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ABSTRACT
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by
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Under the Supervision of Professor Marius Schmidt
X-ray crystallography is a key method in determining the 3-dimensional (3D) structures of
proteins at near atomic resolution. A more complete understanding of the protein function requires
that structural changes are investigated as they happen during reaction. With time-resolved
crystallography (TRX), it is possible to unify protein structure determination with reaction
dynamics. A reaction is initiated in a macromolecular crystal, and the resulting change in the
structure is investigated by X-ray diffraction. The structures of intermediates that form and decay
during the reaction can be determined. Similarly, the fundamental displacements of atoms

associated with chemical reactions in proteins can be observed.

In the last decade, X-ray free electron laser (XFEL) facilities became available for macromolecular
structure determination. X-rays generated by XFELs feature highly brilliant, femtosecond (fs)
pulses. Good quality diffraction data can be collected from a microcrystal with a single X-ray pulse
that lasts only a few fs. This enormous X-ray intensity destroys the crystal after a single exposure.
Due to the ultrashort nature of the X-ray pulses, a diffraction pattern is recorded before the crystal
is destroyed. A complete radiation damage free dataset is, therefore, collected from thousands of
tiny crystals serially injected into the X-ray interaction region. Since each diffraction is collected
from a fresh crystal, reversible and irreversible reactions may be studied equally well at room

temperatures.



If the protein is naturally photoactive, the reaction can be initiated (pumped) by exposing the
crystal to a laser light pulse with an appropriate wavelength. After a delay (that can be
femtoseconds or longer) the resulting change is probed by an X-ray pulse. For non-photosensitive
proteins a more general method to trigger a reaction is required. Mix-and-inject serial
crystallography (MISC) was developed to explore irreversible enzymatic reactions. Microcrystals
are mixed with a substrate before injecting the mixture into the X-rays. The diffusion of the
substrate into the active sites of the enzymes inside the crystal starts the reaction. The resulting

structural changes are investigated by X-rays.

In this dissertation results from four projects are described that involve enzymes suitable for time-
resolved structure determination. In the first project MISC is applied to understand the inhibition
of the Mycobacterium tuberculosis beta(p) lactamase enzyme (BlaC) by a suicide inhibitor. Here,
the B-lactam inhibitor sulbactam is used and mixed with BlaC microcrystals. From a time series
of MISC data spanning from 3 ms to 700 ms, ligand gating and tunneling, cooperativity, induced
fit and conformational selection mechanisms are observed and described with near-atomic

precision.

The second project aims at the determination of the structure of the main protease (Mpro) of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) at room temperature. This
structure was determined at an XFEL during the COVID-19 pandemic. It will be a prerequisite for

future MISC experiments.

In a third project, early events of signal propagation in a photoactive enzyme called phytochrome

are investigated. X-ray structures were determined at an XFEL on picosecond (ps) time-scales



using the pump probe technique. A reaction is started with a 640 nm laser light pulse. The ps

structural changes show how the central chromophore responds to photon absorption.

Large flexible proteins are difficult to crystallize and are unsuitable for investigation with
crystallography. In these cases, structures can be determined using single particle cryo-EM. Here,
the structure of a full length intact phytochrome has been determined with cryo-EM. This structure

is the starting point for future, ground-breaking time-resolved experiments with cryo-EM.
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1. Introduction

1.1 Background

The cell is the structural and functional unit of all living organisms (Alberts et al., 2022).
Each cell hosts many types of biomolecules to perform its functions. They range from large
macromolecules like proteins, deoxy ribonucleic acids (DNA), ribonucleic acids (RNA), to small
molecules like lipids, carbohydrates water, ions, nutrients, etc. Biological macromolecules are in
charge for a variety of functions essential for the growth and survival of living organisms (Dhara
& Nayak, 2022). Proteins are of special interest. They are very versatile and do most of the work
in the cells (Raicu & Popescu, 2008). They replicate and transcribe DNA, produce and process
other proteins. They participate in metabolism, cell division, and the flow of matter and
information through the cell membrane. Some may provide structure and rigidity to the organisms.

Understanding how proteins function is the first step to the understanding how life works.

1.2 Proteins

Proteins are biological macromolecules made up of small compounds called amino acids
(Popa & Berkovich, 2023). Each amino acid contains a central carbon atom (C,), an amino group,
a carboxyl group, and a side chain (Fig. 1.1 a). The side chain, also called the R-group (R for
residue), is the only component that differs among amino acids. It determines the type and the
characteristics (size, charge and polarity) of the amino acids. There are only 20 biogenic amino

acids, and all proteins found in organisms are combinations of these amino acids.

Amino acids can bind to one another by establishing a peptide bond between them (Fig. 1.1 b) to
form a long polypeptide chain (Fig. 1.1 c). The sequence of the amino acids determines the way
the chain will fold (Popa & Berkovich, 2023). The polypeptides go through successive levels of

1



folding to form secondary structure
elements such as o-helices and -
sheets as shown in (Fig. 1.1 d). The
secondary structure elements will
further fold into a unique tertiary
structure (Fig. 1.1 e). Folding
patterns are mediated by several
non-covalent interactions between
the residues such as electrostatic
interactions,  hydrogen  bonds,
hydrophobic packing, Van der
Waals forces and polar interactions.
Certain proteins can have more than
one polypeptide chain linked
together to form a quaternary

structure.

The function of protein depends on

a b

Amine Carboxyl & "
mino mino
rou
.g_-_-P __g_r?_u_?, acid 1 HJO acid 2
HH O s jao

iH—Ni—C.iC—OH; —H-N-f-C=—N-€-C-OH—
_______ ’ ,_|_ ; PECRERCT Y Rl ‘ RZ
Variable R Peptide
group bond

c — { ----- y

d a helix

[ s P )
y =
; —
Y,
-

Figure 1.1: Composition of protein. (a) Components of a
typical amino acid. (b) Two amino acids forming a peptide
bond. (c) Several amino acids linked together into a
polypeptide chain. (d) The polypeptide forming a stable
secondary helical structure. (e) The final biologically active

form of the protein.

its complex 3D structure (Hess & Rupley, 1971). A defect

during protein synthesis will result in a misshaped protein. The severity of misfolded proteins

ranges from losing their normal function to outright toxicity in cells (Luheshi et al., 2008). Such

proteins are linked to human diseases like Alzheimer’s, Parkinson’s and many others (Dobson,

2003). To understand the functions of proteins, it is essential to determine their structure at the

molecular level.



A typical human cell contains from 20,000 to over 100,000 types of proteins averaging 2.5 nm in

size (Netzer & Hartl, 1998). This size is much smaller than an optical microscope can resolve.

Light can only resolve elements of a structure that are larger than about half the wavelength of the

light. As the lowest wavelength of the visible spectrum is around 400 nm, the maximum resolution

achievable is ~200 nm (Abbe, 1873). To reach near atomic resolution, comparably shorter

wavelengths are necessary. Suitable wavelengths are in the X-ray regime of the electromagnetic

spectrum (Fig. 1.2). Alternately, a beam of electrons can also be used to illuminate and image the

specimen.

- Optical Microscope‘ X-ray Diffraction

Ant Hair Mammalian Cell Bacterium  Mitochondrion

Abbe’s Diffraction
Limit (0.2 pm)
I

Virus Protein Molecule

2EO B

Wavelength

Figure 1.2: Length scale of important biological objects. The Abbe’s Diffraction Limit (shown by
vertical dashed line) indicates the maximum resolution that can be achieved by optical microscopes.
Figure adapted from:

https://commons.wikimedia.org/wiki/File:Biological_and_technological_scales_compared-en.svg

1.3 Imaging with X-rays

1.3.1 X-ray crystallography

X-rays are electromagnetic (EM) waves whose wavelengths lie between 0.01 nm and 10

nm in the EM spectrum. They were discovered in 1895 by Wilhelm Conrad Rdntgen (Rontgen,

3



1898). X-rays are highly energetic and penetrating radiation that cannot be focused by lenses.
However, they scatter weakly when they interact with the electron cloud of the atoms. In 1912,
Max von Laue and colleagues showed that X-rays are diffracted by crystals of the mineral zinc
sulfide (Friedrich etal., 1913). The scattered waves from different atoms arranged in periodic order
in crystals will interfere with each other, producing a diffraction pattern (DP). Essentially, the
crystal behaves like a 3D diffraction grating for X-rays (Mair, 1926). In 1913, William Lawrence
Bragg and William Henry Bragg introduced a formula for determining an object’s structure based
on the pattern formed by X-rays. They reasoned that the positions of the diffraction spots depend
on the size and shape of the molecules inside the crystal. They published the structure of small salt
molecules using X-ray diffraction photographs (M. W. L. Bragg et al., 1913; W. H. Bragg & Bragg,
1913). Furthermore, the intensities diffracted into the diffraction spots are related to the electron
density distribution of the molecules in the crystal (Von Laue et al., 1962). The structure is
obtained by placing atoms into the electron density map. That was the cornerstone for structure

determination using X-ray diffraction. Theory and more details will be presented in Chapter 2.

1.3.2 Macromolecular X-ray crystallography

The structures of many inorganic and organic molecules were determined in the subsequent
years using X-ray crystallography. Then in 1934, J. Desmond Bernal and Dorothy Crowfoot
observed X-ray diffraction from hydrated pepsin protein crystals (Bernal & Crowfoot, 1934).
Proteins were known to crystallize almost a century before this. However, this observation made
it clear that the structure of proteins can be studied by crystallizing them. Finally, the first 3D
structure of a protein was solved by John C. Kendrew and his colleagues in 1958 (Kendrew et al.,
1958) at a resolution of 6 A. The team used the naturally occurring crystals of the sperm whale

myoglobin discovered on ship decks. Two years later, the group solved the structure of myoglobin



at 2 A resolution (Kendrew et al., 1960), reaching the near atomic resolution milestone for protein
structures. Five years later in 1965, Blake and colleagues published the structure of Hen Egg-
White Lysozyme, the first structure of an enzyme (Blake et al., 1965). Until then, the data were
collected at room temperature over a duration of days or even weeks. During data collection, the
protein crystals can suffer radiation damage from the ionizing X-rays. Sometimes crystals had to
be replaced and the complete dataset is collected from multiple crystals. A publication in 1970 by
David J. Haas demonstrated reduced radiation damage in protein crystals (Haas, 1968) when the
crystals were cryo-cooled with liquid nitrogen. At the same time, more powerful X-ray sources
(discussed in the next section) became available that significantly reduced the time required to
collect a dataset. Cryo-cooling was not used seriously until the invention of the cryo-loop in the
1990s (Teng, 1990). Since then, cryo-cooling is universally used with intense synchrotron sources

(Haas, 2020).

1.3.3 Macromolecular X-ray crystallography at Synchrotron Light Sources

Synchrotrons were first introduced in 1940s to study collisions between high energy
particles (Elder et al., 1947). In synchrotrons, charged particles travel close to the speed of light in
a curve path. When relativistic charged particles like electrons are subjected to acceleration,
synchrotron radiation (SR) is emitted. SR spans a broad range of wavelengths, from the visible to
hard X-rays, each with very high brilliance. The bright light generated by these 1%-generation
synchrotrons were unwanted in the collision experiments. Protein crystallographers started making
use of the X-rays drawn from a particle collider (Phillips et al., 1976). Being much brighter than
home laboratory sources, the number of experiments using synchrotron light increased. Realizing
the potential of powerful X-rays for biological application, work began on the development of 2"-

generation synchrotron sources dedicated to the production of X-rays. X-rays were generated using



bending magnets. The first 2"9-generation synchrotron was commissioned by the UK in 1980
(Munro, 1997). Apart from high brilliance, another advantage of the synchrotrons is the ability to
change the wavelength of the X-ray beam. Tunable wavelength motivated the development of the
anomalous dispersion technique (Keenan et al., 1988). In contrast to already existing methods, it
provided an easier and direct solution to the phase problem (see section 2.1.8) in crystallography.
This de novo phasing opened up the avenue for wider range of proteins to be investigated for

structure determination.

1.3.4 Laue crystallography and time-resolved crystallography

The availability of polychromatic synchrotron radiation led to renewed interest in Laue
crystallography. When a stationary crystal is illuminated by a polychromatic beam of X-rays, a
Laue diffraction pattern is generated (Moffat et al., 1984). Although Laue diffraction was widely
used for structure analysis in the early days of crystallography, it was quickly superseded by
simpler and more readily quantifiable monochromatic techniques (Moffat, 2006). When
monochromatic X-ray radiation is used, the crystal needs to be rotated. The rotation ensures that
the integrated reflection intensity is recorded for each reciprocal lattice point (the theory is
discussed more in chapter 2). The long exposure times required to collect the integrated reflection
intensities with the rotation method limits the speed with which the data can be acquired. In
contrast, with the polychromatic beam (Moffat, 2019) more reciprocal lattice points can be
sampled within a single exposure. No rotation is necessary. Laue patterns can be obtained in less
than 1 second, and significant radiation damage does not occur over the course of an exposure

(Moffat et al., 1984).

The structures obtained from X-ray diffraction are static in nature. Although they may provide

some insight into protein function, it is difficult to visualize dynamics (Moffat, 2001, 2014) with
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static structures alone. Proteins undergo several conformational changes while they perform their
functions. To thoroughly understand how proteins work, one must also observe how the structure
changes as protein perform their functions. This is possible with time-resolved crystallography
(TRX) (Moffat, 1989). A reaction is triggered in crystals such as by photoexcitation in case of
photoactive proteins or more generally, by chemical mixing (Bourgeois & Royant, 2005; Schmidt,
2020). Several intermediates may form and decay during the reaction. Distinct intermediate states
are probed by X-rays to determine their structure. Each structure acts as a snapshot of a reaction
in progress. When many X-ray datasets are collected during the reaction, it is possible to infer the
dynamics of the of the crystalline ensemble by determining relative occupancies of the

intermediate states visited by reacting molecules during the reaction.

With the Laue technique, multiple diffraction patterns can be collected from the same crystal at
ambient temperature. The first TRX experiments were conducted by rapidly initiating reaction in
crystals by a laser light pulse (Schlichting et al., 1990; Srajer et al., 1996). A dataset is collected
in the dark (without laser illumination) as a reference. A reaction can then be triggered in the same
crystal by illuminating with an appropriate laser light pulse (pump pulse). After the reaction is
initiated, the progress of the reaction may be examined with an X-ray pulse (probe pulse) at a time-
delay At. The pump-probe technique is expanded upon in section 2.5.1. In addition, the Laue
method has been applied to the study of ligand photolysis, enzymatic reactions, etc (Srajer et al.,

1996; Stoddard et al., 1998).

The broad bandwidth X-rays used in Laue crystallography can produce streaky reflections that
cannot be easily analyzed. Good crystals with small mosaic spreads (around 0.1°) are required.

Many protein crystals show much larger mosaicities, since they can be fragile and receptive to



long range dislocations. Despite the improvements been made in experimental or computational
approaches to streamline the analysis of the Laue data (Ren et al., 1999), the full treatment of the
distribution of single and multiple Laue spots, an assessment of the extent of the overlapping orders
problem proved challenging. For quantitative measurements of more complicated structures, Laue
diffraction was thus largely supplanted by the somewhat simpler monochromatic diffraction

(Moffat, 2019).

1.3.5 Third-generation synchrotron sources

Third-generation synchrotrons were designed to significantly increase the intensity and
stability of the X-ray radiation. These synchrotrons made use of insertion devices called wigglers
and undulators (Helliwell, 1992). These devices were inserted in straight sections between the
bending magnets that kept the electron beam on a circle. Several such facilities became operational
in the 1990s starting with European Synchrotron Radiation Facility (ESRF) in Grenoble, France
(Lieuvin, 1994). An equivalent of a 24-hour exposure at a laboratory source can be achieved in
few seconds. The Advanced Photon Source (APS) located at Argonne National Laboratory in
Illinois is the closest advanced X-ray source to the Schmidt lab at the University of Wisconsin-
Milwaukee. Some of the experiments described in this thesis were performed at APS beamline 19-
ID-D. 19-1D-D is designed for monochromatic X-rays. It can produce a flux of 1.5 x 10%2

photons/sec at 12.6 keV (Rosenbaum et al., 2006).

