parameters for PEG-mediated cell fusion induction were tested for
their applicability to other model proteins. The crystallization properties of the
tested model proteins differ from TbGMPR cyto v2. While NcHEX-1 ori crystallizes
rapidly and shows an efficiency (number of cells containing a crystal) comparable to
TbGMPR cyto v2, ThIMPDH ori crystallizes later after infection and shows a lower
efficiency. NcHEX-1 ori crystals only rarely exceed the diameter of the cell, whereas
TbGMPR cyto v2 and TbIMPDH ori crystallize in needle-shaped crystals exceeding
the cell diameter (Schonherr, 2021). As shown in Figure 5.22 A-D, PEG-mediated
cell fusion also results in larger crystals for NcHEX-1 ori (5.21-fold crystal volume
increase) and TbIMPDH ori (5.11-fold crystal volume increase). Without any further
optimization, the crystal volume could be increased by a factor of about 5 for both
proteins tested.

In cellulo crystals successfully enlarged by cell fusion showed an improved
diffraction behavior. Diffraction tests of crystals from fused and unfused cells
revealed a higher resolution of the data set obtained from 7bIMPDH ori and
TbGMPR cyto v2 crystals when cells were fused, as shown in Figure 5.22 E & F. The
maximum resolution of 7HIMPDH ori was increased from 2.6 A to 2.4 A and for
ThGMPR cyto v2 from 3.3 A to 2.6 A. In contrast, no resolution increase could be
achieved for NcHEX-1 ori. However, the number of indexed patterns investigated
largely differ between TbGMPR cyto v2 and TbIMPDH ori and NcHEX-1 ori (Figure
5.22 F), impeding a quantitative comparison of the observed resolution shifts. The
larger the number of indexed patterns, the higher the redundancy in the high-
resolution shells resulting in a data set of increased resolution.
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Figure 5.22: PEG-mediated cell fusion also leads to an increased crystal size
for other model systems like NcHEX-1 ori and TbIMPDH ori. Investigation of
the crystallization behavior of NcHEX-1 ori (A&B) and TbIMPDH ori (C&D)
recombinantly expressed in High Five insect cells infected at an MOI of one of
the respective recombinant baculovirus. Cells were imaged 4 dpi applying
Emboss contrast (EC) and a 25x magnifying objective at a Nikon Ts2R-FL. The
scale bar corresponds to 25 um. The cell density was 0.8 million cells/'well. If
fusion was induced in rbuv-infected High Five cells by adding 10ul PEG4000
(10 %) at 39 hpi enlarged crystals were observed (B&D). The increase in crystal
volume under the optimal PEG-mediated cell fusion conditions can be observed
for all three model proteins tested, ThGMPR cyto v2, NcHEX-1 ori and
TbIMPDH ori (E). After diffraction data collection using MeshMounts and
helical line scans at the beamline P14, operated by EMB at PETRA IIlI, DESY,
Hamburg, data were processed using CrystFEL. Then the ave_resolution script
was applied to all data sets, outputting the displayed resolution statistics (F).
Comparison of crystals from fused and unfused cells evinces an improvement
of maximum resolution for ToGMPR cyto v2 and TbIMPDH ori crystals. For
NcHEX-1 ori crystals no difference in the resolution statistics were obseruved.
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Figure 5.23: Comparison of resolution distribution histograms of the
resolution distribution of diffraction data collected from fused and unfused
cells, carrying NcHEX-1 ori, ToIMPDH ori and TbGMPR cyto v2 crystals. The
y-axis shows the number of detector patterns against the maximum observed
resolution on the x-axis in nm-1. Resolution distribution of crystals from fused
cells is broadened and shifted to higher resolution. For NcHEX-1 both
histograms show a comparable distribution along the resolution. The
histograms are exported from the CrystFEL script ave_resolution.
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6. Discussion

The streamlined in cellulo crystallization and structure elucidation of proteins in
insect cells is a promising and suitable approach to complement conventional protein
crystallographic methods. Well-diffracting microcrystals of proteins grown in insect
cells were used for serial diffraction experiments at synchrotron and XFEL sources,
resulting in new bioinformation about natively bound ligands or native enzyme
inhibition, enabled by the crystal formation in the quasi-native environment of the
insect cell (Gati et al., 2014; Nass et al., 2020; Redecke et al., 2013).

Three groups have proposed streamlined workflows for intracellular protein
crystallization in living insect cells (Boudes et al., 2016; Schonherr, 2021; Tang et
al., 2020b). These approaches particularly focus on the generation of protein crystals,
only Boudes et al. include the data collection and structure elucidation part in their
strategy. They collect small rotational data sets in cellulo from individual crystals,
which were then combined into a complete data set (Boudes et al., 2016). This data
collection approach is called multiple crystal synchrotron X-ray diffraction (MSX)
(Schonherr et al., 2018). Other techniques for collecting diffraction data from in
cellulo crystals include single crystal X-ray diffraction (SXD) as well as serial
synchrotron or serial free electron laser X-ray diffraction (SSX or SFX), as reviewed
by Schonherr et al., (2018). All techniques can be applied either to isolated crystals
or crystal-carrying cells. The inclusion of the data collection and processing part of
X-ray crystallography in streamlined in cellulo crystallography approaches, a major
focus of this thesis, is important to make this technique available to users.
Automated processing pipelines at beamlines of synchrotron sources havefrequently
been implemented only for single crystal diffraction, and most users are not familiar
with the processing of serial diffraction data, requiring specialized programs.

Due to the challenge of identifying protein crystallizing in cellulo, a strategy to
select potential candidates of biological interest was developed in this study, which
relies on the sequence homology to proteins already shown to crystallize in living
cells. This strategy should be applied to other crystallizing proteins to further
investigate its general applicability, as well as to better understand the underlying
processes of crystal formation in cells and thus to increase the impact of in cellulo
crystallography in the field of structural biology by elucidating new structures.

The resolution of a diffraction data set sets the level of detail visible in the
electron density and is important for the biological interpretation of the obtained
data. Thus, a strategy to enhance the resolution of a given protein crystal was
developed by introducing cell fusion. Fusion of rbv-infected High Five cells results in
enlarged protein crystals in giant syncytia. An increase in diffractive volume leads
to an increase in signal and thus allows the collection of higher resolution diffraction
data. This strategy enabled the structure elucidation and cofactor identification of
TbGMPR at 3.19 A crystallized and measured in the quasi-native environment of
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living insect cells. A comparable approach to increase the resolution of X-rays
diffracted at in cellulo crystals has not yet been published.

6.1 Successful implementation of a strategy for diffraction data processing

As shown in this study, the processing of diffraction data from conventionally
grown crystals cannotbe directly applied on in cellulo grown ones. Adjustments were
necessary, e.g., regarding the filtering of diffraction signals resulting from salt and
ice crystals. Moreover, in order to process serial diffraction data using processing
software for single crystal diffraction data, the identification of subsequent detector
images resulting from the same crystal is required.

Both software suites tested here, XDS (Kabsch, 2010) and CrystFEL (White,
2019), produced comparable results, which confirm the biological information
obtained. Since a lot of manual inputis still required for serial data processing, the
success of the application of each of the programs still depends on the knowledge and
experience of the user. Also, the programs internally differ in their algorithms and
cannot be directly compared. A low crystallization efficiency, i.e., a low number of
cells containing crystals in a culture, benefits from XDS by requiring fewer detector
frames, when many frames connected by rotation are combined to obtain a complete
data set, resembling the MSX approach (Schonherr et al., 2018). On the other hand,
CrystFEL is optimized for separating lattices in detector frames containing multiple
hits and is designed to work with large amounts of data (White, 2019; White et al.,
2012, 2016). XSCALE (part of XDS software suite) was designed for merging and
scaling of a few crystals resulting from single-crystal diffraction experiments,
instead of 10s to 100s of wedges. The optimal oscillation during irradiation required
for XDS and CrystFEL processing may vary due to their different algorithms but
was not optimized here. Similarly, parameters such as the exposure time and the
1impact of radiation damage on the collected data was not part of this work.

The data processing strategy implemented here using XDS included all crystals
that were successfully indexed and integrated. The filtering only focuses on the
selection of individual crystals over redundant ones. An additional implementation
of a hierarchical cluster analysis, as described in Zander et al.,, (2015) would
complement the filtering step described here and crystals with a higher degree of
homogeneity could be selected for merging to improve the obtained data set. If the
merged crystals are more homogeneous, they contain less uncertainties, resulting in
improved quality indicators and electron density maps (Zander et al., 2015).
Exclusion of crystals, with large differences to the remaining crystals, is already
implemented in CrystFEL’s partialator (White, 2019) by maximizing CCv2 when
these crystals are rejected as described by Assmann et al., (2016).
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Figure 6.1: Optimized workflow for diffraction data processing with
CrystFEL. The optimization implemented in this study cover the intensity-
based filtering of the obtained stream file for contaminant reflections
corresponding to salt or ice crystals formed during sample preparation. The
filtered stream file is then further passed on to partialator to merge and scale
the reflections into a complete data set.

According to the streamlined approach published by Boudes et al., (2016), for
diffraction data collection of in cellulo crystals no differences in resolution could be
observed when crystals were measured without cryoprotectant (50 % ethylene glycol)
and no problems with salt or ice crystals were reported. On the contrary, our
research group found that the use of cryoprotectant is mandatory to obtain high
resolution diffraction patterns that can be used for successful data processing
(personal communication Robert Schéonherr). Even in the presence of 40 % PEG400
or PEG200 some cell-loaded MeshMounts still showed ice formation. According to
Moreau and coworkers (2021) three types of ice are classified. First, ice that floats in
the liquid nitrogen container and precipitates on the MeshMount surface. Second,
ice formation within the solvent surrounding the sample due to low cryoprotectant
or a thick liquid film on the MeshMount, and third ice formation within the cavities
of the crystal. The third type is the most damaging and may result in the disruption
of the crystal lattice of the protein (Moreau et al., 2021). Floating ice is typically
monocrystalline and observed as discrete diffraction spots on the detector, while the
ice inside the sample is polycrystalline and results in a ring-like powder diffraction
signal, interfering with background subtraction (Moreau et al., 2021). The
appearance of floating ice as well as ice formation from the solvent surrounding the
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cells has been frequently observed here, despite the use of cryoprotectant. Floating
ice 1s difficult to avoid, but polycrystalline ice in the sample can be reduced by
optimizing the cooling rates by increasing the blotting of excess liquid, and possibly
by changing the cryoprotectant (Moreau et al., 2021). Optimizations regarding the
sample quality, especially avoiding the formation of ice in the solvent during
freezing, are certainly needed to improve the quality of diffraction data recorded
from intracellular crystals in this approach.

6.1.1 About B-factors in serial crystallography

All structures solved in this study showed unusually high B-factors, despite
reasonably resolved electron omit maps calculated from the diffraction data. The B-
factor or atomic displacement factor describes the uncertainty of each atom in the
structure, or in other words, it describes the degree of order in the crystal (Rupp,
2010). On the one hand, there is the Wilson B-factor, and on the other hand, there is
the atomic displacement or (atomic) B-factor. The Wilson B-factor is derived from

; 2
the Wilson plot, where the average reflection intensity is plotted against %, and

describes an estimate of the B-factor derived from the raw data. The atomic
displacement factor is calculated from the mean squared displacement factor u2. It
describes the attenuation of X-ray scattering by the thermal motion of the atoms
(Rupp, 2010). Depending on the resolution, values of 50 A2 indicate increased
disorder, while values below 20 A2 are considered to be normal for X-ray
crystallographic structures determined at cryo conditions (Carugo, 2018).

Many factors introduce uncertainties that add up to high B-factors. As observed
during data analysis of the structures presented here, the reported geometrical setup
of the EMBL beamline P14 at PETRA III, DESY, in Hamburg is not perfectly
accurate. Thus, not only the beam position, but also the detector to sample distance
was not precisely specified in the metadata and sometimes the detector seemed to be
tilted. While an incorrect detector to sample distance causes problems in indexing
the reflections and in the correct assignment of the unit cell, a tilted detector
complicates the beam position refinement, as there are two theoretical beam
positions due to the tilt.

The distance between the sample and the detector is further affected by the
thickness of the sample and the alignmentof the sample holder. If the sample holder
is not perfectly aligned or the sample is very thick, the sample cannot be properly
focused and the distance between the diffracting crystal and the detector varies
between different crystals diffracting from the same MeshMount and it deviates
even more between crystals from different MeshMounts. An incorrect detector
distance can be indicated by the presence of additional unit cell populations in the
sample or by an asymmetric peak shape in the histogram of unit cell parameters.
However, the occurrence of additional unit cell populations may have additional
reasons like the presence of different crystal morphologies in the cells of the sample.
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Moreover, contaminant diffraction causes problems in diffraction data
processing. If a predicted spot position overlaps with either a salt or an ice signal,
the signal integrated at that specific position will be incorrect (Moreau et al., 2021).
This affects the correct determination of the structure factor by over- or
underestimating the intensity of these reflections (Moreau et al., 2021). In general,
the intensity of protein diffraction spots decreases with higher resolution. While ice
rings occur at certain resolutions that are specific to ice (Moreau et al., 2021), salt
reflections can be identified at resolutions starting at about 10 A, due to the small
unit cells of salt crystals, and are usually of higher intensity than Bragg reflections
from proteins (Rupp, 2010). This has a direct impact on the Wilson plot and the
determination of the Wilson B-factor. Filtering for potential salt and ice signals, as
implemented in this thesis, does not only have beneficial effects. The removal of a
certain amount of the strongest reflections results in a noisier electron density map
(Rupp, 2010). The generation of a mask to selectively remove salt reflections based
on their unit cell parameters, or ice rings based on their specific position, would be
more beneficial to avoid the simultaneous removal of intense protein reflections.

Increased B-factors can also be an indication of radiation damage (Weik et al.,
2000). However, the increase is not uniform throughout the protein. Especially side
chains of Cys, Asp and Glu show higher B-factors when damaged, compared to an
undamaged crystal (Weik et al., 2000). The impact of radiation damage on B-factors
1s considered to be less significant in this study because of the serial data collection
approach, which prevents the accumulation of radiation damage by multiple
irradiations of the same crystal. Moreover, no difference in the B-factors was
observed between data sets collected at different grid spacings and oscillation
settings. Applying smaller spacing and oscillation will result in the accumulation of
radiation damage, since more frames of the same crystal are collected, which should
result in increased B-factors compared to data sets recorded at larger spacing and
oscillation.