These synchrotron sources are built as national research facilities. General users can access and
use the synchrotron. Both Laue and monochromatic techniques experienced widespread adoption
and technological advancements (lhee et al., 2005; Jung et al., 2013; Schmidt et al., 2004; Schotte

et al., 2003, 2012). By the year 2000 more structures were determined using synchrotron sources



than with X-ray generators in individual laboratories (Grabowski et al., 2021). The structure of
one of the largest protein complexes, the 30S ribosomal subunit, was also solved in the year 2000
with data collected at 3"-generation synchrotron sources (Wimberly et al., 2000). Today, at the
state-of-art synchrotrons such as the APS, complete datasets can be measured in seconds with
crystal rotation speeds exceeding 90° s and detector frame rates exceeding 100 Hz (Young et al.,
2021). The diffraction quality is monitored in real time and transferred to automated processing
pipelines to simplify data analysis (Holton & Alber, 2004; Monaco et al., 2013). Despite these
advantages, there are certain limitations inherent with the synchrotron technology which are
outlined below.

i Even with the brilliance available at 3™ generation synchrotron sources, it is still
difficult to obtain a DP from an X-ray pulse generated by a single electron bunch. This required
either an increase in exposure time or the growth of large crystals. Growing large crystals is not
easy and has been extensively discussed elsewhere (McPherson, 1991; Rayment, 2002).

ii. Longer exposure times lead to significant radiation damage. The effect might be
subtle as loss in high-resolution data to severe structural damage of protein molecules (Garman &
Owen, 2006). This problem is dealt with by keeping the crystals at cryogenic temperatures during
data collection (Hope, 1988). However, cryo-cooling might have an impact on the determination
of the protein structure in its physiological state. It also renders the protein nonfunctional as most
of the dynamics is frozen out.

iii. The temporal resolution of time-resolved experiment at a synchrotron is limited by
the pulse duration of the X-rays (~100 ps). Only intermediates that are populated on longer
timescales (> 100 ps) can be investigated. Other important intermediates that are generated on

significantly faster timescales cannot be assessed (Jung et al., 2013).



iv. Since a single X-ray pulse does not have enough photons (see also (i)). Diffraction
from multiple X-ray pulses must be accumulated on the detector. This means mainly cyclic
reactions can be studied in time-resolved fashion. In cyclic reactions, the crystalline protein returns
to the reference state. A new pump-probe sequence can be applied and the diffraction data
superposed on the previously collected data. In irreversible cases, the protein ends up in a state
different from the reference state, and the experiment cannot be repeated. This becomes even more
problematic when monochromatic X-rays are used. For each rotation, the crystal must be brought

back to its original state and the pump-probe sequence repeated.

1.3.6 The X-ray free electron laser

At X-ray free electron laser (XFEL) facilities, X-rays are generated by the principle of self-
amplified spontaneous emission (SASE) (Huang & Kim, 2007; Madey, 1971). Electrons are
accelerated to relativistic speed. They pass through long undulators banks that consist of
alternating magnets that force the electron onto a sinusoidal trajectory. This causes the electrons
to emit X-rays. The electrons further interact with their own radiation field. Through this
interaction all electrons begin emitting coherent radiation. The result is an exponential increase of

X-ray-radiation. This leads to high beam intensities and laser-like properties.

The first XFEL, the Linac Coherent Light Source (LCLS), became operational in 2009 at Stanford
Linear Accelerator Center (SLAC) National Laboratory in California (Emma et al., 2010). The
LCLS can produce 10%2 photons per pulse which is about 100 times larger than that found in the
broadband synchrotron radiation (~10*° photons per pulse). The spectral bandwidth of X-rays
generated by XFELs is also about a factor of 25 smaller (0.2 % compared to 5 % for X-rays

generated by synchrotron sources). Consequently, the number of photons per 0.1% bandwidth is
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about 2500 times larger compared to synchrotron radiation. Because the XFEL emits spatially
coherent X-rays, the beam can be well focused without loss onto a spot much smaller than 1 um.
The peak brilliance of LCLS is a billion times greater than that at the most powerful 3'-generation
synchrotrons (Robinson et al., 2010). Currently, five XFELSs are operational and several others are
under construction.

Due to the large brilliance, diffraction data can be collected from small crystals. With the ultrashort
pulses, diffraction occurs much faster than the time required for radiation damage to evolve. The
diffraction patterns are essentially damage-free. This principle called ‘diffraction before
destruction” was first proposed by computer simulation (Neutzo et al., 2000) and later
experimentally verified (Chapman et al., 2006, 2011). The intense XFEL pulse damages the crystal
upon single fs exposure. A new crystal is required for each exposure which led to the development
of serial crystallography (discussed more in chapter 2). Since the crystal cannot be rotated during
the ultrashort X-ray pulse, each DP is a still image. Only partial reflection intensities are collected.
To obtain the integrated reflection intensity (details in section 2.4.3) the partial intensities observed
in a large number of DPs are averaged. Since each crystal is exposed in random orientation, this
method has been called Monte Carlo averaging (Kirian et al., 2011). As a fresh crystal must be
provided each time, the need for cryo-cooling is alleviated, and the protein molecules can be
studied at physiological temperature. Because each diffraction image is serially obtained from a
fresh crystal, reversible and irreversible processes may be investigated in the same manner. With

the ultrashort fs pulses, the temporal resolution can be extended to the fs regimes.

1.3.7 Current state of Time-Resolved X-ray crystallography
TRX is booming with the advent of XFELs. Advancement in this technique now allows

the structure determination of reaction products on the femtosecond time scale (Tenboer et al.,
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2014). This is a revolutionary advancement in the domain of ultrafast structural biology.
Conformational changes on the time scale of chemical bond dissociation (Barends et al., 2015) or
isomerization (Claesson et al., 2020; Pande et al., 2016), and the electron transfer between
cofactors can now be studied (Dods et al., 2020). X-ray crystallography has been elevated to a new

level (Schmidt, 2019, 2020).

The popularity and the capability of X-ray crystallography is evident in the depositions at the
Protein Data Bank (PDB) (Berman et al., 2000). The PDB is an online database for storing
experimentally determined 3D structures of proteins, nucleic acids and complex assemblies. At
the time of writing, there are ~200,000 structures of macromolecules deposited in the PDB. More

than 85% (174,000) of all the structures have been determined by X-rays.

1.4 Imaging with electrons
1.4.1 The roots of electron microscopy

Electrons were discovered by J.J. Thomson in 1897 (Thomson, 1897). In 1924 Louis de
Broglie introduced the idea that electrons are not only particles but also have wave-like character
(Broglie, 2009). Han Bush, in 1926, suggested that magnetic and electric fields could be used to
direct the beams of electrons in a way similar to how light is refracted by optical lenses (Busch,
1926). His proof that a small angle electron beam can be focused to a point by a cylindrical
magnetic lens was the foundation of electron microscopy. Building upon this idea, Ernst Ruska
and Max Knoll created the first electron microscope in 1931 (E. Ruska & Knoll, 1931). Details up
to 450 pum could be resolved, which was still within the limit of conventional optical microscopy.
Two years later, Ernst Ruska developed the original model further. With this, he was able to go

beyond the resolution limit of optical microscopy (E. Ruska, 1934). In 1937, he was joined by
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Helmut Ruska and Bodo von Borries to build an electron microscope for biological application (H.
Ruska et al., 1939). Using this microscope, ‘sub-microscopic’ structures of bacteriophages and

various viruses were investigated.

1.4.2 Electron microscopy

In 1969, De Rosier and Klug used electron microscope images to calculate a 3D map of
the tail of bacteriophage T4 (De Rosier & Klug, 1968). Later in 1975, Joachim Frank introduced
the single particle analysis method (Frank, 1975). This study provided the framework for taking
noisy microscopy data for large numbers of biomolecules, averaging them and ultimately convert
them into a potential map. The images produced by electron microscopy suffered from extremely
low signal-to-noise ratio. Increasing the electron dose damages the delicate biological samples
beyond use. In 1981, Jacques Dubochet and colleagues demonstrated a technique how sub 1 um
thick vitrified water films can be produced. The water film is rapidly frozen by immersing it into
liquid ethane (Dubochet & McDowall, 1981). Vitrification increases the resolution by reducing
electron induced radiation (Henderson, 1990), by protecting the samples in the vacuum
environment and by locking water molecules in place around samples. The same team, in 1984,
presented micrographs of single, undamaged virus particles embedded within a layer of vitrified
water (Adrian et al., 1984). Cryogenic electron microscopy (cryo-EM) was born. The introduction
of direct electron detectors in 2000s vastly improved the signal-to-nose ratio (Milazzo et al., 2011)
of the collected micrographs. In previous detectors, electrons are incident on a scintillator in which
they are converted to photons. These photons are then transferred to the sensor of the detector via
a fiber optic plate. Noise and loss of signal increase due to electron to photon conversion in a
scintillator, and photon transfer through a fiber-optic. Direct detectors eliminate such systematic

noises and produce clearer micrographs. Continuous progress in microscope hardware
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complemented by improved software and computing power made it possible that cryo-EM

structures can be determined with near atomic resolution.

In current cryo-EM experiments, an electron beam travels through the vitrified protein sample
capturing a 2D view, or projection, of the specimen. Since the proteins are frozen in random
orientations, exposure with the electrons will produce a variation of projections, each from a
different orientation. These projections are averaged together to generate higher signal to noise
ratio which show much more detail than the individual projections. The 2D projections are
combined again into a 3D reconstruction of the molecule (Further details are presented in chapter

2).

One advantage of cryo-EM over X-ray crystallography is that crystallization is not required.
Crystallization requires large quantity of pure protein and can be very time consuming (Callaway,
2015). Large flexible proteins and complexes are challenging to crystallize. Some proteins may
not crystallize at all (Gorrec, 2021). Because of this cryo-EM is becoming a popular method in the
past few years. In 2015 there were only ~1000 cryo-EM structures in the PDB which has surged

past 15,000 in just 7 years.

1.5 Proteins investigated and reported in this thesis

During my PhD I have been involved in several projects with varying level of involvements.
Only three of them are reported in this dissertation. In these projects, | have been involved in
sample preparation before the experiment, data collection during the experiment, data analysis
after the experiment, and writing manuscripts. The underlying theme for all projects is to

understand the dynamics of the proteins.
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All projects are concerned with establishing ways to perform time-resolved experiments. TRX was
traditionally performed on photoactive proteins due to the relative ease of the pump-probe
technique. As such, it was easier to apply the same method when serial crystallography was
introduced at XFELSs. A pioneering experiment was performed on photoactive yellow protein (PYP)
which showcased the capacity of room temperature serial crystallography in time-resolved studies
(Tenboer et al., 2014). However, PYP is a small protein and is already well studied. Soon, the
focus was shifted towards bigger proteins. One such protein studied in our lab is the phytochrome
(Carrillo et al., 2021; Sanchez et al., 2019). The phytochrome is a photoreceptor which regulates
various essential physiological processes in plants, fungi and bacteria (Nagatani, 2010). Upon
photoexcitation, the protein undergoes distinct conformational changes on ps to ms timescales. In
this protein, we are investigating the early stages of signal propagation upon photoexcitation using

pump-probe TRX.

Enzymes that catalyze essential life functions are usually not photoactive by nature with few
exceptions like phytochrome. Before XFELs became available, TRX experiments on enzymes
were limited. They made use of inactive, caged substrates that can be activated by a laser pulse
(Schlichting et al., 1990; Stoddard et al., 1998). More general methods to trigger reactions in
enzymes are required. In one of these methods, called the mix-and-inject serial crystallography
(more in section 2.5.2), substrate is mixed with enzyme microcrystals to trigger reactions
chemically. Our laboratory in collaboration with multiple researchers pioneered this method by
using B-lactamase a model system. The B-lactamase enzyme confers antibiotic resistance in
bacteria. Thus, it is a prime drug target for novel therapeutics. The experiment set the scene for
structure-based enzymology at XFELSs. Following that, few more experiments were performed that

helped establish the technique as a go-to for TRX experiments in enzymes (Olmos et al., 2018;
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Pandey et al., 2021). In the current project presented here, we are pushing the boundaries of
structure-based enzymology. From the same set of X-ray data, ligand gating and tunneling,
cooperativity, induced fit and conformational selection mechanisms are observed and described
with near-atomic precision. At the same time, it shines light on working mechanism of antibiotic

degradation, and enzyme inhibition at the molecular level.

With the lesson learned from B-lactamase in TRX, we were aiming to perform similar experiments
with the main protease of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
SARS-CoV-2 is the causative agent of covid-19 disease and the pandemic. The main protease is a
key enzyme in coronaviruses and has a crucial role in virus replication. In addition, we wanted to

assess the viability of repurposing existing drugs as effective and immediate treatments.

With cryo-EM the structures of large flexible proteins can be investigated that are otherwise hard
to crystallize. Here, structures of a myxobacterial full length, intact phytochrome are determined
with cryo-EM. These structures will lay the foundation for future time-resolved experiments with

cryo-EM.
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2. Theories and principles

This chapter offers in depth detail about the theory and principles behind each imaging

technique. In section 2.1, the theory of X-ray diffraction is presented. Likewise, in section 2.2,

the theory of imaging by electron microscopy is described.

2.1  Theory of X-ray diffraction

2.1.1 Scattering by atoms

Charged particles oscillate upon interacting with the electric field of the electromagnetic

radiation like X-rays. Since the nucleus is orders of magnitude heavier than the electrons, X-rays

are scattered by the electron cloud of the atom. The elastic scattering of the radiation from an

electron is governed by Thomson scattering. The cross section of this process is known as the

Thomson cross section.

p(¥)

Figure 2.1: Scattering of X-rays by an atom. The
incoming X-rays with direction S, are scattered by

electron density p(7) into the direction Si.
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Consider scattering from an infinitesimal
volume element dV (Fig. 2.1) within the
spherical electron cloud of an atom. The
path difference (0) between the incoming
rays from direction Sp scattered into

direction S is given by,

2.1

(%}
Il
»
=
=
[
W
)
=
Il
W
=

where S = S1 - So. The phase difference ¢ is



The scattering from the volume element is identical to that of Thomson scattering by a single

electron, but it is weighted with the probability of finding an electron in the volume element i.e.

Joe p(#) dV 2.3
where \/?e is the Thomson scattering length (equivalent to the classic electron radius).

The total scattering is obtained by integration over the whole electron density distribution of an

atom as

f(H) = \/0—9fp(?)ez”“7'? av . 2.4

f(ﬁ) in Egn. 2.4 is called the atomic form factor (or the atomic scattering factor). The atomic

form factor is the measure of the scattering power of an isolated atom. It decreases as the scattering
angle increases. The atomic form factor for each atom and its angular dependence are

experimentally determined and are available from International Table of Crystallography.

Also, it is important to note from Eqn. 2.4 that the atomic form factor is the Fourier transform of

the electron density of the atom.

2.1.2 Scattering by a molecule
A molecule is a group of atoms, each scattering the incident X-rays according to their form

factors. For a molecule consisting of J atoms, the structure factor of the molecule is given by

FM(H) = 3)_, fe?m 7 25
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The sum is taken over all J atoms located at positions 7; with each atom scattering with its atomic

form factor fj.

2.1.3 Scattering by a crystal
A crystal is a periodic array of atoms or molecules in three dimensions. The smallest

repeating unit in the crystal is called a unit cell. The shape of any unit cell is described by three

vectors @, b, & which have lengths a,b,c, and angles o, B, vy in between (Fig. 2.2 a). These vectors
are called the crystallographic axes of the unit cell. The lengths and angles are known as the lattice

constants or lattice parameters.

b 7 /
oY aV 7

n
o p

Figure 2.2: Structure of a crystal. (a) A general unit cell with lattice parameters a, b and ¢ spanning
angles a, B and y. (b) A simple 2-dimensional crystal lattice. In this example, each unit cell contains
two atoms. The position vector #,,0f each atom is separated into the lattice vector 7, and the position

vector within the unit cell ?J

The structure factor of the crystal may be calculated as

FC(H) = TM_, fin 2™ H m 26



where the sum is taken over all M atoms in the crystal.

Since the crystal is periodic, the position vector of each atom, 7, , is a vector sum of 7,, the vector
to the origin of an arbitrary unit cell and 7; the vector to an atom within that particular unit cell

(Fig 2.2 b). For a crystal with n=1..N unit cells and j=1..J atoms in each unit cell, the structure

factor of the crystal can be re-written as
FO(H) = SN Bfo frem 1 0D 21
Fc(ﬁ) — VN ezmﬁ-Fn Z] fi ezmﬁ-fj 28
= an=1 j=171j :

The first sum in Eqgn. 2.8 is the lattice factor G, and the second the structure factor of the molecule

within the unit cell as in Eqn. 2.5.

The lattice vector 7, itself is a linear combination of the unit cell (basis) vectors a, b and c. If the

crystal has U unit cells along d, V unit cells along b, and W unit cells along ¢ such that U-V-W=N,

G can be rewritten as

G= YUiyv-iyw-1g2m H- (u@+vb+w¢) 29

G = 2 192muHa2V 1 vaHwa 1 meHc 210

For large values of U, V and W (i.e. large number of molecules in a crystal), each of the sums in

Eqn. 2.10 converges to zero for all non-integer values of & - @, H - b, and H - &. However, with

integer values, the sum is not zero. The conditions,

H-@d=h,Hb =k H- 2.11

ay
Il
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with h,k and | integers are very important and are called the Laue conditions.

2.1.4 Reflection through crystal

In a crystal, there exist a set of planes that pass through the atom centers at regular intervals.
These planes are described by the Miller indices, hkl. An hkl plane intercepts the unit cell axes at
a/h, b/k and c/l respectively. If d is the distance between two hkl lattice planes, it follows from

Laue conditions,

—

|H| = 2.12

1
q

Incident X-rays with a glancing angle & are reflected from the lattice planes in the crystal with an
angle of reflection also equal to 6. The constructive interference would occur only when the path

length difference between reflected rays would be an integer multiple wavelengths of the radiation.

2.1.5 Reciprocal Lattice

For any real space crystal lattice, a reciprocal lattice exists such that the Laue conditions
are automatically satisfied. If a crystal lattice has unit cell vectors a, b and &, the corresponding

reciprocal lattice vectors, a*, b*and ¢* are calculated as

a = 1b* = _>’C = 2.14

— >

where, V is the volume of the unit cell givenas V = @ - (b x ¢). The reciprocal lattice consists

of a periodic arrangement of reciprocal space basis vectors. A vector Hyy; drawn from the origin

of the reciprocal lattice to any point having coordinates hkl is perpendicular to the set of planes in

the real space crystal lattice with Miller indices hkl. The scattering vector, H, may now be
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expressed as a linear combination of the reciprocal lattice vectors with the Laue integers as the

constants,
Hyi = hd@* + kb* + 12" 2.15

These are also the solutions to the Laue equations. The length of this vector is equal to the

reciprocal of the spacing d of the planes with Miller indices hkl (or an integer multiple of them).

|I7hkl| :L 216

dpkl

Each reciprocal lattice point is related to a set of planes in the crystal and represents the orientation
and the spacing of the corresponding set of planes. The reciprocal lattice is a crystal property as it
reflects the periodicity of the real lattice. From the unit cell (in real space) and its orientation with
respect to the incident radiation of known wavelength, the reciprocal lattice positions for a given
Bragg reflection can be determined. Conversely, it is possible to determine the unit cell parameters
and the orientation from the Brag reflections. A rotation of the crystal will cause similar rotation

of the crystal lattice as well as of the reciprocal lattice.

2.1.6 Ewald sphere
X-ray scattering is considered an elastic process. That is, the wavelength of the incident
and the diffracted radiation is the same. Consider a graphical representation of reciprocal lattices

as shown in Fig. 2.3. Since the incident and scattered wave vectors have equal magnitudes /4, the

scattering vector, H will cover a sphere in reciprocal space. This sphere is called the Ewald sphere.

Let the sphere intersect the origin, O at forward scattering direction.

Consider a reciprocal lattice point lying on the surface of the Ewald sphere. From the Fig. 2.3

22



Figure 2.3: Ewald sphere construction. The Ewald Sphere
has radius of 1/A. The origin of the reciprocal lattice vectors
O lies at the edge of the Ewald sphere. The periodic orange
dots represent the reciprocal lattice points. Bragg’s law is
fulfilled when a reciprocal lattice point lies on the surface

of the Ewald sphere.
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Using Eqgn. 2.16, we get

2dsinf = ni 2.17

which is Bragg’s law for constructive
interference. Bragg’s law is satisfied
only when the scattering vectors lie on

the Ewald sphere.

Fig. 2.3. shows that it is not possible
for all the reciprocal lattice points to lie
on the Ewald sphere at once. During

data collection, the crystal is rotated to

sample complete diffraction data. In serial crystallography, the same effect is obtained by

collecting diffraction patterns from many randomly oriented crystals (Kirian et al., 2011).

2.1.7 Structural heterogeneity

Proteins do not form perfect crystals. In a crystal, unit cells are repeated in a regular manner

in three dimensions. All the molecules in each unit cell have the same positions as well as the same

orientations. However, both static and dynamic disorder are found in protein crystals. Proteins are

large and flexible molecules. The conformation of the molecules can be slightly different in each

unit cell from their equilibrium position. In addition, the molecules or parts of the molecules may

not align in the same position and in the same orientation. These are examples of static disorders.
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Molecules might fluctuate between different conformations giving rise to dynamic disorder. All
of these disorders contribute to the Debye Waller Factor (DWF)

2
DWF = exp [—8 2 (x?) (%) ] 2.18

where, (x?2) is the mean square displacement of an atom, and 8 2(x?) is called the B-factor. The
DWF only reduces the intensity of the Bragg peaks and does not change the shape or the sharpness

of the peaks. The atomic scattering factor for an atom with DWF correction is,

sin @ 2] 219

f =fOeXp[_B( x )
where, f ©is the scattering factor for the atom without any displacement.

2.1.8 Mosiacity

Another disorder in protein crystals is the mosiacity. During crystallization, all the
molecules (and the real space lattice planes) throughout the crystal do not align perfectly. A single
crystal consists of multiple domains (mosaic blocks) which are oriented slightly different form
each other. The effect of mosaicity is an angular broadening of the reciprocal lattice points
spanning a small angular range, y. Consequently, when such a broad point intersects with the
Ewald sphere, the intensity of only a part of the reflection is collected. When the crystal is rotated
during data collection, the subsequent diffraction images will record the remainder of the reflection.
However, the intensity integrated over the entire reflection range is required. Crystallographic
software packages are capable of integrating the full reflection intensities across multiple

diffraction images. In serial crystallography where crystal rotation is not possible, this issue is
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solved by averaging a large number of observations for the same Bragg reflection (see section

2.3.2) with the crystals in slightly different orientations.

2.1.8 The phase problem
The inverse Fourier transform of the structure factor of the molecule, FV, yields the

electron density of the molecule.

p(@) = [ FM(H)e 2" iHT 4 2.20
Since F(ﬁ) is nonzero only at the lattice points, the integral may be written as a discrete sum:

p(xyz) = %thl Fljye2m (hetky+iz) 2.21
Since F%, is a complex quantity, F¥, = |F,| et $hkt

p(xyz) = 3 T | Fitfy| e=2m (e iz= o) 2.22

The diffracted intensity is proportional to the square of the structure factor amplitude. X-ray
detectors measure the intensities of the diffracted beams. Although the structure factor amplitudes
may be measured directly, all information about the phase is lost. However, the phases must be
known to reconstruct the electron density. This leads to the phase problem in crystallography

(Taylor, 2003).

Various techniques exist to retrieve the phase of the diffracted waves (Millane, 1990). One such
approach is Molecular Replacement (MR) (Rossmann, 1990). The structure of a homologous
protein is used to determine the unknown orientations and positions of the protein molecules in

the crystal. Phases are calculated from the oriented model and combined with the measured
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amplitudes to calculate new electron density maps to solve the unknown structure of the protein
of interest. All phases of the structures presented in this dissertation are determined using the MR

method.

2.2 Theory of transmission electron microscopy
2.2.1 Electron generation

Electron microscopes use a beam of electrons as a source of illumination. According to de
Broglie’s idea of wave-particle duality, the particle momentum p is related to its wavelength A

through Planck’s constant h.
1A=L 2.23
P

Electrons are produced by a cathode that may be a heated tungsten filament or a field emission
gun. The electrons are made to accelerate by passing them through high voltage, V. The energy

thus gained by the electron is equal to the kinetic energy of the electron.

2.24

Where e is the electronic charge of an electron, m, the mass of the electron and u the velocity
acquired by the electron. Equating p = mou and adding the relativistic correction, the Eqgn. 2.24

becomes

h

A= 2.25

ev
\/ZmoeV(l +W)

A decrease in electron wavelength is accomplished by increasing the accelerating voltage. For

example, the wavelength is 0.054 A at 50 keV and 0.037 A at 100 keV. Typically, an accelerating
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voltage of 300 kV which is much higher than what is required to generate electrons with

wavelength of ~ 1 A. Higher accelerating voltage )
Object
has been shown to be optimal for imaging thicker -

biological specimens due to reduced inelastic

scattering (Herzik et al., 2017).

The electrons are guided by magnetic lenses that

Copper I\./Iagn.etic
are analogous to glass lenses in optical windings field lines
h

microscopy. A schematic of a typical magnetic Inverted and rotated image

lens is shown in Fig. 2.4. The focusing effect is Figure 2.4: A schematic of a magnetic lens.

The magnetic field is generated by current

the Lorentz force as a result of the interactions | passing through the copper windings. The
between the magnetic field of the lenses and the electrons are bent by the magnetic field. An
inverted and rotated image of the object is

moving electrons. The focal length can be varied | ¢;imed in image plane.

by varying the current in the coil used to generate

the magnetic field.

2.2.2 Image formation

Electron microscopes can generate image both in scanning mode and transmission mode.
Scanning electron microscope creates an image by detecting reflected or knocked-off electrons,
while transmission electron microscope (TEM) uses transmitted electrons passing through the
sample to create an image. The formation of an image in the electron microscope originates from
the interaction of the electrons with the object. The negatively charged electrons interact with both
the electrons and nuclei of the atoms via Coulomb forces. Thus, the electron wave resolves the

‘electrostatic potential’ of the object.
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The electrons can interact with the object in different ways. They can pass through the sample as
a transparent medium, scatter elastically or scatter inelastically (transfer part of their energy to the
sample). With inelastic interaction, the amount of energy transferred from electron to sample is
variable and random. When these electrons reach the imaging plane, they have unknown energy
and angle of incidence. This generates noise in the image. Elastically scattered electrons however,
maintain their energy. The strength of the scattering depends on the electric potential of the atom
and the number of atoms in a molecule. Atoms with high atomic number possess more electrons
around their nucleus, and thus more incident electrons will be scattered. Contrast in the image
arises when there is interference between electrons coming in from different angles. If the
thickness is homogeneous, areas in which heavy atoms are concentrated appear with darker
contrast than such with light atoms (mass contrast). Similarly, more electrons are scattered in thick

areas than in thin areas; thus, thick areas appear dark (thickness contrast).

In TEM, the electrons pass through the sample before reaching the detector. They contain the
information on the structures of the sample. The images produced by TEM are not ‘shadows’ but

rather a 2D projection of the object’s electron potential.

The relationship between the image contrast 1(x) and the object projection O(x) can be written as

the convolution:

I(x) =0(x) ® P(x) 2.26

where P(x) is the point spread function (PSF). The PSF determines how well a point in the object
plane is imaged in the image plane. The PSF is determined mostly by the microscope aberrations

(Shaw & Rawlins, 1991). The Fourier transform of the image contrast can be written as
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1(k) = 0(k)CTF (k) 2.27

where O(K) is the Fourier transform of the object projection and CTF(k) is the Fourier transform
of the PSF called the Contrast Transfer Function (CTF). The CTF mathematically describes how
much contrast is present in a single micrograph and is dependent on both the microscope and the

imaging conditions. The CTF is modeled as (Bendory et al., 2020):

CTF(k, 2,0f,C;) = —sin (mA |k[2Af = 00 4 g) - g (k) 2.28

2

where 4 is the electron wavelength, k is the wave number, Af'is the objective defocus, Cs is the

spherical aberration, « is a phase shift factor and E(|k|) = e Bk s an exponentially decaying
envelope function (Bendory et al., 2020). The parameters /4 and Cs are the function of the
microscope. The Afand a describe the imaging conditions. E(|k|) is specified by a parameter called
B-factor (Rohou & Grigorieff, 2015). Although B has the same form as the B-factor used in
crystallography, it does not have the same significance. Instead, it is introduced due to the beam
energy spread, the beam coherence, and the sample drift. The defocus value of the objective lens
also has a pivotal role. High defocus value increases the period of the sine function. Although this
increases the contrast, the rapid oscillation of the CTF causes a loss of signal and reduces the
achievable resolution. On the other hand, at low defocus, there might not be enough contrast to
distinguish the particle from the background noise (Bendory et al., 2020). An optimum value of

defocus range needs to be determined during imaging.

2.3 Sample preparation
Here, the fundamental principle of sample preparation is explained briefly. A detailed

description of these methods is beyond the scope of this dissertation and will not be discussed. The
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exact protocols for sample preparation are presented for each protein under investigation in their

respective chapters.

2.3.1 Protein overexpression

A large quantity of pure protein is required to make protein crystals. While some protein
may naturally occur in large quantities and can easily purified from their host organism, most
proteins either occur in small quantities or occur in organisms from which they cannot be easily
purified. Protein overexpression protocols generate large quantities of desired protein. Fast
replicating organisms like bacteria or yeast are genetically modified to carry a gene that codes for
a desired protein (Demain & Vaishnav, 2009). The gene is carefully engineered such that the
organism does not make the protein unless specifically induced to do so (Makrides, 1996; Stevens,
2000). The protein expressed in this way is called a recombinant protein (Baneyx, 1999). Usually,

the bacteria are grown in large cultures and harvested for protein purification.

2.3.2 Protein purification

Protein purification requires a series of steps carried out to isolate the protein of interest
from bacterial cells. The harvested cells undergo a lysis procedure which breaks the cell membrane.
The lysate slurry contains, along with the protein of interest, all other kinds of proteins, nucleic
acids, and other cell debris. The insoluble contaminants are immediately removed usually by high-
speed centrifugation. The remaining solution is passed through a column packed with a material
to which the recombinant protein binds. The other soluble proteins and nucleic acids will flow
through. The recombinant protein adsorbed to the column material is eluted. The elution step
introduces chemicals that could be detrimental to the protein’s stability. The protein is transferred

into a stabilizing solution through buffer exchange. This can be achieved either by dialysis or by
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concentration and subsequent addition of stabilizing solution. Furthermore, there are strategies to
separate the protein mixture based on size, charge, binding affinity, hydrophobicity, etc. This pure

protein can be used immediately or stored in -80 C for extended period of time.

The purified protein is already suitable to be used in cryo-EM experiments. For crystallographic

studies, the protein needs to be crystallized.

2.3.3 Protein crystallization

Crystallization is carried out by exposing highly purified protein to an aqueous
precipitating agent. The precipitation agent weakens the hydration shell of the protein thereby
allowing interactions between protein molecules (McPherson & Gavira, 2014). When the protein
reaches the supersaturated state, it crystallizes. The solution in which the crystals are stable is also
referred to as mother liquor. The formation of crystals depends on various factors such as pH,
temperature, chemical additives, concentration, etc. Conformational heterogeneity may also hinder
successful crystallization. so stable, and homogenous protein solutions are required. Determining
the optimum crystallization condition is still a trial-and-error method (Rupp & Wang, 2004).
Fortunately, high-throughput robotic methods exist to accelerate and streamline the large number

of experiments required to explore the various conditions (Skarina et al., 2014).