Lower B-factors are expected when the solvent content of a protein crystal is low,
because the fraction of the structure factor of the ordered protein is higher (Holton
and Frankel, 2010). A high fraction of the ordered protein corresponding to the
observed Bragg peaks results in a higher signal-to-noise ratio and a higher order of
the crystal, which is reflected in a lower B-factor (Axford et al., 2014). The average
B-factors of the structures analyzed in this study vary between 38 Az (AfHEX-1delN
ori) and 115 Ae (GMPR cyto v2), which is roughly in accordance with the solvent
content of the associated crystals, which is 35 % for AfHEX-1delN ori and 61 % for
TbGMPR cyto v2. However, for ToIMPDH ori, crystals have an increased solvent
content (72 %) and a lower B-factor (52 A?), while for ToGMPR, the crystal solvent
content is reduced (61 %) and the B-factor of the structure is increased (115 Az).
Consequently, the solvent content alone cannot explain the observed B-factors.
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Table 6.1: Overview of in cellulo crystallized proteins sorted by the B-factors
revealed. Information on crystal solvent content and diffraction data
processing approach and software is given as well as the resolution of the

data set and the respective reference.

Name Resolution Solvent B- Collection Processing software Reference
(A) content factor method
(%) (A?)
Polyhedrin FastDP (BLEND,
(O. brumata 1.7 24 6.9  MSX  POINTLESS, %X}er)d el
CPV18) AIMLESS)
Polyhedrin :
(B. mori 1.98 22 17.3  MSX  DENZO (Coulibaly et
V1) al., 2007)
Polyhedrin (Coulibaly et
(Wisena 2.18 22 20.8 MSX Scalepack | 2009
NPV) al., 2009)
(Lahey-
HEX'l)(N' 1.80 50 24.0  SFX  CrystFEL Rudolph et
crassa al., 2021)
Polyhedrin :
(G25D 23 22 241  MSX  Scalepack (Coulibaly et
Polyhedrin HKL2000/Denzo/  (Jietal.,
(ACMNPY) 309 19 288  MX ¢ i back 2010)
Polyhedrin .
(G25W 184 19 34.1 MSX HKLIQOOOIiDenzo/ (Jietal.,
AcMNPV) Scalepac 2010)
Cry3A (B. (Sawaya et
Hhoyingionsi 2.9 57 384  SFX  Ccibx.xfel R
'C"ri);s;) (N- 1.56 50 41.3 SSX CrystFEL (This study)
'C"ri)isl) (N 1.85 50 42.1  SSX  XDS (This study)
Cathepsin B (Redecke et
0 brocei 2.1 61 49.0  SFEX  CrystFEL e
Cathepsin B XDS (crystal wedge Gafi of dl
(T. brucei) 3.0 59 477  SSX identification with (ro]‘f al.,
CrystFEL) )
IMPDH (T. (Nass et al.,
- 2.81 75 51.9 SFX CrystFEL 2020)
L'\:\UPcDe|i-; (T. 3.00 72 52.1 SSX XDS (This study)
i (Norton-
E'ri);l) (N- 250 50 55.6  SSX  CrystFEL el o el
2021)
Cry3A (B. (Sawaya et
thuringiensis) 2.9 57 839 SFX CrystFEL al., 2014)
Ert\JACPeIE) (e 3.19 61 1151 SSX CrystFEL (This study)

A literature review revealed that high B-factors are a common characteristic of
protein structures obtained fromin cellulo grown crystals if the diffraction data were
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processed with CrystFEL (Table 6.1). From the examples listed, only the in cellulo-
diffracted HEX-1 structure, which was collected by an SSX approach at the XFEL
LCLS (Stanford, USA) revealed B-factors below 30 A2 (Lahey-Rudolph et al., 2021).
Diffraction data of protein crystals with a lower solvent content, that were processed
with other software than CrystFEL resulted in structural models with low to normal
B-factors (Table 6.1). Comparison of other statistics revealed no correlation between
the B-factors and the redundancy of the diffraction data, the method of data
collection, or the radiation source. These findings indicate that the large B-factors
observed in this study are introduced by the applied data processing strategy.

Sawaya et al. compared the processing of diffraction data of Cry3A toxin
crystallized in cellulo using CrystFEL and cctbx.xfel (Sawaya et al., 2014). They
processed the same raw data using both software suites and compared the results.
Processing with cctbx.xfel yielded B-factors below 40 A2 while CrystFEL yielded B-
factors above 80 A2 (Sawaya et al., 2014). The authors explain this difference by the
different algorithms. While cctbx.xfel applies a per-frame resolution cut-off and
scales the intensities according to a reference structure, CrystFEL sets a global
resolution cut-off and determines scale factors without prior knowledge (Sawaya et
al., 2014). The CrystFEL algorithm results in the integration of weak reflections
especially in higher resolution shells, leading to a lower signal to noise ratio, as well
as in a higher multiplicity and completeness, while in cctbx.xfel heterogeneities,
caused by, e.g., fluctuations in the beam or different crystal sizes, are reduced by
setting a resolution limit for each frame (Sawaya et al., 2014). They observed
differences not only in the B-factors, but also in the electron density maps. While
water molecules were clearly visible in maps derived from cctbx.xfel, they were
absent or poorly resolved in maps derived from CrystFEL (Sawaya et al., 2014),
which is in accordance with the differences in the B-factors.

The set per-pattern resolution cut-off as implemented in cctbx.xfel is beneficial
for the B-factors obtained. However, the application of a per-pattern resolution cut-
off relative to the diffraction observed on the respective pattern is implemented in
CrystFEL by using the --push-res function of partialator (White, 2019), which was
used in this work. On the contrary, in the XDS-processed data set no per-frame or
per-crystal wedge resolution limit was applied. For these datasets, one global
resolution cut-off was applied after merging and scaling the intensities.
Nevertheless, the resulting B-factors were comparably high as those obtained after
processing the same raw data with CrystFEL. It cannot be excluded, that the per-
pattern resolution cut-off has a beneficial impact on the B-factors, however the
results of this study indicate this effect to be small. Nevertheless, a crystal-specific
resolution cut-off before merging and scaling the intensities of the XDS-processed
data with XSCALE could improve the B-factors compared to what was observed for
processing with cctbx.xfel.

More importantly, the per-pattern refinement strategy implemented in cctbx.xfel,
is based on the time-dependent variations occurring during data collection (Brewster
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et al., 2016). This means, e.g., if during data collection a slight shift in the beam
center is observed, this shiftis refined in user-defined slices of the complete data set,
reducing the impact of heterogeneities that influence the B-factor as discussed
above. In CrystFEL, only one beam position is averaged from one data set, although
this could easily be implemented in CrystFEL by manually splitting the data setinto
smaller portions and subsequent concatenating the individual stream files.

As discussed by Sawaya and coworkers, the application of prior knowledge
always carries a risk of bias. The cctbx.xfel algorithm includes a reference structure
to calculate the scale factor during intensity scaling. Nevertheless, they were able to
show that the polyhedrin structure obtained after CrystFEL processing is more
closely related to the cctbx.xfel structure than to the reference structure used to
determine the scale factor (Sawaya et al., 2014). The application of a resolution-
dependent scale factor to the amplitudes is comparable to imposing a uniform B-
factor on the obtained map and results in a map with reduced extend of blurriness
caused by computational procedures in a given map (Liu and Xiong, 2014). This
process is called map sharpening. Real-space refinement of the structural models
obtained from CrystFEL-processing against the sharpened map revealed a model
with B-factors comparable to models obtained after cctbx.xfel processing (Sawaya et
al., 2014).

Sawaya and colleagues, however, did not discuss the influence of the correct
sample-to-detector distance. The determination of this distance is crucial because
the effect of this uncertainty is larger for high resolution data than for low resolution
data, which can be explained simply by the trigonometric function. Accuracy of the
position is required especially for high resolution data to generate sharp electron
density maps and models with reliable B-factors. The correct determination of the
detector distanceis required for the correct and precise determination of the unit cell
parameters. In XDS, the sample-to-detector distance is refined for each crystal
wedge before the diffraction of all crystals are merged to obtain one complete data
set. CrystFEL lacks the refinement of this parameter, while for cctbx.xfel this
distance is also refined in a time-dependent manner (Brewster et al., 2016). Nass et
al. developed a strategy to refine this distance in CrystFEL by minimizing the
standard deviation of the unit cell parameters (Nass et al., 2016). An implementation
into the CrystFEL software suite and general application would be useful.

The large B-factors for the protein structures elucidated in this study are
explained as systematic errors induced by the data processing algorithm, not as a
marker of an unreliable protein structure. The lack of reproducibility of B-factors
with different processing programs as well as many factors contributing to the
atomic uncertainty question the significance of B-factors as a measure of atomic
displacement and as a quality parameter of a protein structure. The use of processing
programs other than XDS or CrystFEL, like cctbx.xfel, seems to be a promising way
to improve the outcome and should be studied in the future.
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6.2 Manipulation of the cell size leads to an increased crystal volume

Some protein crystals are too small to reveal detectable Bragg spots at high
resolution, when they are diffracted at a synchrotron source. Diffraction data sets
can then be collected either at an XFEL source, yielding a higher intensity of the
observed reflections due to the substantial increased beam intensity, or by enlarging
the crystal. The recording of high-resolution reflections during X-ray diffraction data
collection enables the investigation of biological details of the protein under
investigation. A data set of a crystal that diffracted X-rays to a resolution of 2.5 Aor
better is set to be of good resolution and should reveal a good level of detail in the
calculated electron density maps. Whereas the electron density obtained from a
crystal that diffracted X-rays to 3to 4 A displays a sausage-like tube and is
considered to be of low resolution (Rupp, 2010). The resolution of the diffraction data
collected from a protein crystal is limited by the order and the illuminated volume of
the crystal, the number of unit cells under illumination as well as radiation source
specifications like radiation power and wavelength (Holton and Frankel, 2010).

An alternative to crystal enlargement is the application of radiation of higher
intensity for diffraction data collection, e.g., by using an XFEL source (Nagaratnam
et al., 2020). However, beamtime at XFELs is largely restricted and nowadays
difficult to obtain, and the aim of this study was to implement simple, widely
applicable approaches to improve the resolution of in cellulo grown crystals at easily
accessible synchrotron sources into the InCellCryst pipeline.

One possibility to generate crystals of extended size is microcrystal seeding.
Either small crystals or fragments of larger crystals are used as nucleation seeds to
grow crystals in situ (Bergfors, 2003). This method is applied if increased mosaicity
1s observed orif crystallization conditions that allow the growth of a reasonably sized
crystal, with dimensions in the 10 to 50 um size range, have not been identified
(Bergfors, 2003). In cellulo-grown microcrystals can also be isolated from the cells
and used for seeding experiments to produce larger crystals. However, this approach
1s more labor-intensive than cell fusion, because in addition to growing and isolating
intracellular crystals, soluble target protein needs to be purified while remaining
stable outside the cellular environment.
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6.2.1 Factors influencing the crystal dimensions after cell fusion

Cell fusion, as a strategy to improve the resolution of diffraction data, which in
turn increases the biological information obtained from an elucidated structure, was
successfully established in this study. According to Darwin’s formula (Equation 1.3),
the increase of crystal volume leads to an increase in reflection intensity in higher
resolution shells (Darwin, 1914; Holton and Frankel, 2010).

The cell density was found to be a critical factor in cell fusion. Close contact of
adjacent membranes is required for successful fusion. However, uninfected High
Five cells and rbv-infected Sf9 cells did not show PEG4000-mediated cell fusion,
indicating that additional factors are involved in the fusion process. PEG as
dehydrating agent removes the hydration shell around the membrane resulting in
tight contact of the adjacent membranes. However, an additional trigger, like
membrane curvature induction or small perturbations in the membrane packing, are
required to finally fuse the membranes (Hui et al., 1985; Yang and Shen, 2006).

For enlarged crystal growth not only the size of the syncytium plays a role, also
the timing of cell fusion induction relative to the rbv infection is important. In this
work, fusion was induced earliest 24 hpi to allow the infection of the cells without
interfering agents. The target gene is under the control of the polyhedrin promoter,
a strong promoter, which is activated in the very-late phase of infection, starting at
24 hpi (Rohrmann, 2013). The optimal time point for fusion induction was
systematically screened to be between 23 hpi and 3 dpi. The later fusion is induced
in this time frame, the larger the crystals grow, reaching a maximum crystal size,
before this changes and the crystal size becomes comparable to that of non-fused
cells 3dpi. This highlights the importance of considering the timing of fusion
induction and the time point of nucleation, when optimizing parameters. Nucleation
is the first and rate-limiting step in crystallization (Bergfors, 2003; Rupp, 2010). It
requires a local protein concentration above the saturation level (supersaturation);
by potentially fusing two cells with unequal protein levels, the protein is diluted,
preventing the nucleation in the syncytium.

In case of fusion induction after nucleation has occurred in all cells, all crystal
nuclei are subject to crystal growth, resulting in many small crystals, comparable to
the crystal size in unfused cells. If only a few of the fused cells show nucleation, the
amount of protein, which can be incorporated into the crystal during growth phase
is increased and the crystals can grow to larger size. This is the desired situation,
where nucleation is separated from crystal growth, allowing to better meet the
requirements for both phases (Bergfors, 2003). This separation reflects conventional
crystal seeding, characterized by the introduction of either microcrystals or of larger
crystals as a crystallization nucleus into a protein solution of high concentration
(Bergfors, 2003).

The nucleation behavior also strongly depends on the protein investigated. While
NcHEX-1 and TbGMPR form crystals in almost all infected cells, starting at 24 hpi
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and 44 hpi, respectively (Kardoost et al., 2023; Schonherr, 2021), TbIMPDH
crystallizes with a lower efficiency and forms first crystals 72 hpi (Schonherr, 2021).
A comparable crystallization behavior was observed in fused cells. While after rbv
TbIMPDH infection many syncytia did not show protein crystals, cells produced
many crystals after rbv NcHEX-1 infection, indicating an early onset of nucleation;
earlier fusion induction may be beneficial for NcHEX-1 due to its fastcrystallization.
Evidence from rbv TbIMPDH-infected cells suggests that a certain crystallization /
nucleation efficiency is required to obtain an adequate number of cells with crystal
nuclei for the production of larger crystals by cell fusion.

No improvement in diffraction behavior was observed for enlarged NcHEX-1
crystals. Due to the overlapping salt reflections, which were not filtered prior to the
resolution analysis performed on fused and unfused cells, the average and maximum
resolution values reported by the ave_resolution script may be incorrect for crystal
systems diffracting to high resolution by including the detected ice signal in the
analysis. An alternative interpretation of these results is that the resolution limit
has already been reached for NcHEX-1 crystals.

For ThbIMPDH ori a relative crystal volume increase by a factor of 5.11 results in
a resolution shift 0.2 A of the diffraction data collected. The resolution shift is small,
however, the differences in the process of crystal formation between TbIMPDH and
the TbGMPR, for which the fusion conditions were optimized, require small
customization of the protocol, e.g., in the time point of fusion induction. Importantly,
the number of indexed diffraction patterns were low as well as the number of crystal-
carrying syncytia. If the redundancy of enlarged crystals increases, the number of
crystals diffracting to high resolution increases and so does the observable resolution
shift.

6.2.2 What induces the syncytia formation?

High osmotic pressure, which can be introduced for example by PEG
concentrations of 50 %, in the environment of a cell leads to a shrinking of the cell
(Herrmann et al., 1985). Shrinking of the cell could favorably influence intracellular
protein crystallization by increasing the local protein concentration required for
crystal nucleation. Removal of the PEG would then restore the normal osmotic
pressure and could favorcrystal growth. However, the high osmotic pressure applied
can have severe effects on cell viability (Herrmann et al., 1985).

In other studies, polyethylene glycol is added at higher concentrations (50 %) for
cell fusion induction than in this study, and it was removed after a short incubation
period (seconds to minutes). The removal of PEG is required to limit the cytotoxic
effects and to induce the fusion by swelling of the cells due to the restored osmotic
pressure (Herrmann et al., 1985; Hui et al., 1985; Yang and Shen, 2006). When
PEG4000 1s applied as a drop to the center of the well, the stock concentration of
PEG4000 used was negligible in this study, implying that either PEG is not required
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for cell fusion, or that diffusion of the more viscous drop is required to reach a certain
PEG concentration in some parts of the well that allows syncytia formation.

Uninfected High Five cells and rbv-infected Sf9 cells did not fuse atthe conditions
established for rbv-infected High Five cells, supporting the impact of another factor
to increase the efficiency of cell fusion, next to PEG4000. A candidate for such a
factor is the virus-associated gp64. This membrane protein presented on the plasma
membrane of rbv-infected cells (Rohrmann, 2013) is absent in uninfected cells, and
the viral genes show lower expression levels in Sf9 cells than in High Five cells
(Schonherr, 2021; Wilde et al., 2014), supporting these observations. A gp64 impact
1s also in accordance with an improved cell fusion, resulting in larger syncytia, the
later cell fusion is induced. The amount of gp64 increases during the infection cycle
and thus fusion can be induced with a higher efficiency the more gp64 is present. It
was shown for the HIV glycoprotein gp41 that PEG-mediated vesicle fusion was
enhanced (Haque and Lentz, 2002), while assays by Blissard and Wenz proofed that
a pH shift below 5.5 for at least 5 s was sufficient to induce syncytia formation of
uninfected insect cells transiently expressing baculoviral gp64 (Blissard and Wenz,
1992). A similar approach, called V-fusion, was applied by Gottesmann and
coworkers to reproducibly induce cell fusion. For that, the vesicular stomatitis virus
G protein (VSV-G) was produced by recombinant expression and a pH shift was
induced by applying PBS (pH 6) for 30 s (Gottesman et al., 2010).

During storage, especially under light exposure and at room temperature, PEG
solutions decrease in pH and increase in their ionic strength (Votano et al., 2004).
During 17 months of room temperature storage, a decrease in pH from 8.8to 4.5 was
observed, while storage at 4°C or -20°C improved its lifetime (Votano et al., 2004).
This is highly problematic for the reproducibility of experiments. The PEG solution
used here was stored at 4°C for 6 years and the fact that these results were not
reproducible with a freshly prepared PEG4000 solution indicated that PEG aging
has already affected the results. An examination of the pH of the PEG solution used
here revealed an already aged solution with a pH of 3.

These findings suggest that the observed cell fusion is due to a pH-induced
conformational change in the viral fusion protein gp64 rather than PEG-induced. If
fusion is indeed induced by a pH shift, the procedure described here could be easily
adapted by changing the culture medium of rbv-infected cells to PBS (pH 5) for at
least 5 s at 39 hpi and a cell density of 0.8 million cells/6-well. Subsequently, PBS
needs to be again replaced by the usual cell culture medium. This is highly
comparable to the approach described by Gottesmann et al. (2010) and Blissard and
Wenz (1992). Moreover, the short pH induction has the potential to extend the fusion
zone from a small fusion ring to the entire well, while avoiding the negative effects
of PEG on the crystalintegrity, and thus resulting in a higher homogeneity of crystal
sizes used for diffraction experiments. A quick exchange from cell culture medium to
PEG solution and back is prevented by the high viscosity of the PEG solution.
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6.3 Structural homologs exhibit similar crystallization behavior

The research on intracellular protein crystallization in Lars Redecke’s group
demonstrated, that many proteins showed signs of crystal growth in living insect
cells, however, either the size or the frequency of the observed structures were too
low, to enable the collection of diffraction data. Consequently, only a fraction of the
proteins, which induce the formation of ordered structures in rbv-infected insect
cells, are structurally investigated. To further improve the methodology and to
deepen the understanding of the process of in cellulo crystallization, more in cellulo
crystallizing proteins need to be identified and their intracellular crystallization to
be investigated.

The concept of studying homologous proteins for their crystallization propensity
1s almost as old as protein X-ray crystallography itself. As early as 1958 and 1969,
Kendrew and Perutz already tested myoglobin and hemoglobin from different
species until they were able to solve the structures from sperm whale myoglobin and
horse hemoglobin (Kendrew et al., 1958; Perutz et al., 1960; Rupp, 2010). In the
context of the intracellular crystallization approach, this strategy is also successful,
as shown in this study: of the HEX-1 orthologs tested, nine out of ten crystallized
into X-ray diffracting protein crystals in insect cells, enabling structural studies; the
paralog of Trypanosoma brucei IMPDH, the TbGMPR, which also crystallizes in
cellulo, forming needle-shaped structures.

Despite the low sequence conservation (32.4 %), the crystal morphologies of
TbIMPDH ori and TbGMPR cyto v2 are highly similar and the protein structures
are in large parts identical, whereas the crystal morphologies of the highly conserved
HEX-1 proteins (sequence identities between 42.9 and 53.0 %) display a large
variation from cuboidal or cubic structures with hexagonal cross-section to rod-
shaped forms. The crystallization efficiency of the HEX-1 proteins was comparable,
while ToGMPR cyto v2 crystallized with higher efficiency and first crystals were
detected earlier than after rbv ToIMPDH oriinfection. The high structural similarity
of TbIMPDH oriand TbGMPR cyto v2 also continues in their biologically active unit,
which assembles into an octameric state. Contradictory, the crystal lattices of
TbIMPDH ori and TbGMPR cyto v2 differ: the octamers of TbIMPDH oriare stacked
in a linear way, while the TbGMPR cyto v2 octamers are densely staggered.

Despite the high sequence conservation, the observed HEX-1 crystal
morphologies cover a large range of possibilities. The addition of one (NcHEX-1 cyto)
up to four amino acids (NcHEX-1 cyto v2) due to the gene cloning strategy is able to
change the observed crystal shape, from cubic with hexagonal cross-section to
spindle shaped or bipyramidal (Schonherr, 2021). Considering that no crystals were
detected for TbGMPR ori, while TbGMPR cyto v2 that contains two additional amino
acids at the N- and at the C-terminus crystallizes well (Schonherr, 2021), the
selected cloning strategy selected obviously influences the outcome of the in cellulo
crystallization experiment. Other than the crystal morphologies, the 3D structures
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of the NcHEX-1 variants show only small differences, indicating a minor impact of
the additional residues on the fold and structure of HEX-1 proteins. Since all
proteins have to be considered as individual in terms of characteristics and
crystallization behavior, no general guideline for a cloning strategy that applies to
all proteins can be proposed. Depending on whether the changes in the protein
sequence are at the solvent accessible surface of the protein or at a protein-protein
interface or even at or close to the active site of an enzyme, a severe impact on the
outcome of the crystallization trial has to be considered, and thus all cloning
strategies should be tested.

The presence of several structures of the same protein obtained under various
crystallization conditions is a key for understanding the dynamical behavior of the
protein of interest and its function (Marino-Buslje et al., 2019). The structural
models obtained from crystals grown under different conditions differ. This gives an
impression of the dynamic diversity of a protein in the form of snap shots. The
dynamic diversity of the protein cannot be purely derived from homologous proteins
and homology modelling, since even small differences can highly impact the protein
function and dynamics (Marino-Buslje et al., 2019), as it can be seen for TbGMPR
and THbIMPDH. Nevertheless, the crystallization of a protein homologous in
sequence or structure can be a valid starting point for crystallization trials. If a
structural model of the target protein is already known, in cellulo crystallization and
diffraction data collection of protein crystals in cells and the following structure
elucidation can validate the protein structure and possibly its cofactors in the quasi-
native environment of the cell.

6.3.1 The natively crystallizing protein HEX-1 hasa conserved fold and an intrinsic
crystallization tendency

The Woronin body major protein, HEX-1, is a common feature in the genus
Ascomycota (Tang et al., 2020a). It forms a specialized organelle, derived from
peroxisomes, the Woronin body. Its major component is a hexagonal protein crystal
formed by the HEX-1 protein (Yuan et al., 2003). In this study, the variability of
HEX-1 proteins in different fungal species was investigated, similar to the approach
of Tang et al., (2020a), who investigated the length deviations of HEX-1 proteins in
various fungal species. HEX-1 proteins exhibit a wide distribution of amino acid
sequence lengths, ranging from less than 100 to more than 500 amino acids, with
two more frequent protein lengths around 200 and 420 amino acids. HEX-1 genes
from 10 different species were subjected to closer inspection and were recombinantly
expressed in High Five insect cells, revealing spontaneous intracellular
crystallization, as expected, for six of them, namely AoHEX-1, AnHEX-1, C¢dHEX-1,
MgHEX-1, VAdHEX-1, and VgHEX-1. Sequence alignment of the 10 selected protein
sequences revealed a high similarity to NcHEX-1 for the six HEX-1 proteins that
form in cellulo crystals, especially in the C-terminal region, as well as a conserved
N-terminal heptapeptide in five of these proteins (sequence alignment in Appendix
p.-145). The four non-crystallizing proteins, namely AfHEX-1, MrHEX-1, PIHEX-
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land PtHEX-1, include N-terminal extensions in front of the conserved
heptapeptide, as annotated in the gene data bank. Deletion of these extension
sequences (designated delN) resulted in spontaneous crystallization of AfHEX-
1delN, MrHEX-1delN and PIHEX-1delN inside living insect cells, indicating the
recovery of their native function, the intracellular crystal formation.

The functional role of HEX-1 is to crystallize in order to form the Woronin body,
a rigid plug that seals the septal pores in case of cellular damage (Tang et al., 2020a;
Yuan et al., 2003). Since the N-terminal sequence extension prevents the
crystallization in cellulo, an annotation error in the data base is indicated, which is
in accordance with observations of Beck and Ebel (2013) and Vangalis et al. (2020).
The results of this study confirm the native crystallization tendency of HEX-1,
independent of the cellular environment, the specific cell type, or the organism. This
self-assembly tendency is suggested to be an intrinsic characteristic of the three-
dimensional structure, depending on the conserved B-strand-rich fold of all HEX-1
molecules. B-sheets can provide a large interaction surface for protein assembly
(Doye et al., 2004). Also, other in cellulo or in vivo crystallizing proteins, like lili-mip
or Xpa, as well as in vivo aggregating proteins, such as the amyloid-B peptide
associated with Alzheimer’s disease, fold into B-strand-rich structures, facilitating
the self-assembly (Banerjee et al., 2016; Doye et al., 2004; Soto et al., 1995; Tsutsui
et al., 2015). B-sheet edges are known to enhance protein interaction (Doye et al.,
2004).

Protein crystallization is thought to function through the presence of ‘sticky-
patches’ within the 3D structure, leading to the spontaneous self-assembly of
proteins that can result in ordered protein crystals (Derewenda and Godzik, 2017).
The formation of B-sheets promotes the stickiness of certain areas of the protein by
providing an interaction surface, which would increase the self-assembly capacity of
these proteins. In contrast, potential interaction sites can be protected, e.g., by the
formation of B-barrels, which inhibits the self-assembly of protein crystals as a
regulatory mechanism (Doyeetal., 2004). Consequently, the intrinsic fold of natively
assembling proteins may then be sufficient to favor crystal growth, which is self-
assembly in an ordered fashion, by incorporating evolutionary unprotected ‘sticky -
patches’.

The conserved heptapeptide is missing in the amino acid sequence of Verticillium
dahliae HEX-1. Upstream of the annotation of the VdHEX-1 gene sequence, a
heptapeptide is encoded, suggesting an incorrect annotation also in this case
(Vangalis et al., 2020). However, as proven here by the lack of electron density in
NcHEX-1, Af-HEX-1delN and MgHEX-1, it seems to be flexible and thus not to be
involved in the contacts required for the formation of the crystal. In PIHEX-1delIN
and MrHEX-1delN the heptapeptideis partly resolved, forming two B strands, which
form a B-barrel with the N-terminus of the adjacent HEX-1 molecule, indicating that
this region can support the stabilization of protein-protein interactions. To conclude,
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the heptapeptide seems to be a conserved starting signal of the HEX-1 proteins and
supports the formation of crystals.

However, in some species e.g., Aspergillus fumigatus, Aspergillus oryzae,
Verticillium dahliae and Magnaporthe grisea, alternative splice variants of HEX-1
exist, one encoding a histidine-rich exon and one without this exon (Beck and Ebel,
2013; Curach et al., 2004; Juvvadiet al., 2007; Soundararajan et al., 2004; Vangalis
et al., 2020). Five of the sequences tested here for intracellular crystallization encode
a histidine-rich sequence, namely AfHEX-1delN, AnHEX-1, MrHEX-1delN, PIHEX-
1delN, VgHEX-1, while the remaining five HEX-1 proteins, namely NcHEX-1,
VAdHEX-1, CgHEX-1, MgHEX-1, and AoHEX-1, did not encode this region. In
Aspergillus fumigatus and Metarhizium robertsii the histidine-rich patch is involved
in the localization of the Woronin bodies at the septal pores by interacting with the
tethering protein Leashin (Lah) (Beck et al., 2013; Tang et al., 2020a). Both proteins
were produced in this study including the histidine-rich region, which seems to be
highly flexible, since no electron density was observed. This may indicate that a
stabilization of this region occurs upon binding to Lah.

The structural investigations of four HEX-1 proteins did not reveal any evidence for
phosphorylation-assisted multimerization in insect cells. Juvvadi et al. (2007)
proposed that the multimerization and self-assembly of AoHEX-1 is stabilized by
phosphorylation. When protein kinase C (PKC) activity was inhibited, a decrease in
multimer stability was observed, which is in line with a suggested involvement of
Phosphorylated Ser151 in the multimer assembly. At least for the crystal formation
in insect cells, this phosphorylation does not appear to be required for multimer
stabilization. The proposed Ser151 is involved in crystal contacts in the structural
models of MrHEX-1delN and PIHEX-1delN, but no electron density was observed
that indicates phosphorylation. Phosphate groups are rich in electrons and are
usually easily identified in electron density maps. No interpretable electron density
was obtained for the respective Ser residue in AfHEX-1delN and MgHEX-1,
indicating that this residue is not involved in the formation of crystal contacts and
is not stabilized by protein-protein interactions in crystals grown in the cytosol of
living insect cells. However, natively the protein forms crystals in the Woronin body
of fungi, derived from peroxisomes, yielding different environmental conditions.