2.4  Crystallography data collection

In section 2.4, the fundamentals of data collection with monochromatic X-rays, and general
strategy for data processing are explained. Protein specific information is presented in their
respective chapters.
There are two major ways of performing crystallography with monochromatic X-rays- the single

crystal method and the serial method.
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2.4.1 The rotation method

The single crystal method - also
Diffraction patterns

referred to as rotating crystal method - is | collected after rotating the
crystal in increments of ¢

mostly employed at synchrotron and lab X-

ray sources (Giacovazzo, 1992). A single

macroscopic crystal is isolated from the | X-ray pulses @

Macroscopic crystal
crystallization tray and cryo-cooled by

o ) ] o Figure 2.5: Single crystal method for X-ray
dipping it immediately into liquid nitrogen. i . .
crystallography. A crystal is rotated about a fixed axis

The X-ray interaction region also has a | in the X-ray beam. The diffraction patterns are
recorded from multiple orientations by rotating the

stream of cryo-cooled air to keep the crystal
crystal.

frozen (typically at 100 K) during data

collection. The crystal is aligned to the X-ray beam and is rotated in increments of ¢ (typically 0.1°
— 0.39) during the X-ray exposure (Fig. 2.5). The rotation brings different atomic planes into
position so that the intensities of Bragg reflections can be recorded. The diffraction pattern is
recorded on the detector until the reciprocal space has been completely sampled. The total angular
rotation depends on the symmetry of the crystal. The lower the symmetry, the larger the angular

range necessary to sufficiently sample the reciprocal space.

2.4.2 Processing of data from the single crystal rotation method

Once a complete monochromatic dataset has been recorded, it is processed by specialized
crystallographic software. Most popular are iMosflm (Battye et al., 2011) and HKL3000 (Minor et
al., 2006). Spot search is performed to determine the location of potential Bragg peaks. Based on
the pattern of the spots, the initial orientation, space group and the dimension of the unit cell is

determined. The spots are then indexed by assigning Miller Indices hkl to each of them. All the
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diffraction images are related to previous ones by a rotation of the angle ¢. Manual indexing of
every diffraction image is not necessary. Although one image is mostly sufficient for determining
an initial crystal orientation, a few images can also be used for accurate indexing. The mosaicity
is also estimated during indexing which is further refined as the program proceeds through the
integration of reflection intensities. Finally, the reflection intensities for each (hkl) are integrated

and written into a single file.

Various tests are performed to assess the quality of the data like Rmerge, cOMpleteness, multiplicity,
etc. Rmerge Measures the spread of n independent measurements of the intensity of a reflection,

li(hkl), around their average, /(hkl) as:

1;(hkl) — I(hkl)
Rmerge = th12?=1| (—Iizhkl) | 2.29
The data is considered good when the Rmerge IS < 10%. The completeness and multiplicity describe
the amount of reciprocal space that has been sampled by the data and the average number of
identical (or symmetry equivalent) reflections that have been observed, respectively. The
completeness for a high-quality data is > 95% with a multiplicity > 3. If the quality is not good

enough, more data is collected from a new sample until the quality requirements are met.

2.4.3 Serial crystallography

Serial crystallography (SX) was originally developed for XFEL sources (Chapman et al.,
2011). The high intensity XFEL beam destroys the single crystal upon a single exposure. Due to
the ultrashort pulses of XFEL, the diffraction outruns the radiation damage (Hwu & Margaritondo,
2021). A damage free DP is recorded before the crystal disintegrates. The X-rays produced by the

XFEL are quasi-monochromatic. Still-exposures with this type of radiation will yield partial
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reflections. Rotation of the crystal is not feasible during the fs pulse duration. Thus, one diffraction

pattern collected from one orientation is not sufficient determine the structure. The complete

H @@ | Randomly oriented microcrystals
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o © Serially collected diffraction patterns
2 ¢
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fs X-ray pulses
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Figure 2.6: Serial crystallography setup. Randomly oriented microcrystals are injected into the XFEL
beam with a gas dynamic virtual nozzle (GDVN). The X-rays arrive in pulses. Each pulse creates a
diffraction pattern of a randomly oriented crystal. Thousands of these patterns are collected for a full
dataset.

diffraction dataset needs to be collected from many crystals. The damaged crystal is discarded and
immediately replenished by a new one in a serial fashion (Fig. 2.6). Each crystal contributes to a
single diffraction image. Intensities from a large number of diffraction image are combined to a
complete data set. The integrated intensity can be reconstructed from averaging many observations
of partial reflections in slightly different, random orientations via Monte Carlo integration (Kirian

et al., 2011). All of the reciprocal space is eventually sampled.

Different methods were developed to transport the microcrystals serially into the X-ray interaction

region, which is sometimes placed inside the vacuum. One of the first design to emerge is the Gas
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Dynamic Virtual Nozzle (GDVN(DePonte
et al., 2008). Most newer versions are
variations of the original GDVN. A typical
GDVN consists of two concentric
capillaries (Fig. 2.7). The crystalline
sample flows through the central capillary
and sheath gas, typically helium, is fed into
the outer capillary. The pressure induced
by surrounding gas stream accelerates the

sample flowing out of the inner capillary

Outer capillary
Sheath gas

V™00 go,

:\( interaction

Inner capillary region

¢

Figure 2.7: Schematics of a Gas Dynamic Virtual
Nozzle. A sample jet flowing through a central
capillary is accelerated and focused into a smaller jet
by a sheath gas flowing through a concentrically outer

capillary.

into a smaller liquid jet. The diameter of the emerging jet is much smaller than that of original

Rayleigh jet from the inner capillary. The focusing effect is created by the geometry of the

converging gas aperture. The jets are on the scale of a few microns with velocities on the order of

10-100 m/s. GDVN jets are stable in ambient pressure as well as in vacuum. Aside from GDVN

which injects the sample in the liquid phase, the microcrystals can also be injected in viscous media

(Weierstall, 2014). They can also be applied to tape drives that moves individual droplets

containing crystals into the X-ray beam like a conveyor belt (Roessler et al., 2016) or deposited on

fixed targets that are rapidly scanned through the X-ray beam (Hunter et al., 2014).

Serial femtosecond crystallography (SFX) refers to serial crystallography experiments performed

with the femtosecond long pulses of the XFEL beam. SX has now been adapted to work in

synchrotron sources. The method is termed serial synchrotron crystallography (SSX).




2.4.4 Data processing for serial crystallography

Since the crystals are randomly located in the jet but the X-rays arrive in well-defined order,
not every X-ray pulse hits the crystal. Diffraction patterns without Bragg reflections take a
significant amount of storage space. These empty frames must be identified and discarded. This is
done by so called hit-finding programs. One such software package is Cheetah (Barty et al., 2014).
Cheetah identifies diffraction patterns containing potential Bragg reflection and saves them. In

addition, it has a convenient, built-in masking tool that allows masking of unwanted detector pixels.

Currently, there are only three software that process SFX data: CrystFEL (White et al., 2012),
cctbx.xfel (Sauter et al., 2013), and nXDS (Kabsch, 2014). All the data presented in this dissertation
are processed with CrystFEL. CrystFEL includes a suite of programs which are briefly described
below. More information can be found on the official website at (https://www.desy.de/~
twhite/crystfel). The program Indexamajig performs spot finding, indexing and integration of
reflection intensities. It requires an additional input called the geometry file which contains
information such as the detector distance, the pixel size and the position and orientation of each
detector tile (Fig. 2.8). Indexamajig is iteratively used with geoptimiser which is designed to refine
and optimize the detector geometry (Yefanov et al., 2015)). In some cases, an indexing ambiguity
may occur in crystals with higher symmetry. The unit cell parameters may be the same, but the
molecular orientations will be different along different unit cell directions. If the lengths of the two
axes a and b are same, they may be indexed either as (hkl) or as (khl), yet the intensities I(hkl) and
I(khl) will not be identical. In such cases, the program ambigator is used to resolve the indexing
ambiguity. The final merging of the intensities of same reflections from multiple observations is
performed by partialator. The programs compare_hkl and check_hkl are tools for assessing the

data quality with different metrics.
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The Rmerge that assesses data quality for the single crystal method is not suitable for serial data.

Instead, a new metric Rspiit is defined as:

2 E“even‘ Iodd|
Ry = ==—14—22% 2.30
split V2 3| Ieven+ Iodadl

where leven represents the intensity of a reflection produced by merging even-numbered patterns,
loda represents the intensity of the equivalent reflection from the odd numbered patterns and the
sum is over all reflections. The completeness and multiplicity are evaluated in an identical way as
single crystal data. Another meaningful variable is the Pearson correlation coefficient CCy/, that
accounts for the correlation between intensities determined from half the data, each. It is calculated

as:

_ % |(Teven— <leven>) Uodd— <lodd>)|
CCl/Z B \/Z(Ieven_ <1even>)2(10dd_ <10dd>)2 231
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where the < > denotes an average. By evaluating the the CCy, in resolution shells, they can be

used to estimate the resolution limit of the SFX data. Typically, a CCy/, of 1/e = 0.37 is used.
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Figure 2.9: Schematics for the two types of time-resolved serial crystallography. (a) Pump-probe serial
crystallography. Laser pulses are used to initiate the reaction in the crystals. (b). Mix-and-inject serial
crystallography. Enzyme crystals are mixed with substrate solution to initiate the reaction in enzyme
crystals. Once the reaction is initiated, the crystals are injected into the X-ray interaction region. Both

setups are conceptually similar. The difference is the method of reaction initiation.

2.5 Time-Resolved Serial Femtosecond Crystallography (TR-SFX)
Two different methods were used to perform TR-SFX studies presented in this dissertation.

They are the pump-probe method and the mix-and-inject method (Schmidt, 2013). They are

explained below.

2.5.1 Pump-Probe TR-SFX

Pump-probe time-resolved crystallographic experiment are setup in the same as a serial
crystallographic experiment except that pulses from an additional laser of appropriate wavelength
are employed to start a reaction (Tenboer et al., 2014). The laser pulse arrival times are

synchronized to the arrival times of the X-ray pulses from the XFEL (Fig. 2.9 a). As the
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microcrystals travel down the jet, a section of the jet is illuminated by a brief laser flash, called
the‘pump’ pulse. After an adjustable time-delay At, the same section is exposed to an X-ray pulse,
called the ‘probe’ pulse, which generates the diffraction pattern. At least one dataset is collected
without laser illumination which provides a reference data set. Datasets with various pump-probe
time delays are collected as required. The processes that occur on ultrafast time scales can be
investigated by the use of femtosecond XFEL pulses in conjunction with femtosecond pump lasers

(Barends et al., 2015; Pande et al., 2016)).

The pump-probe method works with proteins which are photoactive in nature. However, only 0.5%
of all proteins are photo-reactive (Monteiro et al., 2021). Most biologically relevant proteins like
enzymes are not photoactive and require alternative method of activation. Efforts have been made
where the enzymatic reaction was triggered using caged substrates (Bourgeois & Weik, 2008;
Givens et al., 2005). The target molecules are rendered biologically inert (or caged) by chemical
modification with a photoremovable group. Upon photoexcitation, the caged compound is released
which can then react with the enzyme. While this method has great potential (Mehrabi et al., 2019;
Monteiro et al., 2021; Tosha et al., 2017), the complexity required to engineer such compounds
may limit the widespread adoption. Here, another technique is outlined that does not required

caged compounds to study enzymatic reaction in time-resolved fashion.

2.5.2 Mix-and-Inject Serial Crystallography (MISC)

In mix-and-inject serial crystallography (MISC), enzyme microcrystals are mixed with
substrate (Schmidt, 2013). The reaction is initiated by diffusion of substrate towards the active site
of every enzyme molecule in the crystal. Once the crystals are small enough, diffusion times can

be faster than the duration of the enzymatic turnover. The mixture is injected in the X-ray
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interaction region. The time-delay is the time required by the crystals to travel from the mixing

region in the injector to the X-ray interaction region (Fig. 2.9 b).

ligand
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ligand diffuses into the central X-ray interaction
stream and into the microcrystals region

_ L _______ mixing )
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Figure 2.10: Cross section of the mixing injector. Randomly oriented microcrystals flow through an
inner capillary, whereas the ligand solution flows concentrically through the outer capillary. Both flows
are combined into a single outlet of reduced diameter called the mixing constriction. The mixture is
focused into the X-ray interaction region by sheath gas flowing through another outer capillary. The
time taken by crystals to move from the start of the mixing constriction until they are injected into the

X-ray interaction region determines the MISC time delay.

Special injectors are required to achieve simultaneous mixing and serial injection of the crystals
(Calvey et al., 2016, 2019). A schematic setup is shown in Fig. 2.10. The mixing region has two
concentric capillaries. Enzyme crystals are flown through the inner capillary whereas the ligand
solution flows through the outer capillary. Both flows are combined into a single outlet of reduced
diameter called the mixing constriction. The end of mixing constriction is essential a GDVN where
another concentric capillary with helium gas focuses the jet into the X-ray beam. The time delay

is controlled by the geometry of the injector as well as the flow rates of the sample and the ligand.
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2.5.2.1 Diffusion of substrate inside crystals

Diffusion of substrate molecules into protein crystals is governed by Fick’s laws of

diffusion. Particularly, Fick’s second law predicts how diffusion changes the concentration of

ligand in a crystal with respect to time:

v

C(TI tt=0) =0

Co

Figure 2.11: Diffusion inside a crystal. A cuboid
crystal with lengths 2a, 2b and 2c. The substrate
concentration outside the crystal (Cy) remains
constant at any time. Inside, substrate
concentration (C) is initially zero and evolves with

time.

ac _ 2
at_DVC

2.32
where C = C(r, t) is the concentration of
substrate that depends both on time and
position. D is the diffusion coefficient, and V2
is the Laplacian operator which generalizes
the second derivative in 3D space.

Eqgn. 2.32 is a second order partial differential
equation that can be solved by separation of
variables.  With  appropriate  boundary
conditions, an analytic solution of Eqn. 2.32
can be found (Carslaw & Jaeger, 1959). A
solution exists for cuboid shaped crystal with

half edge lengths a, b, and ¢ as shown in Fig.

2.11. The solution can be further simplified by assuming the following: (i) The substrate

concentration outside the crystal (Co) remains constant throughout, (ii) binding of substrate to the

enzyme is neglected, so that the substrate diffuses freely into the crystal, and (iii) mixing of crystal

with substrate is instantaneous at time t = 0, i.e. initially the concentration of the substrate, (Co),

inside the crystal is zero, and outside it is C, (Schmidt, 2013, 2020). With these boundary

conditions, the solution of Eqgn. 2.32 is given by:
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where |, m, and n are integers. The concentration of substrate inside the crystal thus depends on
the initial outside concentration Co, the position within the crystal, and a time dependent

exponential term. The exponential term contains a characteristic time, zc in the form:

4
I+1)?2 | (2m+1)?2 | (2n+1)?] °
a? b2 2

2.34

T, =
D12

7¢, also defined as the diffusion time, is the time required by the diffusing substrate to reach 63%
(1 - 1/e) of the concentration of the enzyme molecules in the crystal (Schmidt, 2013). For
homogenous activation the ligand has to reach every unit cell inside the crystal relatively uniformly.
This means, the diffusion time must be short. One ligand per enzyme active site is required for
optimum reaction initiation (Schmidt, 2020). This 1:1 ratio of catalytic clefts to substrate is called
a stoichiometric concentration (StC). From Eqn. 2.33, it is evident that such requirement can be
met by having small crystal size, large diffusion coefficient and large concentration of ligand
outside the crystal. With large outside ligand concentration, the stoichiometric concentration is
reached much faster than the diffusion time (Schmidt, 2020). The size of crystal can be controlled
during crystallization. The diffusion coefficient is large if the ligand is soluble in crystal mother

liquor and there exist large solvent channels inside the crystal. And in an actual experiment, the

42



ligand can be supplied at large flow rate compared to that of crystals to maintain a large

concentration difference inside and outside the crystal.