The only HEX-1 protein that did not form intracellular crystals in this study,
originating from Pyrenophora tritici-repentis (PtHEX-1), includes an extended
sequence between the conserved N-terminal heptapeptide and the C-terminal region
conserved in all HEX-1 proteins, which not only shows low similarity to the other
HEX-1 sequences, but also does not encode a histidine-rich region. This protein
sequence seems to have a lower or no intrinsic crystallization tendency compared to
the other HEX-1 proteins, suggesting an incorrect annotation of the splice sites, since
the biological function of this protein is to form crystals.

To clarify whether this gene may be wrongly annotated in the gene data base, its
native function of forming crystals needs to be investigated. An approach combining
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cell fusion with cross-seeding by a crystallizing HEX-1 homolog may drive the
protein into a crystalline state. For cross-seeding of crystals a similar crystal packing
is required (Bergfors, 2003), which may be a choice to overcome the rate limiting step
of nucleation in proteins that itself did not crystallize in living cells so far, but have
a homologous protein that did. Cross-seeding in living cells may be performed by
fusing cells infected with one rbv encoding a crystallizing HEX-1 protein to cells
infected with the rbv of the non-crystallizing protein PtHEX-1delN. The nucleation
of the crystallizing HEX-1 homolog could then serve as a seed to induce the crystal
growth of PtHEX-1delN if the annotation of its primary sequence is correct.

6.3.2 Native cofactors bound to ToGMPR cyto v2

Structural investigation of TbGMPR cyto v2 crystals grown in fused, rbv-infected
High Five cells revealed the structure of the GMP reductase from Trypanosoma
brucei. The overall fold and the conformation of the octameric enzyme is comparable
to the TbGMPR structure obtained by conventional protein crystallization, which
was recently published by Imamura and coworkers (Imamura et al., 2020).
Crystallization in its quasi-native environment, the living cell, revealed GTP bound
to the canonical binding site II in the Bateman domain. This cofactor is known to
induce a twisted oligomeric state, representing the enzyme conformation of the
active state, which was also observed here (Imamura et al., 2020). Imamura et al
previously showed, that GTP can occupy the canonical binding site IT and the active
center. In this study, the active site was also occupied, but identification of the base
was not possible due to lack of electron density, indicating a high variability in the
conformations of the substrate and the catalyzing residues observed in the crystal of
the functional enzyme. During enzyme-assisted catalysis, the involved residues and
the substrate change their conformation. Thus, they may not be visible in the
electron density obtained after X-ray diffraction data collection, because the electron
density is the result of averaging over all intermediate states of these atoms
exhibited in the crystal. The monophosphate as well as the ribose moiety are well
resolved in the electron density.

The GMPR of Trypanosomatids are known to be potential drug targets for the
treatment of African Trypanosomiasis, because these pathogens do not have a de
novo pathway to produce purine nucleotides (Sarwonoetal.,2017). Trypanosomatids
and Leishmania encode the only GMPRs that are known to contain the CBS domain,
alsodenoted as Bateman domain, which allosterically regulates the enzyme activity,
particularly in IMPDHs (Bessho et al., 2016; Smith et al., 2016). The regulation of
both enzymes, IMPDH and GMPR, functions via allosteric binding of nucleotide
cofactors to the Bateman domain and exhibit the same intermediate state during
catalysis, the thioimidate intermediate to the catalytic cysteine (Patton et al., 2011;
Smith et al., 2016).

The structure of TOIMPDH ori, which was obtained by diffraction of intracellular
crystals, revealed binding of ATP and GDP in the canonical binding sites I and II.
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Comparisons with other crystallized IMPDH and the observed conformation induced
by the bound cofactors indicate that the observed octameric assembly is in its
Inactive, closed state. In contrastto the TOIMPDH N-His structure obtained by Nass
and coworkers (2020) from in cellulo grown, but for diffraction data collection
isolated crystals, no cofactor hydrolysis was observed when crystals were diffracted
inside the cells. The ThbIMPDH structure obtained by Nass et al. (2020) revealed
GMP bound to the canonical binding site II, which is the suggested product of GDP
hydrolyzation that occurred during crystal storage after isolation from the living
cells. The active center located in the Cys-loopis not visible in the IMPDH structures
of intracellular grown crystals, though the enzymes are in their inactive state. Lack
of electron density is a sign of high variability of atomic positions in the crystal and
non-uniform conformation of the Cys-loop between the individual unit cells. Whereas
for TbOGMPR the active center is visible in the active conformation of the enzyme
with activating cofactors bound. Different to what was observed for the GMP bound
TbGMPR including a Cys318 to Ala mutation (Imamura et al., 2020), no electron
density for a potassium ion was detected in the active site. At the position of the
potassium ion, the C-terminus of the adjacent protein chain was located in the
structural ToGMPR model calculated in this study, forming a crystal contact.

The correct crystal symmetry of TbGMPR cyto v2 could not be unambiguously
determined in this work. Although, Zanuda still suggested P422 as the correct space
group, the better choice according to the R-factors was P121, thus a monoclinic
lattice. The dense packing of the octamers together with their twisted state
complicate the identification of the symmetry, thus the data were processed and
modeled in space group P1 without using any symmetry operators. The use of a
higher symmetry would have increased the obtained resolution by requiring less
data for the same signal-to-noise ratio. Also, Friedel pairs were not treated as the
same reflection. In order to compensate the low symmetry, more reflections need to
be collected. Due to the narrow spacing of the reflections resulting from the large
unit cell parameters, the reflection lunes observed during oscillation of the crystal
during data collection are not likely to overlap. Thus, a larger spacing of, e.g., 1°
during data collection would increase the amountof lattice points collected and leads
to an increased redundancy and completeness of the data set.

The identification of bound cofactors is not always easy from its electron density.
However, this problem is closely related to the resolution of the obtained data set
andthe quality of the electron density map. The higherthe resolution of the obtained
diffraction data, the more detail is visible in the electron density map. In case of low-
resolution diffraction, the consultation of previously published work is required to
interpret the visible electron density. Likewise, in case of TbGMPR cyto v2, the
substrate bound in the active site cannot clearly be identified as GMP or IMP. Only
the determination of the putative binding pattern allows the identification of a ribose
moiety with a phosphorylation atthe 5° OH. The same is true for the identification
of the GTP bound to the canonical binding site II which regulates the relative
orientation of the domains and thus the GMPR activity. According to the Polder omit
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maps (Appendix p. 149) the two ligands bound to ToGMPR structure are clearly
defined and the interpretation of the electron density seems correct. The uncertainty
in the ligand identification in a structural model obtained from low-resolution data
1s a challenge of the intracellular crystallization approach, since the environment of
the cell offers all possible cofactors that may bind to the investigated protein.
However, in combination with other techniques it brings new insights into the
functionality of enzymes. Fortunately, most in cellulo grown protein crystals, that
lead to structure elucidation so far (HEX-1 homologs, TbIMPDH and TbHCatB),
diffracted X-rays to high resolution (Gati et al., 2014; Lahey-Rudolph et al., 2021;
Nass et al., 2020; Norton-Baker et al., 2021; Redecke et al., 2013). And for examples
like T GMPR, cell fusion has been established in this study toimprove the resolution
of the collected X-ray diffraction data.
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6.4 Conclusion

This work implemented a general workflow for cryo-crystallography in intact
insect cells into the InCellCryst pipeline, covering all steps from data collection over
processing to model building. It alsoincludes a strategy to overcome resolution limits
by enlarging the crystal volume inside the cell and validates the opportunity to
1dentify native cofactors in enzyme structures, a benefit provided by the quasi-native
environment during protein crystallization in the living cell.

Data processing in general was already established for serially collected
diffraction data. However, the salt-rich environment of the cells surrounding the
crystal in combination with ice formation under cryo-conditions required the
filtering for the resulting reflections before merging and scaling the intensities when
data is to be processed with the software suite CrystFEL. An alternative approach
to process diffraction data with the software suite XDS revealed comparable results.
XDS is designed to process single-crystal data and scripts were developed to enable
multiple crystal processing with it. XDS harbors the advantage thatless crystals are
required to obtain a data set, due to the information on the crystal orientation, which
is obtained by the rotation series. CrystFEL requires more frames but can process
all frames individually. For proteins, which do not crystallize efficiently inside the
cells, XDS is a good choice. It is able to process small rotation diffraction data sets
from individual crystals and thus requires less detector frames by using the rotation
information to generate a complete data set by merging, instead of collecting 1,000s
of empty detector frames by applying helical line scans. For protein crystals that
diffract only to low resolution a highly redundant data set processed with CrystFEL
may get the most out of the data.

In all structures elucidated in this study unusually high B-factors were observed,
which seems to be algorithm-induced and could be cured by map-sharpening
following real-space refinement. This suggestion needs to be further confirmed and
investigated by comparing the processing results of different software suites and by
investigating a larger cohort of different data sets.

The cell protects the crystals from environmental stress but also limits
manipulation of the crystal growth. However, crystal enlargement by cell fusion
enabled the extension of resolution limits. Further investigations regarding the
causative mechanism needs to be performed in order to optimize the efficiency of cell
fusion from a few cells to the entire cell culture well to increase the effects of the
crystal enlargement. The establishment of this comparatively simple method to
increase the resolution of a crystal will broaden the use of in cellulo grown crystals
for structural studies.

The aging of PEG solutions which were not only used for cell fusion here but also
as a cryo-protectant in this study should urgently be considered. Freshly prepared
PEG solutions enable the reproducibility and possibly reduce the formation of ice
during sample preparation. This will further increase the data quality.

110



Outlook

7. Outlook

This work implemented the basic techniques required for structure elucidation
using in cellulo crystals under cryo-conditions. Further improvements in data
processing like comparing additional processing software, e.g., cctbx.xfel, or
including a hierarchical cluster analysis to decide which crystals to merge, as well
as improvements in the sample quality, e.g., reduction of ice formation, will improve
the quality of the obtained structures and may ease the identification of biological
information including native cofactors, particularly in critical cases.

The cell fusion established here has to be considered as a proof of principle that
an increase in the crystal volume positively impacts the resolution limit of in cellulo
grown crystals, leading to structure elucidation that was prevented by resolution
problems so far. An implementation of a purely pH-dependent cell fusion using the
baculoviral gp64 protein presented on the surface of infected insect cells might
enlarge the extend of cell fusion from a specific fusion ring to the entire cell culture
well. This would further shift the resolution limits, by shifting the proportion of
enlarged to normal sized crystals in favor of the enlarged crystals, resulting in
increased signal-to-noise ratios and completeness in higher resolution shells of the
resulting data set.

Theusage of cell fusion in combination with the use of structural homologs enable
the implementation of a cross-seeding approach. Cross-seeding can be performed by
fusing cells expressing a protein that does not crystallize efficiently, with cells
expressing a homologous protein, that crystallizes to a comparable symmetry and
unit cell size. Such an approach harbors the potential to elucidate even more
structures applying the InCellCryst approach. This could be obtained by the
combination of different promoters, which incorporate different expression
capacities, in different cells of the same cell culture, that were mixed after infection.
Martinez-Solis et al., (2016) observed that the use of the orf46 promoter results in
higher protein yields than the polyhedrin promoter that control gene expression in
this study. The usage of the polyhedrin promoter or even a weaker promoter for the
seed protein does not interfere with the protein production of the protein of interest
using the stronger promoter. If cells are fused at the right time point, the formed
crystals may function as a seed to drive the protein of interest into crystallization.

In the future, the screening approach developed by Schoénherr (2021) may be
extended by the implementation of experimental phasing approaches either relying
on fusion tags as already described by Duve (2022) and Freise (2020) or by using
different crystal morphologies of the same protein to derive the phases required for
the electron density calculation, as described by Metz et al., (2021). A de nowo
phasing strategy strengthens the significance of in cellulo crystallography to
crystallize and model new, unknown proteins together with their cofactors without
bias from previous information.
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9. Register

9.1 List of Figures

Figure 1.1: Graphical description of Bragg’s law (Martinez-Ripoll, 2022). The
incident waves are reflected on the different lattice planes of the crystal.
The angle 0 of the incoming wave equals the angle of the outgoing,
reflected wave. The path difference between the reflected waves equals

twice the distance between F and G. ........ovvniiiiieiiiiiiieieeeee e

Figure 1.2: Ewald’s sphere as a graphical description of diffraction physics
using the reciprocal space. The incoming wave so with the length 1/4, is
diffracted by the crystal (green cube) and results in constructive
interference on the detector surface, as indicated by the reciprocal lattice
point (red dot) intersecting the Ewald’s sphere (black circle). The blue
circle displays the resolution sphere with a radius of 1/dmin. The blue
shaded zone marks the reciprocal lattice points which will not intersect
with the Ewald’s sphere and thus cannot be collected. Reproduced with
permission from Biomolecular Crystallography by Bernhard Rupp, ©

2009-2014 Garland Science/Taylor & Francis LLC...........ccoooeoiviieiiivieeennnn...

Figure 1.3: Schematic description of the data processing pipeline using
CrystFEL. The detector images together with a file describing the
detector geometry are analyzed for Bragg peaks using indexamajig,
which also indexes and integrates the peaks for a specific crystal lattice.
The result is written into a stream file, which can be analyzed by the
program cell_explorer to generate a histogram of the observed lattice and
unit cell parameters. Patialator then merges and scales the reflection
Intensities written in the stream file and outputs three hkl-files, one with
all reflections, and two with each harboring a half data set. Figures of
merits can be calculated from these files using the scripts check_hkl and
compare_hkl, while get_hkl generates an mtz-file, which is required for
phasing and modelbuilding. In this step the resolution cut-off, defined by

the figures of merits, is applied on the obtained data set............ccccceeevvnne.in

Figure 1.4: InCellCryst Pipeline for protein crystallization in living insect cells
(Schonherr et al., 2023). The gene encoding the protein of interest is
amplified by PCR and inserted into a pFastBacl variant of choice via
ligation dependent cloning. The vector variants include for example tags
which direct the protein of interest into a specific cellular compartment
or enables antibody recognition. E. coli DH10EmBacY cells are then
transformed by the cloned vector to generate a recombinant bacmid by
transposition. Then recombinantbaculoviruses (rbvs) are generated after
transfection of Sf9 insect cells with the recombinant bacmid and
amplified by 2 passages of virus amplification. Then High Five insect cells
are infected with these rbvs. If spontaneous growth of ordered structures
can microscopically be observed, X-ray diffraction data can be collected

e 3

e 8
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from crystals in intact, rbv-infected High Five cells to enable structure

10] 1 E o) s F RO PSR UPPORRPRt 13
Figure 1.5: Microscopic images of High Five cells infected by different rbvs

encoding NcHEX-1. The cells display various crystal shapes and

morphologies. A: Infection with rbv NcHEX-1 NLS v2 reveals the growth

of bipyramidal-shaped crystals, while after rbv NcHEX-1 cyto infection

two different morphologies of the crystals are observed (Band C), namely

a spindle-like form in B and the bipyramidal-shaped morphology in C. D-

F: NcHEX-1 SS crystallizes either into a needle-shape (D), a rectangular

shape (E) or into a small spindle-like morphology (F). G: The expression

of NcHEX-1 ori, without any additional amino acids added as a

consequence of cloning, cubic crystals with a hexagonal cross-section are

formed. H & I: After infection with rbv NcHEX-1 cyto v2 two

morphologies are observed, a rectangular shape with hexagonal cross-

section (H) and a bipyramidal shape (I). Modified from Franke, 2021.......... 16
Figure 1.6: Overlay of the structural models of conventional crystallized

TbGMPR (pdb: 61k4) depicted in blue and in cellulo crystallized

TbIMPDH (pdb: 6rfu) depicted in red both in cartoon representation.

Despite a low sequence identity of 32 % both structural models display a

high structural conservation indicated by 85 % of matched secondary

structural elements as calculated by PDBeFold. ..............ccooeviviiiiiiiiininnnnn... 17
Figure 5.1: Analysis of the stream file of NcHEX-1 cyto before and after

filtering for saltreflections andice rings. Peakogram_streamoutputfrom

the unfiltered stream file (A), from the unfiltered stream file restricted to

an intensity maximum of 2,200 (B), compared to the filtered stream file

(C). The reflection intensity is plotted against the reciprocal resolution in

A1, The unfiltered stream file shows powder diffraction signal from salt

and ice crystals inside the sample (A & B), after filtering with the

developed script, the obtained stream file shows a decrease of intensity

along the resolution (C) and a smoother decrease of CCyz2values (D) as

expected for a protein crystal. The CCi2 values are plotted againstthe

reSOIUEION T AL ..o 42
Figure 5.2: Cartoon representation of the TbIMPDH ori structure obtained

after diffraction data processing with XDS. Overview on the dimer in the

asymmetric unit with chain A in dark and chain B in light green (A). The

omit maps of the bound ligands, ATP (with alternative conformations)

and GDP, are depicted as grey mesh. Detailed view on the regulatory

Bateman domain with the identified ligands and their omit maps (Fo-Fc)

contoured at 3.0 sigma carved at 2.0 A (B). Due to the symmetry

operators the biological unit, an octamer, is obtained (top view C). The

octamer is shown from side view and reveals a size of 152 A in width and

87 AN height (D). ..ovuevereeieeieieeiieeieeeeee ettt 46
Figure 5.3: Overview of solved NcHEX-1 structures. Cartoon representation of

the structural models of (A) NcHEX-1 ori processed using CrystFEL, (B)
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using XDS, (C) NcHEX-1 cyto (CrystFEL) and (D) NcHEX-1 cyto v2
(CrystFEL). B-sheets are displayed in green; a-helices are shown in blue.
In (D) the highly variable loop region of residues 60 to 66 is marked by
an arrowhead. (E) RMSD of Ca atoms calculated by ccp4i superpose,
plotted per amino acid, numbered after the reference structure NcHEX-
1 cyto (7asx), from which data were collected from intact cells at an XFEL.
The differences observed are small, but larger differences were observed
in the loop region e.g., for residues 60 to 66 indicated by a RMSD above
1.5 A. Overview (F) and detailed view (G) of the structural overlay of
NcHEX-1 ori (CrystFEL) displayed in green and the search model for
molecular replacement, in situ crystallized NcHEX-1 (pdb: 1khi)
displayed in blue. A representative section, residues 80 to 89, of the Fo-
Fc map (omit map) contoured at 3.0 sigma of the NcHEX-1 or1 (CrystFEL)
data set is shown in mesh representation..........cccoevevevieiiiiieeeiiiineeiee e, 50
Figure 5.4: Structural comparison of the different NcHEX-1 variants using
PDBeFold reveals high Q-scores and small RMSD values of Ca atoms (in
A), indicating a high similarity. A lighter coloring indicates a higher
similarity of the respective StruCtUres. ...........vvveeeeeiiiiiiiieeeeeiiiiieeee e 50
Figure 5.5: A: Blastp search of the NcHEX-1 protein sequence against RefSeq
database revealed a high variety of sequence length of HEX-1 proteins.
The mostabundantsequence lengths cluster around 160 to 220 aa as well
as around 400 to 500 aa. (B) The selected HEX-1 proteins, namely from
Aspergillus fumigatus (Af), Aspergillus nidulans (An), Aspergillus oryzae
(Ao), Metarhizium robertsii (Mr), Verticillium dahliae (Vd), Chaetomium
globosum (Cg), Magnaporthe grisea (Mg), Pyrenophora tritici-repentis
(Pt), Purpureocilium lilacinum (Pl) and Verruconis gallopava (Vg), and
NcHEX1 were analyzed according to their sequence conservation in the
C-terminal domain. Therefore, all 11 HEX-1 sequences were aligned
using Clustal Omega and subsequently the last 158 C-terminal residues
of each of the protein were analyzed using WebLogo3 revealing a high
sequence conservation In this domain. .......ccoooeiivieviiiiiiiiiinieeeee, 54
Figure 5.6: Investigation of the crystallization behavior of HEX-1 proteins from
10 differentfungal species. High Fiveinsectcells were infected at an MOI
of one with the respective rbv. Cells were imaged 4 dpi using differential
interference contrast (DIC) and a 100x objective on a Nikon Ts2R-FL. The
scale bars correspond to 20 um. High Five cells produce crystals looking
like a comet’s tail after infection with rbv AnHEX-1ori (A) and needle-
shaped crystals after infection with rbv AoHEX-1ori (B). High Five cells
produce spindle-like crystals with a hexagonal cross-section after infection
with rbv CgHEX-1ori (C). High Five cells produce squared crystals with a
hexagonal cross-section after infection with rbv MgHEX-1ori1 (D), NcHEX-
lori (E), while rectangular crystals with hexagonal cross-section are
formed after infection with rbv VAHEX-1ori (F). High Five cells produce
small hexagonal crystals with growth defects (blue arrowhead) after
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infection with rbv VgHEX-1ori (G). In High Five cells infected with rbv
AfHEX-1ori (H), MrHEX-1ori (I), PIHEX-1ori (J) or PtHEX-1ori (K) no
ordered structures could be observed. However, larger vacuolar structures
were detected in High Five cells expressing AfHEX-1ori (H), PIHEX-1or
(J) or PtHEX-1ori (K) as indicated by magenta arrow heads. ......................... 57
Figure 5.7: Similarity and identity matrix of the selected 11 HEX-1 orthologs
including the N-terminal truncated variants. The matrix indicates the
similarity (upper value, shaded in blue) and the identity (lower value,
shaded in red) when comparing the protein sequences of the selected
HEX-1 homologs. The darker the color, the less similar/identical are the
sequences. The least identical and least similar protein sequences to all
others is observed for N-terminal extended HEX-1 proteins like AfHEX-1,
MrHEX-1, PIHEX-1, and PtHEX- 1. 59
Figure 5.8: Investigation of the crystallization behavior of N-terminal
truncated HEX-1 proteins from 4 different fungi species. High Five insect
cells infected at an MOI of one of the recombinant baculoviruses were
imaged 4 dpi using differential interference contrast (DIC) and a 100x
magnifying objective at a Nikon Ts2R-FL. The scale bar corresponds to
20 um. High Five cells produce small hexagonal crystals after infection
with rbv AfHEX-1delN ori (A) and rectangular crystals with a hexagonal
cross-section after infection with rbv MrHEX-1delN ori (B). Rbv PIHEX-
1delN ori-infected High Five cells produce small, squared crystals with a
hexagonal cross-section (C), while no indication of crystallization was
observed in rbv PtHEX-1delN-infected High Five (D).........ccooveieiiiiiiiiiien. 60
Figure 5.9: Histograms of resolution distribution of successfully indexed
crystals of AfHEX-1delN ori and MrHEX-1delN ori measured at EMBL
beamline P14 at PETRA III at DESY, Hamburg by applying different
oscillation angles of the MeshMount during data collection using helical
line scans. The y-axis shows the number of detector patterns against the
maximum observed resolution on the x-axis innm!. The histograms were
prepared by the CrystFEL script ave_resolution..............ccccccveeeeeiiiiiiiiieneen, 62
Figure 5.10: Overview of the solved HEX-1 protein structures of selected
species: AfHEX-1delIN (A), MgHEX-1 ori (B), MrHEX-1delN ori (C) and
PIHEX-1delN ori (D). B-sheets are displayed in green, while a-helices are
shown in blue. RMSD of Ca atoms plotted against the amino acid position
of all HEX-1 structures determined by superposition to NcHEX-1
crystallized in cellulo and measured at RT at a free electron laser (pdb:
7asx) (E). The differences observed are minor, but larger differences were
observed in the loop regions e.g., for residues 60-66 indicated by a RMSD
above 1.5 A. 3D structural model of PIHEX-1delN ori (F). The structureis
colored according to the atomic displacement factor (B-factor). Blue
indicates a low B-factor, while orange indicates larger flexibility by an
increased B-factor. The distribution of B-factors was comparably observed
in all other HEX-1 Structures. .......ooovviiiiiiiiiiieeee e 66
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Figure 5.11: Comparison of the obtained structural models of four HEX-1
homologs, namely AfHEX-1delN, MgHEX-1, MrHEX-1delN, and PIHEX-
1deIN. The matrix displays the mean RMSD of Ca atoms in A, the Q-
score of the respective structures and the similarity of their sequences as
calculated by PDBeFold after multiple comparison. The Q-score, ranging
between 0 and 1, considers the alignment length, the total number of
residues in the structures to be compared and the RMSD of Ca atoms. A
high value indicates a high structural conservation. The level of
similarity is displayed by the color intensity, namely the higher the
similarities of the structures the lighter the coloring of the cell.................... 67

Figure 5.12: Detection of crystals in High Five insect cells infected at an MOI
of one of the rbv ToGMPR cyto v2 (A) and the rbv ToIMPDH ori (B) 4 dpi
applying Emboss contrast (EC) and a 25x magnifyingobjective at a Nikon
Ts2R-FL. The scale bar corresponds to 40 (M. .......ueeeeeiiiiiiiieeeeeeeeeeeeereeeeeennnns 70

Figure 5.13: Workflow to induce cell fusion of baculovirus infected High Five
cells. For fusion induction, 10 uL of the PEG4000 solution is added one to
two days pi to the center of the well. Within several minutes, cell fusion
can be observed in a ring with a specific distance around the inoculation
site. Inside the ring the cells die due to high PEG4000 concentration and
osmotic shock. Outside the ring, cells show no signs of cell fusion. ................. 73

Figure 5.14: Light microscopic images of rbv TbGMPR cyto v2 infected High
Five cells with 25x magnifying object imaged 4 dpi. 25 % PEG4000
solution was added 2 dpi as a homogenous solution resulting in bending of
already formed crystals and a small, granular phenotype (A). Cells in the
innermost ring display a shrunken phenotype if 50 % PEG4000 was
applied in the center of the well (B). When 25 % PEG4000 solution was
added 2 dpi as a drop in the center of the well, a ring-like zone of fused,
crystal-containing cells was observed (C). Control well of rbv TbGMPR cyto
v2 infected High Five cells without PEG4000 (D). The scale bar
corresponds to 40 um. Crystals are marked by an arrowhead......................... 74

Figure 5.15: Investigation of the crystallization behavior of Th GMPR cyto v2
produced in High Five insect cells infected at an MOI of one of the rbv (A-
F). Cells were imaged at 4 dpi applying Emboss contrast (EC) at a Nikon
Ts2R-FL. The scale bar corresponds to 40 pm and applies to panels A-F.
Fused cells are marked by white arrow heads, while crystals are marked
by magenta arrow heads. PEG-mediated cell fusion was induced by adding
10 uLL PEG4000 (10%) as a drop into the center of the well either 1 dpi (A)
or 2 dpi (B). No PEG4000 was added and thus no cell fusion was induced
(C). PEG-mediated cell fusion was induced by adding 10 pL. PEG4000
(50%) as a drop into the center of the well 1 dpi (D), 2 dpi (E) or 3 dpi (F).
The dimensions of the crystals in fused cells were measured and are
shown as a scatter plot for the individual time points tested for fusion
induction, when 50 % PEG4000 is added as a drop in the center of the
well. When fusion is induced at 3 dpi, the resulting crystal dimensions
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are close to those of unfused cells (approximately 50 um in length and
5 um in width). The largest increase in crystal volume can be obtained by
fusion induction at 2 dpi (resulting in between 100 and 200 pm in length
and 5 to 15 pm in width). A moderate enlargement in the crystal volume
can be seen when fusion is induced at 1 dpi (up to 120 um in length and
12 pm in width). Fusion of rbv-infected High Five cells leads to an increase
in length and width of the crystal (G). The diffractive volume was
estimated by multiplying the length by the square of its width. The
experiment was conducted in three replicates. To compare the replicates,
the crystal volume of one replicate was normalized to the mean crystal
volume of the respective control and the crystal volume increase of all
individual crystals of the three replicates was combined. Box plots show
the crystal volume increase relative to the control (H). Tukey outliers
(McGill et al., 1978) are marked as single points. The box plot line marks
the median of the measured crystal volume Increase. ...........ccceeeeeevvvvninnnnnn.n. 76
Figure 5.16: Selected bright-field microscopic pictures of a systematic
screening for the optimal conditions of cell fusion induction to enable the
largest growth of ThOGMPR cyto v2 crystals. High Five cells at different
densities, ranging from 0.5 million to 1.0 million cells per six well, were
infected at an MOI of one of the rbv TbGMPR cyto v2. PEG-mediated cell
fusion was induced at different time points ranging from 23 hpito 47 hpi.
Crystal growth was investigated 4 dpi using a 25x magnifying objective
and applying Emboss contrast (EC). The scale bar corresponds to 40 pm.
White arrow heads point to crystals inside fused cells, while arrow heads
in magenta display residual unfused cells, which are also presentin the
fusion ring. The later infected High Five cells are fused and the higher the
cell density, the larger the SyNcytia SroW.....cc.coevveeeiierieeiiiiieeeeiieeeeeiie e, 78
Figure 5.17: Fusion of baculovirus infected High Five cells increases the
volume of ThbGMPR cyto v2 crystals. Box plots, prepared as described
above, display the crystal volume increase relative to the control at a cell
density of 0.8 million cells per 6-well (A). Outliers and the median are
marked as described above. Systematic screening for the largest crystal
volume was performed by testing 0.5 to 1.0 million cells per 6-well and
inducing fusion between 23 hpi and 47 hpi. A general tendency of
increased crystal volume is observed when fusion is induced 39 hpi or
47 hpi, while a cell density of 0.8 million cells per well showed regardless
of the timepoint of fusion induction the largest crystal enlargement.
Therefore, the cell density of 0.8 million cells per well is inspected closer
and the comparison of different timepoints of fusion induction revealed a
maximum for 39 hpi (B). Crystal volume is enlarged on average by a factor
of approx. 7 (mean) atthe conditions, considered asoptimal. The measured
crystal dimensions are shown under optimal conditions (fusion induction
at 39 hpi at 0.8 million cells per well) depicted in dark blue and control
conditions (0.8 million cells per well without PEG4000) depicted in light
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blue (C). Crystalsenlargedin theirlength are alsoincreasedin their width.