2.6  Crystallographic data analysis
2.6.1 Electron density maps and structure determination

The processing of data from both the rotation method and from the serial crystallography
results in a list of reflection indices and their corresponding integrated intensities. Further
processing can be done by existing software packages such as those available from the
Collaborative Computational Project Number 4 (CCP4) suite of programs (Winn et al., 2011).
From the reflection intensities structure factors amplitudes can be calculated essentially be taking
the square root (French & Wilson, 1978). The unknown phases are determined by molecular
replacement method. In practice, it is performed by the program Phaser (McCoy et al., 2007)
which takes structure factor amplitudes and a homologous model as its inputs. Using a rotation
function to determine the orientation of the model, and a translation function to determine its
absolute position in the unit cell, Phaser calculates the phases and generates an electron density
map along with an initial model. This model of the protein at this stage is not accurate. To
determine a structural model that best represents the observed data, structural refinement is
performed. Popular programs for refinement are Refmac (Murshudov et al., 2011) and Phenix
(Liebschner et al., 2019). The structure is adjusted so that the amplitudes calculated from it fit the
observed amplitudes as close as possible. Geometric restraints are used during the refinement to

increase the observable to free parameter ratio (Urzhumtsev & Lunin, 2019).

The quality of the refined model is assessed by quality factors such as Rcrystat and Reree. Rerystal IS @
measure of agreement between the amplitudes of the structure factors amplitudes calculated from
a crystallographic model and those from the X-ray diffraction data. It is calculated as
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where |Fn| are the observed structure factor amplitudes, and |Fcaic| are structure factor amplitudes
calculated from the refined model. 5% of the reflections are selected randomly to calculate an Riree
in the same way as the Rerystal. The Rfree determines how well the structural model predicts the 5%
that were not used in refinement. The refinement is performed until both the R-factors converge.

For a well refined model, both R-factors are typically on the order of 20 % or less.

2.6.2 Difference electron density maps

In time-resolved experiments, the difference in electron density between the activated and
non-activated state are analyzed to determine both the structures of the intermediates and the
chemical, kinetic mechanism of the reaction. To obtain a difference electron density (DED) map,

structure factor amplitudes for both the dark or reference data (without activation), |[FA%*|, and

the light data (with activation), |Foll";‘;ht|, are required. A structural model is refined against |F&4¥|,

dark

so that calculated structure factor amplitudes for dark state |F2%Tk|, and the phases ¢ can be

calc

obtained. The |F4%| is scaled to the |[F2%Tk|, to bring the reference data to an absolute scale.

Once scaled, the difference structure factor amplitudes are calculated as

A|F| = |F'9M| — |Fdark 2.35

obs obs

Usually a weighting factor w, is also applied to 4|F |, to reduce the effect of outliers (Ren et al.,
2001a) which could be (i) too large an experimental error, and (ii) too large a difference that would

otherwise dominate the difference map.

The time dependent difference electron density, Ap(t), is calculated as
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Ap(xyz,t) = - iy wA|F| e =2t (ixtky+iz=g 2.36

These DED maps contain both positive and negative features. Positive features appear in regions
where electron densities are measured but are absent in the reference used. Conversely, negative

features appear in regions where electron densities are not observed but are present in the reference.

2.6.3 Omit difference map

DED maps can only be calculated from isomorphous datasets. In isomorphous datasets, the
unit cell parameters remain essentially unchanged. However, in some cases the unit cell parameters
and even the space group of the crystal can change (Stagno et al., 2017). This is more common in
MISC experiments because a bulky ligand is added that might induce large structural changes. In

such case, an omit difference map (DEDomit) is calculated.

The atoms of interest are removed from the reference model before refinement. These atoms could
be water molecules, ligand molecules or even a number of amino acid residues. With omit
difference structure factors, A|FO™| = |F, 5| — |Fsaqic] , @an omit difference electron density map
is calculated. If the presence of atoms or ligands are supported by the observed data, an omit
difference map will show a strong positive signal in the region where the atoms have been removed.
This concept can be extended to a ligand bound dataset refined against a model without ligand. A
positive signal will appear in the place where the ligand binds which can then be modeled and

refined.

2.6.4 Extrapolated electron density map
In pump-probe type experiments, the pump pulse excites only a small fraction of molecules

in the crystal. It is estimated that the population transfer from dark state to activated state is only
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5-10%. A structure refinement against the structure factors of the activate state only would be
impossible. Then an additional map called extrapolated electron density map (EEDmap) iS
calculated (Genick et al., 1997; Pandey et al., 2019). The extrapolated structure factors amplitudes,

|FeXt|, are calculated as

|[Fext| = |FAaT%| + NA|F| 2.37
where N is a multiplication factor. At the correct value of N the strong negative features in the
EEDnmap just vanishes. If N is too low, structural displacements will be ill determined. And if N is
to large, false-negative features will appear in the EEDmap. Therefore, N must be estimated
accurately to calculate meaningful EEDmap from F®. The value of N is determined iteratively.
Starting with N=1, F® is calculated and extrapolated electron density maps are produced. N is
increased and the process is repeated. The negative electron density for each N is integrated and
plotted as a function of N (Pandey et al., 2019). At a certain characteristic value Nc, the integrated
negative features diverge. The EED map thus produced with the N = Nc¢ will be used for the
structural refinement of the activated state. The occupancy of the intermediate is 2/Nc (Pandey et

al., 2019). Since occupancies can be much less than 10 %, the factor N can be large.

2.6.5 Analysis of DED maps by singular value decomposition

Singular value decomposition (SVD) is a mathematical tool used for deconvolution and
noise reduction (Henry & Hofrichter, 1992). SVD has been successfully used in the analysis of
spectroscopic data, molecular dynamics simulations, etc. Refer to review by Alter and colleagues
(Alter et al., 2000) for more information. When applied to crystallographic data, SVD can be used
to reduce noise in the data, to determine the time-independent structures of the intermediates, and

to extract a compatible chemical, kinetic mechanism from the X-ray data (Schmidt et al., 2003).
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Figure 2.12: Singular Value Decomposition. Pictorial description of the ‘ g

matrix A decomposed into U, S and V' by SVD. The first few | respectively. Each 3D
components of U, S and VT are the most significant. The rest of the ) ]
o grid point (voxel)
elements mostly contain noise. Inset: an example plot of elements of S

containing two significant values. contains the value of

electron density at that
given position. All the m voxels in the box can be converted into a one-dimensional (1D) column
array, a vector in high (m) dimensional space. How the conversion is achieved does not matter as
long as the same protocol is applied to all the n DED maps. The m x n data matrix A is constructed
by arranging the n of the m-dimensional vectors in ascending order of time (Fig. 2.12). SVD then

decomposes the data matrix A into matrices U, S and V according to equation.

A=U-S VT 2.38

U is a m x n matrix each of whose n columns are called the left singular vectors (ISVs). They
represent the basis vectors of the original data (in data matrix A). S is a n x n diagonal matrix
whose diagonal elements are the singular values (SVs) of A. These non-negative values indicate

how important or significant columns of U are. VT, a transpose of matrix V, is a n x n matrix each
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of whose n rows are called the right singular vectors (rSVs). These contain the associated temporal

variation of the singular vectors in U. Both U and V are unitary matrices i.e., VIV =UTU = I.

S contains n singular values in descending order. By selecting only k (S' [k x k]) significant values
(where k < n), and the corresponding ISVs (U' [m x k]) and rSVs (V™ [k x n]), the original data

matrix A can be approximated as A’.

U -S"-VI'=A'= A 2.39

SVD can separate the strong signal contained in the first few significant ISVs from noise present
in the remaining ISVs. By ignoring the insignificant singular vectors and values, a noise filtered

data matrix A' can be obtained.

The number of significant singular values can tell how many kinetic processes can be resolved
(Fig. 2.12 inset). The SVD results can then be interpreted by globally fitting trial functions (for
example exponential functions) to the rSVs. The rSVs contain information on the population
dynamics of the species involved in the mechanism. For more information refer to Henry and

Hofrichter (Henry & Hofrichter, 1992), and Schmidt et al (Schmidt et al., 2003).

2.7 Cryo-EM

The term ‘cryo-EM’ has been loosely used to refer to macromolecular structure
determination. In practice, this refers to the single-particle analysis method. This method is based
on recording a large number of TEM images of the macromolecule. Individual images are noisy
and hard to interpret. Combining several images of same object produces an image with stronger
contrast which are more easily interpretable. These images are combined to recover the 3D

structure of the molecule. The structure can be reconstructed at sub nanometer to atomic
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resolutions. The main advantage with this technique over crystallographic methods is that the
proteins are in a non-crystalline state that can be considered closer to the native state than in
crystals. There are no steric or lattice constraints that may limit the functional states they can

assume.

2.7.1 Cryo-EM data collection

Cryo-EM data is collected in a high vacuum environment to eliminate scattering from air
molecules. The sample must be prepared in such a way that they survive the harsh vacuum as well
as the radiation damage caused by the ionizing electron beam. The most commonly used methods

to prepare sample are (i) negative staining and (ii) vitrification.

1) Negative staining is based on utilizing a heavy metal salt to improve contrast (Brenner
& Horne, 1959). The heavy metal atoms are distributed around the specimen which protect the
molecule from collapsing in vacuum. The heavy metals are also radiation-hard which reduces the
effect of radiation damage. As a consequence, the structural information is limited to the shape of
the molecule. Nevertheless, negative stained data provide valuable information on a sample, such
as the size, shape and oligomeric state of the target protein or complex, and the presence of
contaminants or aggregates (Cheng et al., 2015). It is also possible to observe compositional
heterogeneity, as well as potential conformational variability. It is mostly used to evaluate (scan)

the feasibility of a macromolecular preparation for high-resolution cryo-EM studies.

(if) With the vitrification technique, the sample is cooled very fast which prevents the
formation of damaging ice crystals (Dubochet & McDowall, 1981). This is done by depositing a
thin buffer sheet containing biological macromolecules on a grid. The sample grid is plunged into

a cryogen. Typically, liquid ethane cooled by liquid nitrogen is used. The sample freezes
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immediately in its near native, hydrated state. Freezing protects the sample from both radiation
damage and collapsing at high vacuum. Still, vitrified specimens have low inherent contrast, as
the scattering of electrons from biological molecules is not much stronger than that of the
surrounding buffer. Only the molecules that can scatter electrons sufficiently strongly can be
distinguished from the background. This imposes a lower mass limit on molecules that can be

studied by cryo-EM, which is on the order of ~50 kDa (Henderson, 1995).

The frozen EM-grids are loaded into a transmission electron microscope. The microscope is
designed to operate and keep the samples at liquid nitrogen temperature during data collection. A
schematic diagram of a TEM microscope is shown in Fig. 2.13. Electrons pass through a series of
magnetic lenses. The first of these lenses encountered by the electrons is the condenser lens. The
condenser lens system is situated just below the electron source and adjusts the electron focus and
beam size. A condenser aperture may also be present that blocks the electrons with a large angular

spread, which improves the beam coherence.

The energetic electrons strike the sample and scatter through different angles. The forward
scattered electrons are focused by the objective lens which is placed right below the sample
specimen (Fig. 2.13). This forms the initial image and defines its quality. The electromagnetic
parameter of this lens is finetuned to focus the image on the detector. Similar to the condenser
aperture, an objective aperture can be coupled with the objective lens to prevent excessive
scattering of the electrons which in turn improves the contrast of the image. The electrons now
pass through a system of intermediate lenses. The positioning and strength of these lenses control
the magnification of the image. Before the detector, a projector lens is used which focuses and

projects the electrons on the detector, which further increase the magnification of the image.

50



— Electron source

=] ¢ ) ]

Condenser lens <‘

mam mmm «——  Condenser aperture

Sample

| — | | — |<7 Objective lens

Objective aperture —— N \/ R

> Intermediate lens
[ [ ) ]

Projector lens — E E|

— Detector
Figure 2.13: Cross sectional schematics of transmission electron microscope. Electrons from the source

pass through condenser lens which focuses them into a small beam at the sample. Three lenses are
involved in image formation and magnification. The electrons immediately pass through the objective
lens which performs the first step of imaging and magnification. The intermediate lens further controls

the magnification of the image. The projector lens focuses and projects the image into the detector.

2.7.2 Cryo-EM data processing and analysis

At the core of single-particle cryo-EM data analysis lies the reconstruction of a 3D density
map of the molecule under investigation from a set of images that represent 2D projections of the
molecules in the sample grid at various orientations. VVarious software packages are available each
of which implement different algorithms for cryo-EM data processing. The results presented in

this dissertation were processed by cryoSPARC cryo-EM data processing software (Punjani et al.,
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2017). Fig. 2.14 shows the various steps involved in the process. The critical steps are described

below.

Motion correction. Using a higher electron dose increases the image contrast but also increases
radiation damage. Instead of a single snapshot, a movie is recorded. A movie is a dose-fractionated
stack of images collected at the same position of the grid in one exposure. During image acquisition,
the sample motion occurs for various reasons which blurs the image. The sample as a whole may
move (stage drift), or the sample may deform due to the energy deposited by the electron beam
(anisotropic deformation). Correcting for this motion is the first step. The motion-corrected movie

is called a micrograph.

CTF estimation: An accurate estimate of the CTF parameters (Egn. 2.28) is important for both
the initial evaluation of the micrograph quality and the subsequent structure determination. Some
of the parameters of the CTF are obtained from the microscope settings while some are determined
experimentally. For example, the wavelength and the spherical aberration are defined by the
accelerating voltage and the lens design. The defocus and the astigmatism have to be estimated for
each image individually. This is accomplished by adjusting the parameters so that the computed
CTF approximates the amplitude oscillations observed in the power spectrum of the image. For
more detail on CTF estimation and correction, see the review by Cheng and colleagues (Cheng et

al., 2015).

Particle picking: In this step, the 2-D projections (particles) of the molecules are detected and
extracted from the noisy micrographs. High-resolution reconstruction requires hundreds of

thousands of particles. Picking them manually is a tedious process. Many automatic algorithms
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are available based on edge detection techniques, machine learning and template matching

(Scheres, 2015; Wagner et al., 2019; Zhu et al., 2017).

2D classification: The particles are divided into several classes each with similar orientations and
averaged to increase the SNR. The averaged images are called 2D classes or class averages. The
non-informative and low-quality class averages can be discarded. The particles belonging to ‘good’
class averages are used for an ab initio construction of the model. In addition, the class averages

provide valuable information on data quality including symmetry and particle homogeneity.

3D reconstruction: Using the selected particles it is possible to reconstruct one (homogenous) or
more (heterogenous) 3D maps from a set of particles, without any initial model. CryoSPARC uses
a Stochastic Gradient Descent (SGD) algorithm (Bottou, 2010) to generate an ab initio model. In
short, initializations are generated by selecting a small random subset of images from the dataset
(typically 10 images), assigning them randomly generated pose angles, and using them to
reconstruct a 3-D volume. This volume is fed into SGD. SGD is able to converge to correct
structures from arbitrary randomly generated initializations containing no prior structural
knowledge or user expertise. More information on this implementation can be found in the

supplementary material of the original cryoSPARC publication (Punjani et al., 2017).

Map refinement: After obtaining an initial map, the map needs to be improved (called refinement
in cryoEM) to obtain the final map with better details. All cryo-EM data processing packages use
a 3D projection matching procedure for map refinement (Cheng et al., 2015). It modifies the
orientation parameters of projections to achieve a better match with reprojections computed with
the current instance of the map (Penczek, 2010). During the refinement, the dataset is divided into

two independent halves that are reconstructed separately. At the end of each reconstruction
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Figure 2.14: Typical work flow for cryo-EM data processing with cryoSPARC program. Once the cryo-
EM data is collected in the form of movies, they need to be pre-processed as shown in the green panels.
It involves motion correction, CTF estimation and the screening of micrographs. The curated
micrographs are used for particle selection process shown in blue panels. Particles are picked from the
micrographs and classified into several 2D classes. The best ones are selected and used for 3D
reconstruction shown in yellow panels. An ab initio map or many such maps are constructed and
refined. Further processing steps shown in pink are required if there are flexible and poorly refined
regions in the 3D reconstructed map.

iteration, the correlation coefficients within resolution shells extracted from Fourier transforms of
the two volumes are computed. This process is called Fourier shell correlation (FSC). The FSC
curve (plotted as function of resolution) provides information on the level of the SNR as a function
of the spatial frequency and the resolution of the map. The resolution is obtained by comparing

54



the measured FSC to a threshold value. Usually, a threshold of FSC = 0.143 is chosen based on
relating EM results to those in X-ray crystallography (Rosenthal & Henderson, 2003). A
heterogenous refinement can also be performed which simultaneously classifies particles and
refines maps from n initial maps. Small differences between maps which may not be obvious at

low resolutions may become identifiable.