Figure 5.18: Histogram of unit cell parameters of the TbGMPR cyto v2
diffraction data after indexing with CrystFEL by applying a tetragonal
lattice (A), indexed with mosflm, xds and xgandalf, or a triclinic lattice
(B), indexed with =xgandalf, reported by cell_explorer. Cartoon
representations of the structural model of ToGMPR cyto v2 (C-E). Crystal
packing of ThbGMPR cyto v2 monomers in case of a tetragonal lattice
colored by chain identity (chain A - green, chain B - blue, chain C - pink,
chain D - yellow, chain E — pale pink, chain F - grey) (C). Top view (D)
and side view (E) of the octamer containing chain A and C to I of the
TbGMPR cyto v2 structure, solved in space group P1. ..., 82

Figure 5.19: Chain A of TbGMPR cyto v2, residues 315 to 321 shown as sticks
overlaid with the map resulting from CrystFEL (A) and the sharpened
map (B) in mesh representation. Both maps are contoured at 1.0 sigma
and carved at 2.0 A. The sharpened map shows a higher degree of details
e.g., the electron density of the side chain of Ile319 is better resolved in
the sharpened MaP. ........ooeiiiiiii i e 83

Figure 5.20. Binding sites of ligands in the ThGMPR cyto v2 structure. Display
of the interactions of GTP in the allosteric binding site IT and the protein
in chain A of the TobGMPR cyto v2 structure model (A&C). Interactions of
the substrate, a monophosphate ribonucleotide, close to the active center
with the protein in chain A of the ToGMPR structure (B&D). Ligand
interaction plots in (C) and (D) were created using LigPlot. Cofactor
orientation in the canonical binding site II in TobIMPDH N-His structure
(pdb: 6rfu) depicted in green and TbGMPR cyto v2 structure depicted in

Figure 5.21: Cartoon representation of ToIMPDH N-His (pdb: 6rfu) (A) and
TbGMPR cyto v2 (B — F). Side view of the lattice of octamers of in cellulo
crystallized ToIMPDH N-His (pdb: 6rfu) (A) as well as side view (B) and
top view (C) of the lattice of octamers of the structural model of ToGMPR
cyto v2. The complete octamers in one unit cell are consisting of chain A
and C to I (represented in orange), the chains a, b, f, g, 1, n, 0o and v
(representedin blue) as wellas chains cto e and h to k and m (represented
in cyan). Cartoon representation of the dimer of chain A and F of the
TbGMPR cyto v2 structure (D). Monomer of chain A which displays the
uncertainty in the atom position as atomic B-factor by a rainbow color
code combined with a broadening of the cartoon representation (E). Red
and orange indicate high B-factors while blue and green indicate low B-
factors. Structural overlay of the catalytic domains of ToIMPDH N-His
(pdb: 6rfu) depicted in green and ToGMPR cyto v2 depicted in berry (F).
The orientation of the Bateman domain and the N-terminus differs in
DOth STIUCTUTES...cevviieeiieiiiee e e e e e e e e e e e e v e e e eeeees 86
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Figure 5.22: PEG-mediated cell fusion also leads to an increased crystal size
for other model systems like NcHEX-1 ori and TbIMPDH ori.
Investigation of the crystallization behavior of NcHEX-1 ori (A&B) and
TbIMPDH ori (C&D) recombinantly expressed in High Five insect cells
infected at an MOI of one of the respective recombinant baculovirus. Cells
were imaged 4 dpi applying Emboss contrast (EC) and a 25x magnifying
objective at a Nikon Ts2R-FL. The scale bar corresponds to 25 pm. The cell
density was 0.8 million cells/well. If fusion was induced in rbv-infected
High Five cells by adding 10 u. PEG4000 (10 %) at 39 hpi enlarged
crystals were observed (B&D). The increase in crystal volume under the
optimal PEG-mediated cell fusion conditions can be observed for all three
model proteins tested, ToOGMPR cyto v2, NcHEX-1 ori and TbIMPDH ori
(E). After diffraction data collection using MeshMounts and helical line
scans at the beamline P14, operated by EMB at PETRA III, DESY,
Hamburg, data were processed using CrystFEL. Then the ave_resolution
script was applied to all data sets, outputting the displayed resolution
statistics (F). Comparison of crystals from fused and unfused cells evinces
an improvement of maximum resolution for TbGMPR cyto v2 and
TbIMPDH ori crystals. For NcHEX-1 ori crystals no difference in the
resolution statistics were obServed. ..........ouvuiiiiiiiiiiiiiiiiiiee e 89

Figure 5.23: Comparison of resolution distribution histograms of the resolution
distribution of diffraction data collected from fused and unfused cells,
carrying NcHEX-1 ori, ToIMPDH ori and ToGMPR cyto v2 crystals. The
y-axis shows the number of detector patterns against the maximum
observed resolution on the x-axis in nm. Resolution distribution of
crystals from fused cells is broadened and shifted to higher resolution. For
NcHEX-1 both histograms show a comparable distribution along the
resolution. The histograms are exported from the CrystFEL script
AVE TESOIUTION. e ettt ettt et e e e ean 90

Figure 6.1: Optimized workflow for diffraction data processing with CrystFEL.
The optimization implemented in this study cover the intensity-based
filtering of the obtained stream file for contaminant reflections
corresponding to salt or ice crystals formed during sample preparation.
The filtered stream file is then further passed on to partialator to merge
and scale the reflections into a complete data set........cccccooovvvviieeeeiiiiiieeneen. 93

Figure 10.1: LigPlot representation of interaction sites of ATP bound to the
canonical binding site I in the TbIMPDH ori structure which was
processed with XDS. Interactions of ATP conformer B of chain A (A) and
conformer A of chain A (B) as well as conformer B of chain B (C) and
conformer A of chain B (D) are schematically displayed. (E): Overlay of
the interactions of chain A and chain B GDP with the protein.
Interactions occurring in both chains are marked by a red circle.
Hydrogen bonds are depicted as dashed, green line while apolar
interactions are indicated by red spikes. .......cc.ccoviiiiiiiireiiiiiiiiee e 148
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Figure 10.2: Polder omit maps of the monophosphate ribonucleotide (A) and
the GTP moiety (B) of chain A bound to the protein structure of ToGMPR
cyto v2. The polder omit map is contoured at 3 sigma and carved at 4 A ... 149
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addition between 23 hpi and 47 hpi. The same results are presented as
box plots in Figure 5.17. The experiment was conducted in three
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10. Appendix

10.1 Abbreviations

Appendix

Abbreviation Meaning

A
AcMNPV

aa
Af

An

Ao
ATP
bp
CatB
CBS
Cg
DIC
DMSO

Angstroms

Autographa californica multiple
nucleopolyhedrovirus

Amino acids

Aspergillus fumigatus

Aspergillus nidulans

Aspergillus oryzae

Adenosine triphosphate

Base pairs

Cathepsin B

Cystathionine B-synthase

Chaetomium globosum

Differential interference contrast
Dimethyl sulfoxide

Deoxyribonucleic acid
Deoxyribonucleic triphosphate

Days post infection

Double strand DNA

Emboss contrast

N,N'-(Ethane- 1,2-diyl)bis[N-(carboxymethyl)glycine]
European Molecular Biology Laboratory
Endoplasmic reticulum

Forward

Guanosine monophosphate

GMP reductase

Guanosine triphosphate

Hours post infection

Human immunodeficiency virus

Inosine monophosphate

IMP dehydrogenase

Propan-2-yl 1-thio-B-D-galactopyranoside
1,000 bp

1,000 Dalton

Tethering protein Leashin

Linac Coherent Light Source
Magnaporthe grisea

Multiplicity of infection

Metarhizium robertsii

Mitochondrial matrix targeting sequence
Neurospora crassa

N-terminal Histidine-rich tag

Nuclear targeting sequence

Optical density at a wavelength of 600 nm
Protein database

Polyethylene glycol

Protein kinase C
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Abbreviation Meaning

Pl Purpureocillium lilacinum

Pt Pyrenophora tritici-repentis

PTS Peroxisomal targeting sequence

rbv Recombinant baculovirus

rev Reverse

RMSD Root mean square deviation

rpm Rounds per minute

SAXS Small-angle X-ray scattering

SFX Serial femtosecond crystallography

SDS Sodium dodecylsulfate

SNR Signal-to-noise ratio

SSX Serial synchrotron crystallography

Tb Trypanosoma brucei

Tris 2-Amino-2-(hydroxymethyl)propane-1,3-diol

vd Verticillium dahlice

Vg Verruconis gallopava

X-Gal 5-Bromo-4-chloro-1H-indol-3-yl B-D-
galactopyranoside

XMP Xanthosine monophosphate
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10.2Source code of scripts and commands

10.2.1Find crystal wedges

BEGIN{
}
$1=="%"{
if (c>1)

for (j=1; j<c-10; j=j+8){
count[data]+=1
for(i=j; i<=j+9; 1++){
if(maxValue[data][count[data]]<=spotcount[data][i]){
maxFrame[datallcount[datall=frameNo[datallil
maxValue[datal[count[data]]l=spotcount[datal[i]

}

}
data+=1
count[data]=0

getline

c=1

runNo[data] = $1
frameNo[datallc] = $2
spotcount[datallc] = $3
spotFrame[data][$2] = $3

}
$1~/7[0-91/4
c+=1
frameNo[datal[cl=%$2
spotcount[datal[c]=%$3
spotFrame[data][$2]=%$3
}
END{
for (j=1; j<c-10; j=j+8){
count[data]+=1
for(i=j; 1<=j+9; i++){
if(maxValue[data]l[count[datall<=spotcount[datall[i]){
maxFrame[data][count[data]]=frameNo[data][i]
maxValue[datal[count[datall=spotcount[datalli]
h
}
}
# printft "Ss\t%s\t%s\t%s\n", "# win" ,"run", "frame" , "spots"

for(d=1; d<=data; d++){ #anzahl datensaetze
for (k[d]=1; k[dl<=count[d]; k[d]++){ # counter der Windows
if(maxValue[d][k[d]]!=0){
crystalCount+=1
# printf "SU\tSiNtSiNtSiAn", k[d], runNo[d] , maxFrame[d][k[d]], maxValue[d][k[d]]
if(maxValue[d][k[d]]>=threshold){
crystalPosEnd[crystalCount]=maxFrame[d][k[d]]
crystalPosStart{crystalCount]=maxFrame[d][k[d]]
for{u=1; u<=crystallLength; u++){
idxPosU=maxFrame[d][k[d]]+u
spotPosU=spotFrame[d][idxPosU]
if(spotPosU=>=0.3*maxValue[d][k[d]]&&spotPosU>=threshold)
crystalPosEnd[crystalCount]=1dxPosU
else
break

}
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negCrystallLength=crystallLength*{-1)
for(v=-1; v>=negCrystallLength; v--){
idxPosV=maxFrame[d][k[d]]+v
spotPosV=spotFrame[d][idxPosV]
if(spotPosV>=0.3*maxValue[d][k[d]]&&spotPosV¥>=threshold)
crystalPosStart[crystalCount]=1dxPosVY
else
break

¥
maxF[crystalCount]=maxFrame[d][k[d]]

}
}
printf "sshtssh\twswn", "#Max", "Start", "End"
for(a=1; a<=crystalCount; a++)}{
if(crystalPosStart[al]!=crystalPosEnd[a]}{

system("mkdir /path_to_processingfolder/
ds_Protein_ori_"runNo[data]l"_"crystalPosStart[a]l"-"crystalPosEnd[al"; cd /
ath_to_processingfolder/xds_Protein_ori_"runMo[datal"_"crystalPosStart[al"-"crystalPosEnd[a]"
path_to_original_XDS_Input/0riginalxDSINPperRun/"runMoldatal" XDS.INP ./XDS.INP ; echo
"DATA_RANGE= "crystalPosStart[al" "crystalPesEnd[a]l" " =>> XDS.INP ; echo “"STARTING_FRAME=
crystalPosStart[al"\" == XDS.INP; echo ‘\'SPACE GROUP_NUMBER= 1\" == XDS.INP echo
m\"UNIT_CELL_CONSTANTS= 57.24 57.24 198.19 90.0 90.0 120.0 \" == XDS.INP; cd ../../.. ")
# close(system)

}
printf "sivtsivtsin", maxFlal, crystalPosStart[al, crystalPosEnd[al
¥

dix

» CPp
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10.2.2Filter for individual crystal wedges

BEGIN{
getline
runNoNew=5%1
startNew=$2
endNew=%3
lengthNew=endNew-startNew

}
$1==runNoNew{

runNoOld=runNoNew
startOld=startNew
end0ld=endNew
lengthOld=1lengthNew
runNoNew=4%1
startNew=%$2
endNew=43
lengthNew=endNew-startNew
meanLength=( lengthOld+lengthNew)/2
if (startOld<startNewd&endOld<=startNew| |startNew<start0ld&&endNew<=startOld) { #if no overlapp
rint "INPUT_FILE= /path_to_processingfolder/xds_Protein_ori_"runNoOld"_"start0ld"-"endOld"/
DS_ASCII.HKL" # then add Run to XSCALE
else { #if overlapp

if ((end0ld-startNew)==(2))}{ # if overlapp is more than 2 frames
emdC01 = "grep \'UNIT_CELL_C-AXIS\" /path_to_processingfolder/
xds_Protein_ori_"runNoOld"_"startOld"-"endOld"/XDS_ASCII.HKL | awk '{print $2}' "
cmdCN1 = “"grep \'UNIT_CELL_C-AXIS\' /path_to_processingfolder/
xds_Protein_ori_"runNoNew"_"startNew"-"endNew"/XDS_ASCIT.HKL| awk '{print $2}'"
cmdC02 = "grep \'UNIT_CELL_C-AXIS\" /path_to_processingfolder/
xds_Protein_ori_"runNoOld" "startOld"-"endOld"/XDS_ASCIT.HKL | awk '{print $3}' "
mdCNZ2 = "grep \'UNIT_CELL_C-AXIS\" /path_to_processingfolder/
ds_Protein_ori_"runNoNew" "startNew"-"endNew"/XDS_ASCII.HKL| awk '{print $3}'"
cmdC03 = "grep \'UNIT_CELL_C-AXIS\" /path_to_processingfolder/
ds_Protein_ori_"runNoOld"_"startOld"-"end0ld"/XDS_ASCII.HKL | awk '{print $4}' "
cmdCN3 = "grep “'UNIT_CELL_C-AXIS\" /path_to_processingfolder/
ixds_Protein_ori_"runNoNew"_"startNew"-"endNew"/XDS_ASCII.HKL| awk '{print $4}'"

cmdC01 | getline X1 #print $0
cmdCN1 | getline X2
cmdC02 | getline Y1
cmdCN2 | getline Y2
cmdC03 | getline 71
cmdCN3 | getline Z2

close{cmdCO1)
close{cmdCN1)
close{cmdC02)
close{cmdCN2)
close{cmdC03)
close(cmdCN3)

UF (({XIRX2+YI*Y24Z1522)/ { (X1+Y1+Z1)72) )20, 99| | ( (X1#X24Y1*Y24Z1%Z2)/ ((X1+Y1+Z1)"2) }<-0.99){ #

crystals are equal

=against the next (is that helpful?)
print "INPUT_FILE= fpath_to_processingfolder/

xds_Protein_ori_"runNoOld"_"start0ld"-"end0ld"/XDS_ASCII.HKL"
getline
runhNoNew=%$1
startNew=$2 #startOld
endlew=$3 #end0Ld
lengthNew=4$3-$2 #endOld-startOld
}else if (lengthNew>lengthOld){

_if (lengthNew<=length0ld}{ # use the old one else skip the old one and check the new one
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Yelse{ #wenn Kristalle ungleich, dann behalte beide.
print "INPUT_FILE= /path_to_processingfolder/
ds_Protein_ori_"runMo0ld"_"start0ld"-"endOld"/XD5S_ASCITI.HKL"

}
else{ # if overlapp is less than 2 frames
print "INPUT_FILE= /path_to_processingfolder/

ds_Protein_ori_"runNoOld"_"start0ld"-"endOld"/XDS_ASCII.HKL" # then add oldRun to
SCALE

}

$1!'=runNoNew{ #1f new run, set old variables new
rint "INPUT FILE= /path to processingfolder/xds Protein ori "runNoOld"' "startOld'-"endOld"/
DS_ASCII.HKL"
runioNew=4%1
startNew=5$2
endNew=$3
lengthMew=endNew-startNew
# getline
JEND{

print "INPUT_FILE= /path_to_processingfolder/xds_Protein_ori_"runNoQld"_"startOld"-"end0Old"/
DS_ASCIT.HKL"

10.2.3 Command list for XDS processing

awk -f find_spot_count.,awk runlist_HEXlori.txt # erstelle Datel Spots pro Frame; Input Table Runbo Width
Height of grid

bash make_start_xdsinp.sh # make Start XDS-File fTrom original XDS.INP and saves them in a seperate folder
bash divide spotcounts into rows.sh # puts the spot count in the correct format to find the maximum and
crystal wedges in the next step

awk -T new_find_local_max.awk -v threshold=150 -v crystallength=3 Prozessierung/spotcounts/2.txt # defines
crystal wedges, some are defined in 2 ways --> error message occurs, ignore this

bash run_xds.sh

bash optimize.sh

1s Prozessierung/XdsFiles2/xds_Hex1_ori_*/XDS_ASCII.HKL | sed 's/_s\t/g' | sed 's/\//\t/g' | sed 's/-/\t/
9" | awk '{print $6, $7, $8}' | awk -f check_overlorequal.awk >> Prozessierung/XSCALE/XSCALE-2/XSCALE.INP
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10.2.4 Filtering for salt and ice reflections

## written by Juliane Boger
## usage awk -f filterBadIntensities.awk your.stream » yourFiltered.stream

BEGIN{
cmd = "awk '$1~/"##/EE$A~/ T/ &85~/ "B/ {print 1}' filterBadIntensities.awk"
cmd | getline flag
if (flag!=1){
print "failed"
exit

}

$1=="panel®/corner_x"{
beam¥=-1*(int($3))

H

$1=="panel®/corner_y"{
beamY=-1*(int($3))

$0 ~ /Reflections measured after indexing/{

print 30

getline

print 30

getline

while ($0 !~ /End of reflections/ )}

if ($6<20008&(sqrt({beamX-$8)"2+({beamy-$9)~2)«=1200)){ ## reflections below 2000 adu in a distance of
. 1290 Pixels away from the beam stop are considered as good
print $0
telse if (3$6<150&&(sqrt((beamX-$8)"2+(beamyY-$9)"2)>1290)&&(sqrt({beamX-$8)"2+(beam¥Y-$9}"2)<=1720) }{ ##
reflections below 150 adu in a distance of max. 1790 and min. 1290 Pixels away from the beam stop are

telse if ($6<55&&(sqrt((beamX-$8)"2+(beamy-$9)~2)>1790)&&(sqrt((beamX-$8)"2+(beam¥-$9 )72 )<=2140) ) {##
reflections below 55 adu in a distance of max., 2140 and min, 1790 Pixels away from the beam stop are

print $0

1
else if ($6<28&&(sgrt((beamX-$8)"2+(beamyY-$9)"2)>2140)){ ## reflections below 28 adu in a distance of
in. 2140 Pixels away from the beam stop are considered as good

print $0
}
getline
}
b
$@ !~ /Reflections measured after indexing/{
print 30
b
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10.3Example input files

10.3.1 CrystFEL geometry file

clen = 0.42118
photon_energy = 12700

adu_per_photon = 1
res = 13333.3

panel®@/min_fs = 0
panel®/min_ss = 0
panel®/max_fs = 4147
panel®/max_ss 4361

-2052.78
-2155.79

panel®/corner_x
panel@/corner_y
panel@/fs = x
panel@/ss =y

-0.5

panel@/flag_lessthan .
65000

panel®/flag_morethan
badrl/min_x= -50
badril/max_x= 50
badrl/min_y= -50
badril/max_y= 2000

10.3.2CrystFEL unit cell file
CrystFEL unit cell file version 1.0

lattice_type = tetragonal
unigue_axis = ¢
centering = P
a = 168.72 A
b 168.72 A
c = 280.37 A
al = 90.00 deg
be = 90.00 deg
ga = 90.00 deg
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10.3.3XDS input file

DETECTOR=EIGER
MINIMUM_VALID_PIXEL_VALUE=0 OVERLOAD=10048500
SENSOR_THICKNESS= 0.45

DIRECTION_OF_DETECTOR_X-AXIS= 1.0
DIRECTION_OF_DETECTOR_Y-AXIS= 0.0
ROTATION_AXIS= 0.0 1.0 0.0
INCIDENT BEAM DIRECTION=0.0 0.0 1.8
POLARIZATION_PLANE_NORMAL= 0.0 1.0 0.0
INCLUDE_RESOLUTION_RANGE= 999 0.0
FRACTION_OF_POLARIZATION=0.98

0.0 0.0
1.0 0.0

NX=4150 NY=4371 QX=0.075 QY=0.075

ORGX=2079,9702 ORGY=2160.9768

DETECTOR_DISTANCE= 374.465

X-RAY_WAVELENGTH= 0.9763 Angstroem

OSCILLATION_RANGE= 1.0000

STARTING_ANGLE= 191.2600

STARTING_FRAME= 1326

NAME_TEMPLATE_OF _DATA_FRAMES= /mnt/beegfs/P14/2019/p3l-redecke/20191127/RAW_DATA/GMPRcyto_v2/

DATA_RANGE= 1326 1350

JOB= XYCORR INIT COLSPOT IDXREF DEFPIX INTEGRATE CORRECT
FRIEDEL'S_LAW= TRUE

MAXIMUM_NUMBER_OF_PROCESSORS= 8

MAXIMUM_NUMBER_OF_JOBS= 22
MINIMUM_FRACTION_OF_INDEXED_SPOTS= 0.4

144



10.4 Amino acid sequences

10.4.1HEX-1 proteins

tr|I8TQ26|AoHEX-1
sp|Q9P8K9 | AnHEX-1
tr|AGA@ISPWSA | AFHEX-1
tr|AA0ISPWS4delN| AFHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN

tr| ABABD2ALTS | VGHEX-1
tr|G2WVW3 | VAHEX-1
tr|QOUW16 | MgHEX-1

tr| E9EN82 |MrHEX-1

tr| E9EN82delN|MPHEX-1delN

tr| ABA179H7Q1 | PIHEX-1
tr|A@A179H7Q1delN | PIHEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252|NcHEX-1

tr|I8TQ26|AoHEX-1
sp|Q9P8K9 | AnHEX-1
tr|AoA@ISPWSA | AFHEX-1
tr|AGABISPWS4delN| AFHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|ABAGD2ALIS | VEHEX-1
tr|G2WVi3 | VdHEX -1
tr|QouW16 | MgHEX-1

tr| E9EN82 |MrHEX-1

tr| E9EN82de1N|MPrHEX-1delN
tr|ABA179H7Q1 | PIHEX-1
tr|ABA179H7Q1delN | PIHEX-1delN
tr|Q2HAT3 | CgHEX-1
sp|P87252 | NcHEX-1

tr|I8TQ26 | AOHEX-1
sp|Q9P8K9 | AnHEX-1
tr|AeA@ISPWS4 | AFHEX-1
tr|AeA@I5PWS4delN | AFHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|AGAOD2ALIS | VEHEX-1
tr|G2WVW3 | VAHEX -1

tr|QSUW16 |MgHEX -1

tr|ESEN82 |MrHEX-1

tr| E9EN82delN|MrHEX-1delN
tr|ABA179H7Q1 | PIHEX-1

tr| ABA179H7Q1delN | P1IHEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252 | NcHEX-1

tr|18TQ26 | AGHEX-1
sp|Q9P8K9 | AnHEX-1
tr|A@A@I5PWS4 | AFHEX-1
tr|A@A@I5PWS4delN|AFHEX-1delN
tr|B2VT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|A@ABD2A1TS | VEHEX-1
tr|G2wvW3 | VdHEX-1

tr|Qouw16 |MgHEX-1

tr|E9EN82 |MPHEX-1
tr|E9EN82delN | MrHEX-1delN
tr|A@A179H7Q1 | PIHEX-1
tr|A@A179H7Q1delN|P1HEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252 | NCHEX-1

5

tr|I8TQ26|AOHEX-1
sp|Q9P8KS | AnHEX-1
tr|A@A@I5PWS4 | AFHEX-1
tr|A@A@I5PWS4delN|AfHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2VT43delN|PtHEX-1delN
tr|A@AGD2A1IS5 | VEHEX-1
tr|G2wWvW3 | VdHEX-1

tr|QouUW16 |MgHEX-1

tr|E9EN82 |MrHEX-1
tr|E9EN82delN | MrHEX-1delN
tr|A@A179H7Q1 | P1HEX-1
tr|A@A179H7Q1delN|P1HEX-1delN
tr|Q2H4T3 | CgHEX-1

sp|P87252| NcHEX-1

S

~MPL - -WTRVNNDSKVANLDFEARVPVPFSIFPSSYRDSEAQTTTQQTHQEVDI
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tr|18TQ26 | AGHEX-1
sp|Q9P8KS | AnHEX-1
tr|A@A@ISPWS4 | AfHEX-1
tr|A@ABI5PWS4delN|AFHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|A@AGD2A1IS | VEHEX-1
tr|G2WVW3 | VAHEX-1

tr|QouwWle |MgHEX-1

tr|E9EN82 |MrHEX-1
tr|E9EN82delN | MrHEX-1delN
tr|A@A179H7Q1 | PIHEX-1
tr|A@A179H7Q1delN|P1HEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252 | NcHEX-1

tr|I8TQ26|AoHEX-1
sp|Q9P8K9 | AnHEX-1
tr|A@A@ISPWS4 | AfHEX-1
tr|AeA@ISPWS4delN| AfHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN | PtHEX-1delN
tr|A@ABD2A1IS |VGHEX-1
tr|G2WVW3 | VdHEX-1
tr|QouUwW1le | MgHEX-1

tr| E9EN82 |MrHEX-1
tr|ESEN82delN |MrHEX - 1delN
tr|A@A179H7Q1 | P1HEX-1
tr|A@A179H7Q1ldelN| PIHEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252 | NcHEX-1

Ly

tr|18TQ26|AoHEX-1
sp|Q9P8KI | AnHEX-1
tr|AGABISPWS4A | AFHEX-1
tr|AeA@ISPWS4delN| AfHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|ARABD2ALIS |VGHEX-1
tr|G2WVW3 | VdHEX-1
tr|Qouwle | MgHEX-1

tr| E9EN82 |MrHEX-1
tr|E9EN82delN |MrHEX-1delN
tr|A@A179H7Q1 | P1HEX-1
tr|AGA179H7Q1de1N|P1HEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252|NcHEX-1

tr|I87Q26|AcHEX-1
sp|Q9P8KI | AnHEX-1
tr|APABISPWS4 | AFHEX-1
tr|AeA@ISPWSAde1N| AFHEX-1delN
tr|B2vT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|APA@D2ALIS | VEHEX-1
tr|G2wvwW3 | VdHEX-1
tr|Q9UW16 | MgHEX-1

tr|E9EN82 |MrHEX-1
tr|E9EN82delN |MrHEX-1delN
tr|ARA179H7Q1 | P1IHEX-1
tr|AeA179H7Q1delN|P1HEX-1delN
tr|Q2H4T3 | CgHEX-1
sp|P87252|NcHEX-1

tr|I8TQ26 | AGHEX-1
sp|Q9P8K9 | AnHEX-1
tr|AGABISPWS4 | AFHEX-1
tr|AGABISPHS4delN | AfHEX-1delN
tr|B2vVT43|PtHEX-1
tr|B2vT43delN|PtHEX-1delN
tr|AGABD2ALIS |VGHEX-1
tr|G2wvW3 | VAHEX-1

tr|QoUW16 |MgHEX-1

tr| E9EN82 |MrHEX-1
tr|E9EN82delN |MrHEX-1delN
tr|A@A179H7Q1 | PIHEX-1
tr|A@A179H7Q1delN|P1HEX-1delN
tr|Q2H4T3| CgHEX-1
sp|P87252|NcHEX-1

263
e

340

181
2]

- -DAPAR- PQYT-TESVKVNEYTVDG- -ASARPTYTENVKITEETVEPSRFSLAN 204
............................................................ ")
............................................................ %)
............................................................ e
B o 7