The map generated by cryo-EM processing is a real space 3D electron potential map. Unlike in
crystallography, there is no phase problem. An atomic model can directly be placed in the map

and refined.

2.8 Application of the methods discussed above to various protein samples
The methods described in this chapter have been applied to study proteins posed in section

1.5. The three proteins are presented individually in the next three chapters. Each protein is

introduced and specific methods (if applicable) are listed. Results are presented and discussed for

each specimen.
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3. Beta (B) Lactamase

At the time of this writing, the manuscript reporting the work done that is presented in this
dissertation is accepted at Nature Communications journal under the title ‘Heterogeneity in in M.
tuberculosis B-Lactamase Inhibition by Sulbactam’(Malla et al., 2023). Most of the figures
displayed here are reproduced from the same manuscript. In this project, | have been involved in
protein purification and crystallization, data collection, data analysis and writing of the final

manuscript.

3.1 Introduction

B-lactamases (Fig. 3.1 a) are enzymes produced by bacteria that provide resistance to -
lactam antibiotics. B-lactam antibiotics are frequently used for the treatment of bacterial infections
as they are effective against both gram positive and negative bacteria (Lewis, 2013). This class of
antibiotics includes penicillin derivatives (penems), cephalosporin derivatives (cephem),
monobactams, carbapenems and carbacephems (Ellen Jo Baron James H. Jorgensen & Murray,
2007). Penicillin-binding proteins present in bacterial cell walls catalyze the linkage of N-
acetylmuramic acid to N-acetyl-D-glucosamine to form the cell wall (Nelson & Cox, 2017). B-
lactam antibiotics inhibit the penicillin-binding protein. Once blocked by these compounds, the
enzyme is not able to maintain the integrity of the cell wall and the bacteria perish. Unfortunately,
resistance against these antibiotics was observed shortly after their widespread use (Fair & Tor,

2014; Walsh, 2000).

The B-lactamase that we investigated is isolated from Mycobacterium tuberculosis (Mtb)- the
causative agent of tuberculosis disease. Mtb B-lactamase (BlaC) is a broad-spectrum Ambler class

A (Ambler, 1980) B-lactamase capable of hydrolyzing all classes of B-lactam antibiotics. Every
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year tuberculosis claims around 1.5 million lives worldwide (World Health Organization, 2021).
Research efforts focused on deciphering the molecular mechanism of antibiotic resistance within
microbial pathogens such as Mtb can aid in novel-drug design, resistant to B-lactamase action, and

therefore, contribute to managing this evolving crisis.
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Figure 3.1: Structure of (a)B-lactamase, (b) Ceftriaxone antibiotic and (b) Sulbactam inhibitor. The
serine residue at the active site of B-lactamase is marked in (a). Both (b) and (c) contain a B-lactam

ring in their core structure which makes them B-lactam class of drugs. Figures from (Malla, 2020).

B-lactam antibiotics are characterized by a four-atom ring called the B-lactam in their molecular
structure (Fig. 3.1 b). B-lactamases attack this ring and break it open through hydrolysis. The
modified product is released, and the free enzyme can engage in subsequent cycles of antibiotic
modification. B-lactamase inhibitors represent potential new drugs in the fight against antibiotic

resistance. 3-lactam inhibitors are similar in structure to the f-lactam antibiotics (Fig. 3.1 c). They
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irreversibly bind to B-lactamases and eliminate their activity. As a result, the B-lactam antibiotics

are protected from enzymatic degradation; and retain their efficacy.

Although several static X-ray structures of BlaC with various substrates have been determined
(Hugonnet & Blanchard, 2007; Naas et al., 2017; Padayatti et al., 2005; Tassoni et al., 2019;
Tremblay et al., 2008, 2010; Wang et al., 2006), the reaction intermediates of BlaC reaction
involving different antibiotic substrates remain mostly unknown. The macrophage compartment
where the Mtb. resides is rather acidic at pH ~4.5. At this pH BlaC crystallizes as a dimer of dimer
with four subunits A - D in the asymmetric unit (Fig. 3.3 a) (Kupitz et al., 2017; Xie et al., 2012).
Using MISC with these crystals, our lab has already characterized intermediates of BlaC reacting
with the third-generation cephalosporin-based antibiotic, ceftriaxone (CEF) (Fig. 3.1 a) from 5 ms
to 2s (Olmos et al., 2018; Pandey et al., 2021). The initial substrate binding phase that leads to the
formation of the enzyme-substrate complex, as well as the structure of a covalent enzyme-substrate

adduct (the so-called acyl-complex) was determined.

Similar time-resolved studies on BlaC reaction with inhibitors are necessary. Due to its excellent
solubility, the sulbactam (SUB) (Fig. 3.1 c) inhibitor is a superb ligand candidate for a MISC
experiments involving BlaC. Raman microscopy and mass spectrometry suggest a simplified
mechanism for SUB binding to BlaC (Bush et al., 1993; Helfand et al., 2003), shown in Fig. 3.2.
The B-lactam ring is attacked by the Ser-70 nucleophile. A short-lived, covalently bound acyl-
enzyme intermediate is formed. The intermediate is unstable and causes reorganization of the
bonds as shown in (Fig. 3.2 b). This modification leads to the permanent opening of the 5-member
thiazolidine ring. The modified SUB can form either cis-enamine (Fig. 3.2 ¢) and then to trans-

enamine (Fig. 3.2 d) or directly to trans-enamine. On longer timescales, another nucleophilic attack
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by Ser-128 may lead to the cleavage of the fragment shown by dotted box in (Fig. 3.2 d). The
structure of some intermediates shown in Fig. 3.2 are relevant to the observed results presented in
this dissertation within the measured timescale. Further modification and reaction pathways are

possible which are discussed elsewhere (Drawz & Bonomo, 2010).
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Figure 3.2: Simplified mechanism of sulbactam inhibition reaction of BlaC. (a) Non-covalent enzyme-
inhibitor complex formation (E:I). The characteristic p-lactam ring is marked. The nucleophilic attack
by Ser70 is shown by a green arrow. (b) The nucleophilic attack opens the B-lactam ring, and a covalent
bond is created between Ser70 and sulbactam resulting in the acyl-enzyme complex (E-1). In this current
state, the E-I is very unstable and causes reorganization of bonds shown by dashed black arrows. This
modification leads to permanent opening of the 5-member thiazolidine ring and formation of either (c)
cis-enamine (cis E-I") and then to (d) trans-enamine (trans E-1") or directly to trans-enamine following
the blue dotted arrow. Cis- and trans-enamines differ in the configuration of the C5=C6 double bond.
A second nucleophilic attack by Ser128 on C5 may lead to cleavage of the fragment shown by dotted

box in (d). Further modifications are possible which are not shown here.

Recently, Pandey and colleagues captured an intermediate (presumably E:I) of the BlaC-SUB
reaction at a single time point (66 ms) in an earlier MISC experiment (Pandey et al., 2021).
Although subunits B and D displayed already a covalently bound adduct, an intact, non-covalently
bound SUB was observed in subunits A and C. Subunits A/C are rather inactive, since they did not

participate at all in the reaction with the B-lactam antibiotics CEF in earlier experiments (Kupitz
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etal., 2017; Olmos et al., 2018). Given the inactivity of subunits A/C, it was not clear whether the
reaction with SUB takes more time to complete or proceed at all. Therefore, a time-series of MISC
datasets is necessary, to further investigate both the binding of SUB inhibitor to and its subsequent
reaction with the BlaC in regard to individual subunits of this protein. This dissertation reports on

the TRX experiment performed on BlaC reaction with an inhibitor, sulbactam (SUB).

residues
Figure 3.3: Structure of BlaC crystal. (a) Subunits A — D in the asymmetric unit are marked and shown

by blue, red, green, and yellow respectively. (b) Binding pockets of subunit B (top) and subunit A
(bottom). The active site is represented by the white surface. The position of the catalytically active
serine is marked in green. The access to the active site in subunit B is wide open. The entrance to the
active site of subunit A is partially occluded by two residues (Glutamine and Arginine) called the

guardian residues.

3.2 Methods
3.2.1 Protein purification and crystallization
BlaC was expressed in E. coli and purified as previously described (Olmos et al., 2018). E.

coli culture were grown in terrific broth at 37° C to a ODeoo value of 0.8. The culture was induced
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by 1 mM isopropyl-B-d-thiogalactopyranoside (IPTG) after lowering the temperature to 20° C.
After 3 hours, the culture was induced a second time with 1 mM IPTG, and shaken overnight at
20° C. The mature cells were harvested by centrifugation. Cells were resuspended in lysis buffer
(20mM Tris Base, 150 mM NacCl, pH 8.). After lysis of the bacterial cells, debris was centrifuged
at 50,000 g for 1 hour. The lysate was then pumped through a column containing 15 mL of Nickel
resin. The resin was washed with a buffer consisting of 20 mM Tris Base, 300 mM NaCl, 20 mM
Imidazole, pH 8 (about 20 column volumes each). The final product was eluted by 300 mM
imidazole and dialyzed immediately in 20 mM Tris base, 200 mM NaCl, pH 8. The protein was

further purified through size exclusion chromatography using Superdex 200 resin.

Microcrystals of BlaC were grown in batch mode for MISC investigation. Purified BlaC protein
(concentrated to 150 mg/ml) was added dropwise to 2.4 M ammonium phosphate (AP) at pH 4.1
while stirring until a ratio of 1:9 (protein: precipitant) was reached. The stirring was stopped after
~12 hours. Protein microcrystals were left to mature for 2 days at room temperature. As the crystals
settle, the supernatant was removed to reach the desired concentration. The final concentration of
crystals was 5 x 10° crystals/ml. To investigate SUB binding to BlaC on a longer time scale,
macroscopic crystals were grown in sitting drops (10ul BlaC at 45mg/ml~t mixed in a 1:1 ratio
with 2.1 M AP at pH 4.1). Crystals were soaked for 3 hours in a cryobuffer consisting of 2 M AP,
20% glycerol and 100 mM SUB. The crystals were flash frozen in liquid nitrogen for data

collection.

3.2.2 Data collection
Data were collected at the Macromolecular Femtosecond Crystallography (MFX)

instrument (Boutet et al., 2016) at the LCLS. The XFEL was operating at 120 Hz with a pulse
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energy of ~9.8 keV (A= 1.26 A) and a pulse duration of 20-40 fs. The XFEL beam was focused to
a spot size (FWHM) of 3um. Special injectors were used which allow simultaneous mixing and
serial injection of sample into the X-ray interception region (Calvey et al., 2016, 2019). The crystal
slurry was mixed with SUB solution and injected into a helium filled chamber at ambient
temperature. For mixing, a solution of 150 mM SUB in 50mM AP at pH 4.5 was prepared. A
reference (unmixed) dataset was obtained by mixing the BlaC microcrystals with water. The

geometry of the injectors and the sample delivery parameters are shown in Tab. 3.1.

Table 3.1: Injector geometry and sample flow rates

Water | Sulbactam
Atmisc (M) 0 3 6 15 30 240 700
Ligand concentration (mM) | N-& 150
Ligand buffer water 50 mM Ammonium Phosphate (pH 4.5)
Injector 1D 3 1 1 2 2 3 4
Crystal flow rate (ul/min) 10 7.7 7.6 7.7 111 | 101 11
Ligand flow rate (ul/min) 70 1423 | 674 |1431 |631 |70 57
E:?lrllitrictionT inner diameter | 100 50 50 50 50 100 100
(;Lonstriction length (mm) 82.7 10.3 10.3 | 40.7 40.7 | 82.7 35
Timing uncertainty (ms) n.a. +1.0 2.0 | %11 +35 | 188 |+295

TCrystals and ligand flow concentrically before being combined into a single outlet of reduced

diameter called the mixing constriction.

Diffraction patterns (DPs) were collected with the epix10K2M detector (Brandt Van Driel et al.,
2020) at 120 Hz. The experiment was monitored in real time with the OnDA (online data analysis)
Monitor (OM) (Mariani et al., 2016), which also provided feedback on hit rate and spatial
resolution. The raw data were processed by Cheetah (Barty et al., 2014) to determine images with

Bragg reflections. The selected patterns were further processed by the CrystFEL suite of programs
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(White, 2019; White et al., 2012). The macroscopic crystals were investigated at beamline ID-19
of APS. Data were collected by the proprietary sbccollect program(Rosenbaum et al., 2006) and
processed by HKL3000 (Minor et al., 2006). The data collection statistics for various time points

are given in Tab. 3.2.

Table 3.2: Data collection statistics for BlaC

Water 3ms 6ms 15ms
Space Group P2;
Temperature 293 K
. 79.6, 98.1, 80.5, 98.8, 80.4 ,98.8, 80.3, 98.6,
ab,c (A), B(°)
110.9, 108.5 111.5, 108.5 112.1, 108.7 112.1, 108.8
Resolution range 22.14-2.2 (2.3 - | 22.01-2.6 (2.75- | 20.53-2.75 20.86-2.65
(A) 2.2)f 2.6) (2.85-2.75) (2.75-2.65)
Hits 88,978 61,508 26,309 51,166
Indexed patterns 73,965 36,400 17,596 31,958
Observed
) 37, 857, 581 14,718, 802 6, 258, 604 11, 092, 596
Reflections
Unique reflections | 83, 447 42, 822 43, 284 40, 586
Multiplicity 453 (335) 343 (164) 144 (69) 273 (130)
Completeness 100 (100) 100 (100) 100 (100) 100 (100)
Risplitmerge (%0) 23.3 (528) 23.4 (427) 24.3 (354) 23.6 (316)
CC* (%) 99.6 (69.8) 99.3 (55.9) 99.0 (51.6) 98.9 (58.7)
30ms 240ms 700ms 3 h soak
Space Group P2;
Temperature 293 K 100 K
. 80.2, 98.5, 79.8,97.9, 80.0, 98.3, 79.4, 96.7,
ab,c (A), B(°)
112.3,108.9 113.2,109.3 112.1,108.8 111.1, 108.5
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Resolution range 20.4-2.95 (3.06- | 22.42-2.35 20.94-3.2 (3.38- | 22.3-2.7 (2.8-
(A) 2.95) (2.43-2.34) 3.2) 2.7)

Hits 27,143 75,038 2,854 n.a
Indexed patterns 11,123 59,928 2,740 n.a
Observed

Reflections 3,888, 789 29, 990, 504 1,582, 566 n.a
Unique reflections | 32, 517 68, 441 27,514 38, 773
Multiplicity 119 (67) 446 (306) 57 (35) 2.7 (1.3)
Completeness 100 (100) 100 (100) 99.9 (99.9) 78.8 (26)
Rsplitmerge (%0) 30.4 (176) 28.8 (689) 44.6 (208) 18.2 (803)
CC* (%) 98.2 (52.9) 99.3 (64.2) 95.9 (51.3) 99.6 (64.2)
T Values in parentheses represent the highest resolution bin

3.2.3 Difference maps and structure determination

Because of the change in unit cell parameters, omit difference electron density (DEDomit)
maps were calculated throughout (as described in section 2.6.2). Polder difference (DEDpolder)
maps (Liebschner et al., 2017) were calculated to display weak ligand densities in some time points
to assist in the placement of the ligand. DEDpoicer map is generated by excluding bulk solvent
modeling around the selected region. Weak densities which may otherwise be obscured by the
bulk solvent become apparent. DEDpoiger maps were calculated particularly for the 30ms and the
700ms timepoint, due to the relatively low number of indexed DPs (Tab. 3.1), and for the

cryosoaked data.

Both the unbound sulbactam and the covalently bound trans-enamine (TEN) were manually
modeled into the DED maps using Coot (Emsley et al., 2010). The CCP4 program AceDRG (Long
et al., 2017) was used to generate coordinates and restraint for the covalently bound TEN.