- - - -MGYYDDDGNYHS FRRGVERAVDRI - - - - THPFHHHHHDHHDHHRE - - - - - - - - - - - 41
PARKMGYYDDDGNYHSFRRGVERAVDRI - - - - THPF - - ~-HHHHHHHDRE - - 3e5
- - - -MGYYDDDGNYHSFRRGVERAVDRI - - - - THPF - = -HHHHHHHDRE - = = = = = == = = = 38

FKRDMGYYDNEGQYHSLRQGISKAAHKVADRVQHPIHPHRHQHSHHKSFAGA-QYDDQRE 399
- - --MGYYDNEGQYHSLRQGISKAAHKVADRVQHPIHPHRHQHSHHKSFAGA-QYDDQRE 55
- - - -MGYYDDEGQYHSFRRGVQRVAERI - - - - AHPTHGPSLRHHHHHQDHHDKHDSSVRE 52

-STPAELRR----=--- DEHVHADNDVRQ 21
......................................... EISE 15
QKSNMGYYDEDGHYHSFRQGIHKLADKI - - - - AHPHHHH - - - - - - - - - HDHVDVDIKE 226

- --HDHVDVDIKE 41
-HHHDHIDVDIR- 251
-HHHDHIDVDIR- 43

- - - -MGYYDEDGHYHSFRQGIHKLADKI - - - -AHPHHHH - -
QKSNMGYYDEDGHYHSFRHGIHKLADKI - - - -VHPSGHHH - -
- - - -MGYYDEDGHYHSFRHGIHKLADKI - - - -VHPSGHHH -

== - -MAYYDEDGQDRIEA= - - =~ === == cnssmanaaeennomenennennanans V--- 15
- - - -MGYYDDDAHGHVEA- - - - = === = = = s o m e e e D--- 15
--------------------- VSRDGAHHA- == === ==esemmnamemcccacncnnnns 16
EVIVTDERGP - - - ------- VRYRDGVKEN- = === === = == === mmmmmemmmm e o 61
EVVIADERGP - - - -=----- VRYRDGVRED- === ======mnmnmmmmeemmnnaea 325
EVWIADERGP- - --==---- VRYRDGYRED- === = === = === === mmmoommo o 58

EIVVKEKYTTATPSVAPSRPVQSGAPVERVVRIHSSPSAPSAPARSSVSVASAPAPAPAA 459
EIVVKEKYTTATPSVAPSRPVQSGAPVERVVRIHSSPSAPSAPARSSVSVASAPAPAPAA 115
EVVVKDEQVT - - = === === e m s e oo VSAPREERITI-----==--- 73

DIRVT---cceoceomocooccemncanacncncanacans ET-coecmocccoccnancns 48
B ] 1Y) R ;1. TR - 257
“ETVTee-ceeccenacnaccenacaamasacananans GPenmeemmenacnaenanan 49

-------------------- VRVVEPRSSGRRSADTVPIPCNFIRIGDILILQGRPCQVI 56
-VRIVEPRGAAATTSETVPIPTHFIRVGDILVLQGRPCQVI 101
-------------------- VRIVEPRAS-KTTAESVPIPCHFIRIGDILILQGRPCQVI 364
———————————————————— VRIVEPRAS-KTTAESVPIPCHFIRIGDILILQGRPCQVI 97
SRASAHAPAPTKAPTSASIAPSAAPARPVRKMASKTITIPCHHIRIGDLLILQGRPCQVI 519
SRASAHAPAPTKAPTSASIAPSAAPARPVRKMASKTITIPCHHIRIGDLLILQGRPCQVI 175
-------------------- TRSRPAPSRDMATLNTVTIPCHHIRIGDLLILQGRPCQVI 113
———————————————————— CPRPSGGNQGPCLPNTVSIPCNHIRMGDFLMLQGRPCQVI 68
-------------------- SR-GPRSRGGDYAPNTVSIPCHHIRLGDILLLQGRPCQVI 61
-RP-RPVQSGGSYVPNTVTIPCHHIRLGDFLMLQGRPCQVI 272
———————————————————— RP-RPVQSGGSYVPNTVTIPCHHIRLGDFLMLQGRPCQVI 87
———————————————————— RP-RPGDSGDSYLPNTVTIPCHHIRLGDFLMLQGRPCQVI 296
-------------------- RP-RPGDSGDSYLPNTVTIPCHHIRLGDFLMLQGRPCQVI 88
———————————————————— RE-T---RRAPKSPNTVSIPCHHIRLGDILILQGRPCQVI 53
———————————————————— PR-ATTGTGTGSASQTVTIPCHHIRLGDILILQGRPCQVI 56

s Rk g kR sk koRRRKRRORK

Appendix

146



tr|18TQ26 | AOHEX-1

sp
tr
T
tr
tr
tr
tr
tr
tn
tr
tr
tr
tr

sp

Q9P8K9 | AnHEX-1
AGA@ISPWS4 | AFHEX-1
A@ABISPWSAde 1N | AFHEX-1delN
B2VT43 | PtHEX-1
B2VT43delN|PtHEX-1delN
A@ABD2A1I5 |VGHEX-1
G2WVW3 | VAHEX-1
QOUW16 | MgHEX-1
E9EN82 | MrHEX-1

E9EN82delN |MrHEX-1delN
A@A179H7Q1 | PIHEX-1
A@A179H7Q1delN|P1HEX-1delN
Q2HAT3|CgHEX-1
P87252 | NcHEX-1

RISVSPQTGQHRYLGVDLFTRQLQEESSFVSNPSPSVVVQTMIGPVYKTYRILDIR-DNQ
RISSSPMTDQRRYTGVDLFTRELHEESSFVSNPKPSVVVQTMLGPVYKTYRILDIQ-EGT
RISVSPQTGQHRYLGVDLFTRQLQEESSFVSNPSPSVVVQTMLGPVYKTYRILDLHEDGT
RISVSPQTGQHRYLGVDLFTRQLQEESSFVSNPSPSVVVQTMLGPVYKTYRILDLHEDGT
RITTSSQTGQHRYLGVDLFTKQLHEESSFISNPAPSVVVQNMLGPVFKQYRVLDIREDGR
RITTSSQTGQHRYLGVDLFTKQLHEESSFISNPAPSVVVQNMLGPVFKQYRVLDIREDGR
RITTSAQTGQHRYLGVDLFTKQLHEESSFISNPAPSVIVQNMLGPVFKQYRVLDIRDDGR
RISISAATGQYRYLGVDLFTKQLHEESSYISNPEPSVVVQTMLGPVFKQYRVLDMH-DGR
RISTSAATGQHRYLGVDLFTKELREESSSISTPSPSVVVQTMCGPVFKQYRVLDMQ-AGH
RISTSNATGQYRYLGVDLFTKQLHEESSFVSNPAPSVIVQTMLGPVFKQYRVLDMQ-GGH
RISTSNATGQYRYLGVDLFTKQLHEESSFVSNPAPSVIVQTMLGPVFKQYRVLDMQ-GGH
RISTSPATGQYRYLGVDLFTKQLHEESSFISNPAPSVVVQTMLGPVFKQYRVLDMH-DGR
RISTSPATGQYRYLGVDLFTKQLHEESSFISNPAPSVVVQTMLGPVFKQYRVLDMH-DGR
RISTSAATGQHRYLGVDLFTKQLHEESSFVSNPAPSVVVQTMIGPVFKQYRVLDMQ-DGH
RISTSAATGQHRYLGVDLFTKQLHEESSFVSNPAPSVVVQTMLGPVFKQYRVLDMQ-DGS

By ok ok ok kk kkokkok g kb sk K kokok bk ok kokok gk bk kK

115
160
424
157
579
235
173
127
120
331
146
355
147
112
115

tr|18TQ26 | AoHEX-1 IVAMTETGDVKQGIPVVPQGELFSKIKAAFEDGHGSVRALVINDGGRELVVDYKVIQSSRL 175
sp|Q9P8K9 | AnHEX-1 IVALTESGDVKSGIPVIPQGNLYQRIKDAFLEGRGSVRALVINDGGRELVVDYKITIHSSRL 220
tr|AGARI5PWS4 | AFHEX-1 ITAMTETGDVKQALPVVTQGQLFRKIRDAFSEGRGSVRALVINDGGRELVVDYKVIHGSRL 484
tr|A@AGISPWS4delN | AfHEX-1delN ITAMTETGDVKQALPVVTQGQLFRKIRDAFSEGRGSVRALVINDGGRELVVDYKVIHGSRL 217
tr|B2VT43|PtHEX-1 VVAMTESGDVKQGLPVLDQSGLHTRLSESFDNGRGSVRILVIEDDGMEMAVDYKVVHGSRL 639
tr|B2VT43delN|PtHEX-1delN VVAMTESGDVKQGLPVLDQSGLHTRLSESFDNGRGSVRILVIEDDGMEMAVDYKVVHGSRL 295
tr|AGAGD2A1IS |VgHEX-1 VVAMTEGGDVKQGIPVLDQSNLLERITESFDSGRGAIRVLVINDAGRELVVDYKVVHGSRL 233
tr|G2WVW3 | VdHEX-1 IVAMTETGDVKPDLPVIDQSNLWSRLNTAFECGRGSVRVLVLNDRGRELAVDMKTIHGSRL 187
tr|QoUW16 |MgHEX-1 IVAMTETGDVKQNLPVSEQSNLYERLQRAFESGRGSVRALVVSDNGRELVCDMAVLHGSRL 180
tr|E9EN82 |MrHEX-1 IVAMTETGDVKQSLPVIDQSNLWSRLSTAFESGRGSVRVLVLNDSGRELAVDMKVIHGSRL 391
tr|E9EN82delN |MrHEX-1delN IVAMTETGDVKQSLPVIDQSNLWSRLSTAFESGRGSVRVLVLNDSGRELAVDMKVIHGSRL 206
tr|AGA179H7Q1 | PIHEX-1 VVAMTETGDVKQGLAVIDQSNLWSRLHNAFESGRGSVRVLVLNDSGRELAVDMKVIHGSRL 415
tr|AGA179H7Q1delN |PIHEX-1delN VVAMTETGDVKQGLAVIDQSNLWSRLHNAFESGRGSVRVLVLNDSGRELAVDMKVIHGSRL 207
tr|Q2H4T3 | CgHEX-1 IVAMTETGDVKQNLPVIDQSSLWNRLKKAFESGRGSVRVLVVTDNGSEMAVDMKVVHGSRL 172
sp|P87252|NcHEX-1 IVAMTETGDVKQNLPVIDQSSLWNRLQKAFESGRGSVRVLVVSDHGREMAVDMKVVHGSRL 175
:******* :* ‘* 3] :* ** *** *** * ::***l
10.4.2Trypanosoma brucei GMPR and IMPDH
IMPDH MENTNLRTKTLRDGTTAEELFSQDGLSFNDFIILPGFIDFDS-SKVNVSGQFTKNILLHL 59
GMPR e e MSFNESASIPTGLTYDDVLIIPQHSRVTSRKEVNTTTRLSRNVKLST 47
HE N whoook okok R JoRk ok R
IMPDH PLVSSPMDTVTESSMARAMALMGGIGYIHNNCTVEQQARMVRSVKLYRNGFIMKPKSVYSP 119
GMPR PIVASNMDTVCEQRMAVAMAREGGIGILHRFCSIEEQCAMLREVKRAQSFLIESPRIILP 187
* * * dokokok * *ok kokk **** * * * * * . * ** . :*
IMPDH DVPVSTI---RNIKSEKGISGILVTEGGKYDGKLLGIVCTKDIDFVKDASAPVSQYMTRR 176
GMPR HETAREAWEGLNWKGRVGGVGCL LVWNCKNERKLLGITITRHDLKLADEST-TVESLMTPY 166
o S P
IMPDH ENMT -VERYPIKLEEAMDVLNRSRHGYLPVLNDKDEVVCLCSRRDAVRARDYPNSSLDRN 235
GMPR DKMVVSTNTSISLEEVTHLMRKGRTANVPIVGQNGQLLYLVTLSDVVKLRKNKQASLDSR 226
-:*_ . * *** ______ . . * * *. ***
IMPDH GHLLCAAATSTREADKGRVAALSEAGIDVLVLDSSQGNTIYQVSFIRWVKK--TYPHLEY 293
GMPR GRLLVGAAVGVKKDDMNRAIRLVEAGADVLVVDIAHGHSDLCINMVKRLKGDPRTASVDI 286
*** **_'_::*_*_ * ckkx *****::* _______
IMPDH VAGNVVTQDQAKNLIDAGADSLRIGMGSGSICITQEVLACGRPQATAIYKVARYAASRGY 353
GMPR TAGNIASAEAAEAL IDAGADGLKIGYGPGSICI TRLVAGAGVPQLSAVLACTRVARRRGY 346
:***:_: . *: *******_*:**:* ******: * __* *k :*: :* * * ok k
IMPDH PCVADGGLRNVGDVCKALAVGANVAMLGSMIAGTSETPGEYFFKDGMRLKGYRGMGSIDA 413
GMPR PCIADGGLRTSGDISKAIGAGADTVMLGNMLAGTDEAPGRVLVKDGQKVYKITIRGMAGFGA 406
**:******' **:'**:__**:__***_*:***_*:**_ :_*** ::* ***._:_*
IMPDH MLQGRESGKRYLSENETLQVAQGVAGAVLDKGSVLKLLAYIHKGLQQSAQDIGEVSFDAL 473
GMPR NLSKAERERTQDEDVFSSLVPEGVEGSVACKGPVGPIVRQLVGGLRSGMSYSGAKSIEEM 166
. . .t . * ** * . * *E Ak [ . * *:: .
IMPDH REKVYEGQVLFNRRTLTAQSEGAVHSLHHYERKLFASKL 512
GMPR QRR----- TRFVRMTGAGLRESGSHGVAKL --------- 491
I k ok k. * *
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10.5Supplementary figures

10.5.1Ligand binding sites in TOIMPDH ori processed with XDS
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Figure 10.1: LigPlot representation of interaction sites of ATP bound to the
canonical binding site I in the TbIMPDH ori structure which was processed
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with XDS. Interactions of ATP conformer B of chain A (A) and conformer A of
chain A (B) as well as conformer B of chain B (C) and conformer A of chain B
(D) are schematically displayed. (E): Overlay of the interactions of chain A
and chain B GDP with the protein. Interactions occurring in both chains are
marked by a red circle. Hydrogen bonds are depicted as dashed, green line
while apolar interactions are indicated by red spikes.

10.5.2Polder maps of cofactors bound to TbGMPR cyto v2

Figure 10.2: Polder omit maps of the monophosphate ribonucleotide (A) and
the GTP moiety (B) of chain A bound to the protein structure of ToGMPR cyto
v2. The polder omit map is contoured at 3 sigma and carved at 4 A.
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