Refinement was performed with Phenix followed by manual inspection and re-modeling with Coot.
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Ligand occupancies were determined by ‘group occupancy refinement’ in Phenix. A value of 100%

indicates that the active site is saturated with ligand. The refinement statistics are listed in Tab. 3.3.

Table 3.3: Refinement statistics for BlaC

Water 3ms 6ms 15ms
Resolution range (A) 22.14-2.2 22.01-2.6 20.53-2.75 20.86-2.65
Reflections used 68, 064 40, 968 41, 929 38, 742
Reryst/Riree 0.22/0.25 0.22/0.24 0.22/0.24 0.23/0.26
Occupancy (in %) n.a n.a. n.a. TENBP: 96, 90
r.m.s.d* bond length

0.004 0.002 0.003 0.003
(A)
r.m.s.d bond angles (°) | 0.641 0.545 0.601 0.642
No. of H20 447 140 203 183

30ms 240ms 700ms 3 h soak
Resolution range (A) 20.4-2.95 22.42-2.35 20.94-3.2 22.3-2.7
Reflections used 33, 082 53, 680 27,127 25,400
Reryst/Rfree 0.22/0.26 0.23/0.25 0.27/0.29 0.22/0.27

) SUBAC: 52, 63 | TENABCD: TENABCD: TENABCD:98,

Occupancy (in %)

TENBP: 85,77 | 100 100 96, 98, 88
r.m.s.d* bond length

0.003 0.003 0.002 0.003
(A)
r.m.s.d bond angles (°) | 0.768 0.65 0.428 0.584
No. of H20 44 311 16 90
ABCD The superscript letters represent corresponding subunits.
Y root mean square deviation

3.2.4 Adapting singular value decomposition for non-isomorphous datasets

The earlier programs for performing singular value decomposition, SVD4TX (Schmidt et
al., 2003) and a newer version (Zhao & Schmidt, 2009) could not be applied to X-ray data when
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large unit cell changes occur during the reaction since isomorphous difference maps cannot be
calculated. In addition, these implementations relied on a fixed region of interest which is not given
when the unit cell changes. As seen on Tab. 3.3, the unit cell parameters change by up to 3 A
between different time points. A combination of custom bash scripts and python programs were
written in order to accommaodate changing unit cells (Malla, 2023). Additionally, most of the map
contains only spurious noise except in regions of interests (ROIs) such as the active sites where
larger structural changes are expected due to the binding or dissociation of a ligand. The noise
within the majority of the difference map would interfere with the SVD analysis. To avoid this, an
ROI can be isolated, and an SVD performed only on the DED within. When multiple active sites
are present, each active site can be investigated separately. Fig. 3.4 shows a flow chart of the steps
required to prepare data matrix A that account for changing unit cells and defining a region of

interest. The steps are described in detail below.

Step 1: The coordinates of the atoms of the amino acid residues and the substrate of interest are

specified in a particular subunit. This defines the ROI.

Step 2: A mask is calculated that covers the selected atoms plus a margin of choice (Fig. 3.5 b).
The density values outside of the mask are set to 0, while the ones inside are left unchanged. This
results in a masked map with the dimensions of the original map with density values present only
around the emerging DED in the active site (Fig. 3.5 ¢). This mask evolved later (after step 4) by
allowing only grid points that contain DED features greater or smaller than a certain sigma value

(for example, plus or minus 3 6) found at least in one time point.

When the unit cell parameters do not change during the reaction, the difference maps at all time

points will have the same number of voxels, and the voxel size is also constant. However, once the
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find_coordinates.sh

Identify the coordinates of
atoms of interest

mask_out.py

Calculate a mask around the
selected atoms

mtz2map.sh

Change the number of voxels
proportional to the change in
o unit cell parameters

Cell parameters
change?

no
svd.py carve_out_box.sh
Converge each content of the Calculate a moving box that
masked-out region into a 1-D covers a volume that can be
5 column matrix 4 masked out from the DED map
svd.py

Prepare the data matrix A and
perform SVD

|

svd.py

6

Fit trial functions to the rSvs
7

Figure 3.4: Flow chart for an SVD analysis of time-dependent crystallographic difference maps. The

grey boxes on top are the scripts/programs developed and used to accomplish each step.

unit cell dimensions change, either the voxel size will change if the number of voxels is kept
constant or the number of voxels will change if the voxel size is kept constant. If the voxel size
changes, the DED value assigned to each voxel position will also change, which will skew the

SVD analysis. If the voxel numbers change, the SVD algorithm will fail because it requires that
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all the maps are represented by arrays of identical sizes. Accordingly, both conditions, (i) a
constant voxel size and (ii) a constant number of grid points in the masked volume, must be

fulfilled when the unit cell changes.

Step 3: To fulfill (i), the total number of grid points in the DED map is changed proportionally to
the unit cell change. When the volume of the ROI is not changed, condition (ii) is automatically
fulfilled, and a suitable data matrix A can be constructed. However, when the unit cell parameters

change, the ROI also changes position. This must be addressed in addition.

Step 4: A box is chosen that will cover the density that was just masked out (Fig. 3.5 d). The box
will include the ROI, which is saved as a new map. The size of the box must be large enough such
that the ROIs can be covered at all time points. The box must be calculated with reference to a
stable structure (usually the protein main chain). As the protein chain displaces as a result of the
change in the unit cell, the box will also move accordingly to cover the correct ROI (Fig. 3.5 e).
As mentioned, the DED within the moving box can be used to evolve the mask that defines the

final ROI, as indicated in step 2.

Step 5: All m voxels in the evolved mask are converted to a one-dimensional (1D) column array,
a vector in high (m) dimensional space. How the conversion is achieved does not matter as long
as the same convention is applied to all n maps. N of the m-dimensional vectors are arranged in

ascending order of time to construct the data matrix A.

Step 6: SVD is performed on matrix A according to Eqn. 1.

Step 7: Trial functions are globally fit to the significant rSVs to determine relaxation times and

the minimum number of intermediates involved in the reaction (Ihee et al., 2005).
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Figure 3.5: Establishing the region of interest (ROI) from DED maps when unit cell parameters change.
(a) Exemplary DED omit map of a unit cell (b) The same map as in (a) is now displayed with the focus
on the active site. Strong DED is present where the ligand resides. A mask around the ligand is
represented by a pink surface. The density inside the mask is left unaltered while that outside the mask
is set to zero. (c) The map after the masking operation. (d) A box which is a part of overall map covers
the ROI. (e) A simple 2D diagram showing how to choose the box. The square grey grid represents the
voxels. The box shown by the solid line includes the ROI at At; and it is large enough to cover the
evolving DED features at all other time points. The orange cloud represents the DED features at
timepoint Ati. At Aty, the entire protein chain displaces to a new position (grey arrow) due to unit cell
changes. In addition, more extensive DED features appear as shown by the green cloud. The dashed
cloud next to the green DED is the relative position of the DED at At;. As the protein chain displaces
when the unit cell parameters change, the entire box moves accordingly in the same direction (shown
by the dotted box). Since the number of grid points are adjusted linearly with the changing unit cell

parameters, the number of voxels within the box as well as the voxel size do not change.

69




The right singular vectors (rSVs) obtained from the SVD analysis plotted as a function of collected
timepoints represent the temporal variation of the reaction (Schmidt et al., 2003). For a simple
chemical kinetic mechanism with only first-order reactions, relaxations are characterized by
simple exponentials (Steinfeld et al., 1998). For higher order reactions, the rSVs have to be fitted
by suitable functions which must explain the changes of the electron density values in a chemically

sensible way (Moffat, 2001; Ren et al., 2001b; Schmidt et al., 2003).

3.2.5 Characterization of inhibitor diffusion and concentrations of intermediates

The diffusion of SUB molecules into the BlaC crystals and subsequently into the active
sites triggers the reaction. Concentrations of SUB in the central flow were estimated according to
Calvey et al. (Calvey et al., 2019). At the longest Atmisc= 700 ms, the SUB concentration was 100
mM, which was used as the maximum ligand concentration for all calculations. The resulting

evolution of concentration of SUB at the active sites was modeled by Eqgn. 3.1.

I(t) = _ TImax 31

L+e-h(E-to)

I(t) is the concentration of SUB at the active sites averaged over all unit cells in the crystal as a
function of time and Imax is the maximum (100 mM) SUB concentration (Tab. 3.1). Eqn. 3.1 is a

logistic function where y is the growth rate and to is the midpoint value of the growth.

Once the SUB molecule reaches the active site of BlaC, the first step is the formation of a non-
covalent enzyme inhibitor complex (E:l) (Fig. 3.6). The process depends on the free BlaC
concentration inside the crystal, and the rate coefficient for non-covalent complex formation (Kncov).
This step is usually reversible defined by both the forward rate coefficient (k1) and the backward

rate coefficient (k-1). However, the mounting concentrations of inhibitor inside the crystals forces
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Figure 3.6: A simple two-step mechanism of BlaC inhibition by sulbactam. The first step is the
formation of the non-covalent enzyme inhibitor complex (the appearance of SUB in the active site)
whose rate of formation depends on the concentration of the inhibitor in the unit cell and the rate
coefficient (kncov). Since the acyl-enzyme intermediate (E-1) is very short lived (ks is much larger than
k»), it will not accumulate to become observable. The next step is the irreversible inhibition of enzyme
by the modified inhibitor (E-1") whose velocity of formation depends on the concentration of E:l and

the apparent rate coefficient (Kcoy).

more molecules towards the active site. At least initially, the binding rate depends on k; alone. The
non-covalent E:I complex is the reactant for the next phase of the reaction where the B-lactam ring
opens. The resulting covalently bound acyl-enzyme complex (E-I) is so short lived that it never
accumulates in the timescale of the measurement. The SUB undergoes rapid modification, and a
product is formed where the enzyme is covalently bound to the irreversibly modified inhibitor (E-
1). Keov is the apparent rate coefficie5t which describes the velocity of E-1” formation directly from
the E:1 complex. Ligand concentrations were determined by numerically integrating the following

rate equations that describe the mechanism in Fig. 3.6.

d[E:1] = [Efree](t) - [11(t) « kncov - dt
[Efreel(tiv1) = [Efreel(ti) — d[E:]
dlE = I"] = [E:I](t;) « keop - dt
[E—=1I"](tis1) = [E-T"](&;) + d[E—T"]
[E:1](tip1) = [E:1](G) + d[E:] — d[E—1T"]
tiv1 = tiyg + dt
3.2
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d[E:I] is the change in concentration of the non-covalent BlaC-SUB complex at any given time
(ti)) and depends on the free enzyme concentration, [Eee], the second order rate coefficient of non-
covalent binding (kncov), and the inhibitor concentration, [1]. [1] is calculated from Eqn. 3.1. As the
concentration of [E:1] increases, [Exree] decreases. d[E-1"] is the increase of the covalently bound
TEN. It depends on the available concentration of the non-covalent BlaC-SUB complex [E:1], and

the rate coefficient keov. [E:1] decreases by the same rate [E- I"] increases.
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residues
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Figure 3.7: BlaC gating mechanism. (a) Simplified scheme depicting the delayed entry of
sulbactam into the active site through the guardian residues in subunits A/C. (b) Time-dependence of
the concentration difference (blue line) and of the rate coefficient Kenry (Orange line). Inset: The

dependence of kentry ON the concentration difference.

The increase of the SUB concentration in the active site of subunits A/C (lin) is delayed relative to
that of the SUB concentration in the unit cell (lout) (Fig. 3.7 @). To account for this delay, the rate
coefficient that determines the entry into the active site (Kentry) iS assumed to be dependent on the
concentration difference A(t) = lout(t) - lin(t) between outside and inside the active site and a
characteristic concentration difference 41/ (Fig. 3.7 b). It is modeled by an exponential function as

shown.
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M
kentry = kmax,entry (1—e &) 3.3

The relevant SUB concentrations within the active site (lin) are generated by solving the following

rate equation:

dlyp = kentry “oye - dt
Iip (tiz1) = Iin (&) + dlyy,
34
Eqn. 3.4 is used in lieu of Eqn. 3.3 to calculate the relevant inhibitor concentration. lin(t) is fed as
[1] to Egn. 3.1 to calculate the concentrations of the non-covalently and covalently bound species.

At early MISC delays Kkentry is small. The channel opens, and kentry is large only when sufficient

SUB has accumulated in the unit cell (Fig. 3.7 b).

3.3 Results
3.3.1 Binding of sulbactam to BlaC

The subunits A and B display very different structural dynamics with SUB. The binding of
inhibitor to subunit C closely resembles that to subunit A, and the kinetics in subunit D is

essentially identical to that in subunit B.

The catalytic cleft of subunit A is partially occluded by the neighboring subunit B (Fig. 3.3 b).
Particularly the residues GIn109% and GIn108® (the superscript B denotes residues from the
neighboring subunit B) prevent substrate diffusion from the center of the tetramer, and GIn1128
and Argl173 block access to the active site from the exterior. At 3, 6 and 15ms the difference

electron density (DED) features near the active site of subunit A are weak (Fig. 3.8 a-c). But

73



substantial displacements of the residues like GIn1128 and Arg173 (called here the guardian
residues, Fig. 3.3 b) move outward of the active site before relaxing back to original positions (Tab.
3.4). Next to these residues at 3ms, almost 10 A away from Ser70, there are positive densities that
are spatially more spread out than that of water. A SUB molecule is placed in the electron density
for visualization (Fig. 3.8 a). The translational and rotational disorder of the free SUB renders the
refinement of a single conformation difficult. At 6 and 15ms, density appear closer towards Ser70
(Fig. 3.8 b-c). These could indicate an initial trace of SUB molecules migrating to the active site
after being held up by the guardian residues. Up to 15 ms, these densities are too weak for a SUB

molecule to be refined with confidence.
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Figure 3.8: Difference electron density maps at the active site of subunit A (contour level +3c). (a) At
3ms, weak densities can be identified at the entrance of cavity between GIn1128 and Arg173 and a SUB
placed there. (b) At 6ms, very weak density is observed. Residues GIn1128 and Arg173 continue to
move. The phosphate molecule which is located near the active site is marked by Pi. (c) At 15ms,
difference density features are identified closer to the catalytically active residue Ser70. The guardian
residues (GIn1128 and Arg173) that regulate the entrance to the binding pocket are marked. (d) At 30
ms a strong DED feature appears within the active site. An intact SUB molecule is placed there. (e) At
240 ms, the SUB has reacted with Ser70 to form TEN giving rise to an elongated density. (f) At 700
ms, the elongated density of the TEN is fully developed. Additional hydrogen bonds between the TEN

and other side chains are shown.

At 30 ms, stronger DED features (max o = 5.5) appear around 4.5 A from the catalytically active

Ser70 (Fig. 3.8 d). An intact sulbactam can be modelled which reproduces and corroborates the
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findings at 66 ms obtained from an earlier experiment (Pandey et al., 2021). The B-lactam ring is
oriented away from the Ser70. Between 66 ms and 240 ms, the SUB must have rotated so that the
B-lactam ring is positioned towards the Ser70 at which point the nucleophilic attack occurs (Fig.
3.1 a). At 240 ms, the elongated DED feature that originates from the Ser70 directly supports the
presence of a covalently bound trans-enamine (TEN) (Fig. 3.8 €). The BlaC-TEN adduct
structurally relaxes until 700 ms, the final time point in the time series (Fig. 3.8 f). The change in

distances between different atoms in the active site during reaction are shown in Tab. 3.4.

Table 3.4. Important distances (in A) in the active centers of subunit A and B.

water | 3ms 6ms 15ms 30ms 240ms | 700ms

(a) Distance between side chain of some active residues in subunit A
11.6 12.1 10.7 11.0 104 10.2
277 | (3.1) (1.2) (1.6) (1.4) (1.3)
12.0 10.9 10.9 10.6 9.9 9.8

(2.2) (0.4) (1.3) (0.4) (0.5) (0.2)
Ser70 OG to GIn1098 CD 9.0 10.2 10.0 10.3 10.2 8.6 8.7

(b) Distance between side chains of some active residues in subunit B
13.2 13.9 14.4 14.8 14.9 144
(2.1) .7 (1.6) (0.9 (1.5) (1.2)

(c) Distances from BlaC side chains to selected SUB and TEN atoms in subunit A

Ser70 OG to Argl73 CZ 10.9

Ser70 OG to GIn112B CD 10.6

Ser70 OG to Argl73 CZ 13.9

Thr239 O to SUB 012 - - - - 2.7 - -
GIn112B NE2 to SUB 08 - - - - 2.7 - -
Lys73 NZ to TEN O8 - - - - - 2.5 3.1
Glul68 OE2 to TEN O8 - - - - - 2.6 2.5
Asnl72 ND2 to TEN O12 - - - - - 2.5 2.9
(d) Distances from BlaC side chains to selected TEN atoms in subunit B

Thr239 O to TEN O8 - - - 2.9 3 3.1 3.2
GIn109* NE2to TEN 012 | - - - 3.9 3.4 3.2 4.1
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"Values in parentheses represent the change in the position [in A] of the terminal side

chain atom from its original position at 0 ms.

ABsubunits that host the amino acid.

In subunit B, there is no concrete evidence of SUB that accumulates in the active site at 3 and 6
ms (Fig. 3.9 a-b). Even the features that appeared near Argl73 in subunits A/C are not present.
However, at 15 ms, the presence of strong DED that extends from the Ser70 supports a covalently
bound TEN (Fig. 3.9 ¢). The occupancy refined to 85% in subunit B and 86% in D. This suggests
the reaction is close to completion. At later time points, no large changes in the structure of the

BlaC-TEN complex are apparent. (Fig. 3.9 d-f).
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Figure 3.9: Difference electron density maps at the active site of subunit B (contour level £3c). (a-b)
At 3 and 6ms, no interpretable density was present in the catalytic center. (¢) At 15ms, the SUB has
already reacted with Ser70 to from TEN. (d-f) TEN densities as observed at Atmisc from 30 ms to 700

ms. Displacements of surrounding residues (GIn109” and Arg173) are observed.

3.3.1 Temporal variation of difference electron density

The SVD analysis of the difference maps yields two significant rSVs are present. They
allow for the determination of relaxation times 11 and t2 by fitting Eqn. 3.5, which, apart from a
constant term, consists of a logistics function and a saturation term. Further, the fit was weighted

by the square of the corresponding singular values S;.

76



t
S; rSV: (D=4, + - iy gy, (1€ ) 35

A )

While the amplitudes Ais are varied independently for each significant rSV; (i = I...n), the
parameter A and the relaxation times, r1 and 7> are shared globally. Detailed values of the

parameters of Eqn. 3.5 are shown in the Tab. 3.5. The first two rSVs are shown by blue and squares
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Figure 3.10: Right singular vectors (rSVs) derived from the MISC time-courses of DED maps in the
active sites of the BlaC. (a) Right singular vectors plotted as a function of Atmisc for subunits A. The
first and second significant right singular vectors are shown by blue and red triangles respectively. Solid
colored lines are the result of a global fit of equation 3 to the significant rSVs. The colored diamonds
represent insignificant rSVs derived from subunit A. (b-d) Significant rSVs plotted as a function of
Atmisc for subunits B, C and D respectively. Colors and lines as in panel (a). The vertical dashed black
lines in all panels denote the relaxation times 11 and T, that result from the fit. For subunits A and C, 11
belongs to accumulation of SUB and 12 corresponds to formation of covalently bound TEN from intact
SUB. For subunits B and D, 11 is the time when direct formation of TEN occurs and T2 belongs to a

second phase of relaxation synced together with subunits A and C.
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in Fig. 3.10. The fitted curves are shown by their respective colored solid line. The rest of the rSVs,

shown by colored diamonds in Fig. 3.10 a, are distributed closely around zero and do not contribute

to the subsequent analysis.

Table 3.5: Relaxation times and amplitudes derived by fitting Eqn. 2 to the significant rSVs.

Subunit A Subunit B Subunit C Subunit D
A (ms™) 0.25 0.51 0.33 0.69
71 (MS) 23.26 10.17 25.53 9.81
T2 (MS) 86.03 80.41 90.01 88.15
rsVi
Ao 11.72 38.32 8.89 32.77
A11 118.95 195.44 113.3 155.37
Az 134.48 122.15 152.08 137.01
rSVz
Ao -17.96 -0.25 -12.95 3.23
A2 -90.67 -41.79 -714.92 26.54
Az 142.88 64.27 117.31 -48.72
A, 11 and 12 are global fit parameters for all significant rSVs; the amplitudes A’s are determined
independently for each rSV.

The process with relaxation time 11 results from the first appearance of DED in the active sites. In
subunits A/C, this process reflects the appearance of the non-covalently bound SUB which occurs
at around 25 ms (Fig. 3.10 a,c and Tab. 3.5). In subunits B and D, this is associated with the direct
formation of a covalently bound TEN which takes place around 10 ms. In subunits A and C,
process T2 corresponds to the transformation of intact SUB to covalently modified TEN which
happens approximately 75 ms and 90 ms respectively after mixing (Fig. 3.10 b,d and Tab. 3.5).

However, in subunits B and D, there is no further modification of the ligand once the TEN is
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formed (Fig. 3.9). Yet, a second relaxation is observed in subunits B and D coincides with the SUB

to TEN formation in subunits A and C.

3.3.3 Characterization of inhibitor diffusion and concentrations of intermediates
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Figure 3.11: Concentration profile of reactants and products in the active sites of subunits B/D derived
from Egns. 3.1 and 3.2. Blue line: free SUB concentrations [I] in the unit cell. Blue squares: SUB
concentrations in the central flow of the injector. Red line: time-dependent concentrations of the free
BlaC [Ee]. Orange line: concentrations of the noncovalently bound SUB [E:l] intermediate (not
observable). Green line: concentrations of the covalent enzyme-inhibitor complex TEN [E-I"]. Green
triangles and diamonds: concentrations of E-17, derived from refined ligand occupancy values in
subunits B and D, respectively. Grey triangles and diamonds: SUB cannot be detected near the active
sites.

The kinetics of SUB binding to subunits B/D is evaluated first, since it allows for an
estimate of the ligand concentration in the unit cell that is required to analyze the observations for
subunits A/C. The total concentration of BlaC monomers in the crystals (Efree) is ~16 mM. If only

subunit B is considered, the effective [Efree] is 4 mM. The diffusion time of SUB is ~7 ms (Fig.
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3.11, Tab. 3.6). The diffusion inside crystals is estimated indirectly through the rate equations
(Egns. 3.1 and 3.2) which ultimately must reproduce the observed (refined) ligand occupancies
(Pandey et al., 2021). The unknown parameters in these equations must be varied until the
concentration of species [E:I] and [E-1"] best match their respective occupancy values (Fig. 3.11).
Additionally, the relaxation times derived from the concentration profile would also have to agree
with those obtained from SVD analysis of the observed DED maps. The concentrations of the free
SUB within the crystals follow approximately the values estimated in the central flow of the

injector (Tab. 3.1, compare Fig. 3.11 blue solid line and blue squares).

Table 3.6: Characterization of SUB diffusion and reaction rate coefficients

Parameters to estimate the diffusion of SUB into the unit cells (Egn. 3).
m 0.59 ms’?

to 7ms

Rate coefficients and approximate characteristic times as estimated from the half maximum of

the occupancy curves shown in Figs. 5 a and b.

Subunits A and C Subunits B and D
kmax,entry =0.06 S_l; AIc =25mM .
. Kncov = 1.5 MM st (estimated)
Rate Coefficients® | Kncov = 1.5 mMs™
Keov > 8000 st
kcov = 10 S-l
Fig. 5 b blue dotted ) _
lout 7ms ) 7ms Fig. 5 a blue line
line
lin 20.1 ms Fig. 5 b blue line not observed
E:I formation 21.2 ms Fig. 5 b orange line not observed
E-I* formation 93.4 ms Fig. 5 b green line 11.5ms Fig. 5 a green line

®from Eqns. 4, 5 and 6.

The non-covalently bound intermediate that is identified in subunit A/C (Fig. 3.8 d) is not observed

in subunits B/D. The covalent binding of SUB can apparently be explained by a one-step
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mechanism. However, the two-step mechanism described in Fig. 3.6 is also consistent with the
observations. Here, the non-covalent binding of substrate to the enzyme is much slower than the
formation of TEN (Tab. 3.6). Accordingly, on the timescale of the observation, a non-covalently
bound intermediate cannot be observed. By applying the two-step mechanism, a kncov Value of ~1.5
mMs? and a keov Value of ~8000 s are estimated. The Keoy Value of 8000 s is the minimum
value required so that the non-covalently bound E:l complex does not accumulate. A value less
than this would give rise to the presence of E:l which is not observed in the DED maps. The

characteristic time for the covalent E-1* complex formation is tcov = 11.5 ms (Fig. 3.11 green line,

Tab. 3.6).
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Figure 3.12: Concentration profile of reactants and products in the active sites of subunits A/C derived

from Eqns. 1 - 4. Blue dotted line: free SUB concentrations [I] in the unit cell. Blue line: SUB
concentrations [lis] in the active site (note the delay relative to subunits B/D). Red line: time-dependent
concentration of the free BlaC [Ese]. Orange line: concentrations of the noncovalently bound SUB [E:1]
intermediate. Green line: concentrations of the covalent enzyme-inhibitor complex TEN [E-I1*]. Orange
and green triangles and diamonds: concentrations of E:l and E-1* derived from refined ligand occupancy

values in subunits B and D, respectively.

81



In subunits A/C, the apparent diffusion time of SUB necessary to reproduce the occupancies of the
non-covalently bound intermediate is 20 ms (Fig. 3.12, Tab. 3.6). This is much longer than that
observed in subunits B/D (7 ms). This lag can only be explained by a restricted (gated) access to
the active site. The guardian residues open the active site after about 6 ms which corresponds to
about 35 mM outside ligand concentration (Fig. 3.11). Entry to the active site is assumed to be
controlled by an additional rate coefficient, Kentry (Fig. 3.7 b). Kentry is modelled by an exponential
function as given in Eqgn. 3.3. lout is the SUB concentration in the unit cell, which is known from
the substrate binding kinetics to subunits B/D. After a delay of 20 ms, SUB enters the active sites
of subunits A/C (Tab. 3.6, Fig. 3.7 b) and lin rapidly increases. 50% occupancy of the non-covalent
E:l intermediate is reached at ~21 ms (Fig. 3.12). The accumulation of the non-covalently bound
SUB triggers the next step of the reaction where a covalently bound product forms. The
concentration of the covalently bound TEN ([E-17]) starts dominating [E:I] at around 90 ms. By

240 ms, more than 90 % of the active sites are occupied by TEN (Fig. 3.12).

3.4 Discussion
3.4.1 Comparison of kinetics in subunits B/D versus A/C

While all the subunits take part in the reaction despite the heterogeneity, they do so at
different rates. In subunits A/C, BlaC is inhibited by SUB via a two-step mechanism. A non-
covalent bound species forms (in ~ 25 ms) before the reaction to yield TEN occurs at around 90
ms (Fig. 3.12). An intermediate accumulates, since the SUB is not properly oriented (Fig. 3.8 d)
and the reaction can proceed only after an additional time delay. In contrast, in subunits B/D, we
notice a one-step mechanism of covalent inhibition. Because the reaction to TEN is much faster
(< 1.5 ms) than the diffusion of substrate into the active site (~13 ms) (Tab. 3.6), only the eventual

formation of TEN is seen. Any SUB molecule that arrives at the active site instantaneously
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converted to TEN on the timescale of observation. The intact SUB intermediate cannot accumulate.
Accordingly, the reaction proceeds in a diffusion-controlled manner. In subunits B and D, the Kncov
is the rate determining process in the two-step mechanism although the non-covalent complex
never accumulates. In a one-step kinetic mechanism, the pseudo one-step rate coefficient would
have to be the same as the kncov, Which was confirmed with a separate calculation (not shown).
However, the two-step mechanism is presented here for subunit B and D as it explains the

enzymology in all the active sites in a consistent manner.

As seen on Fig. 3.3 b, the binding pocket of subunit B is open which allows for the large chemical
and structural changes that occur when SUB reacts to TEN. In the active site of subunit A though,
any SUB displacements will be limited by interactions with the surrounding residues. This process
involves SUB orientating itself into the correct position, the catalytic opening of the B-lactam ring,
and the unfurling of the thiazolidine ring, all happening in succession inside the narrow reaction

center cavity. This severely lowers the rate of TEN formation.

Overall, the two reaction phases apparent in the SVD analysis have different interpretations for
subunits A and C compared to B and D, respectively. For subunits A/C, the first phase corresponds
to the non-covalent BlaC-SUB complex formation, and the second to the covalent modification of
SUB to form TEN (Figs. 3.10, 3.12). In B and D, the second, slow relaxation phase is also observed
(Fig. 3.10 b,d) although the chemical species, TEN, is already established very early on and does
not change its configuration further after 30 ms (Figs. 3.6, 3.9). It appears that the second phase is
a result of the continuing reaction in subunits A and C and, related to this, ongoing relaxations of
the entire protein structure connected to subsequent TEN structural relaxations in subunits B and

D. Since the second phase relaxation rates (Tab. 3.5) are similar in all subunits, it seems as if all
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subunits relax in synchronized manner which is an indication for a cooperative behavior of all four
subunits. This observation which would have been obscured by the visual analysis of the DED
maps alone. It is only possible with the SVD analysis which can track DED values in all voxels of

the ROI across the entire reaction with great precision.

3.4.2 Rapid diffusion and binding of sulbactam in BlaC microcrystals

The volume of SUB enclosed by van der Waal’s surface (181.7 A%) is 2.5 times smaller
than that of CEF (444.9 A%). Due to the smaller size, SUB is expected diffuse faster into the crystals
than CEF. For CEF, 50% occupancy of the enzyme substrate complex has been observed at Atmisc
=5ms in subunits B and D (Pandey et al., 2021). For the smaller SUB, the evidence of the enzyme
inhibitor complex is expected to appear already in the DED maps at earliest time points (3 ms and
6 ms). However, the earliest event that could be identified in the DED maps is the appearance of
the TEN at Atwisc = 15ms in subunits B and D. The concentrations of SUB at the active site of
subunits B and D (Fig. 3.11), which allow direct, unrestricted access, can be taken as an estimate
of the SUB concentration inside the BlaC crystals. The lag between the estimated SUB
concentration in the inner flow of the injector constriction and the concentrations in the crystals at
early time points (Fig. 3.11, compare blue squares with the blue line) is expected, since diffusion
in BlaC crystals is slowed down in crystals (Pandey et al., 2021) compared to water. The diffusion
time (7ms) of the SUB is almost the same as that for the antibiotic substrate CEF (~ 5ms) (Pandey
et al., 2021). Still, contrary to expectations based on the size of the SUB, no electron density has
been present at the earliest time points. This can be explained by the smaller second order binding

coefficient, kncov, Which is 1.5 mMt st compared to 3.2 mM* s for CEF.
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The characteristic time for sulbactam forming a covalent bond with Ser70 in subunits B and D is
around 10 ms (Fig. 3.10). This time is quite fast in comparison to earlier works suggesting that the
reaction might take minutes to complete (Tassoni et al., 2019; Totir et al., 2007). This fast reaction
provides an advantage when B-lactam substrates and the SUB inhibitor are competing for the same
active site. For example, the non-covalent enzyme-substrate complex with CEF persists for up to
500 ms (Olmos et al., 2018). During this time, the CEF can leave the enzyme and be replaced first
competitively and then irreversibly by a quickly reacting SUB molecule. Since the inhibitor
competes with co-administered antibiotics for the active site of BlaC, one can imagine that the
covalent bond formation with an inhibitor must occur as fast as possible to effectively eliminate
B-lactamase activity in the presence of substrate. This is in addition corroborated by Jones and
coworkers who reported that SUB has a ten times higher affinity and binding constant for plasmid
mediated class A B-lactamases compared to cefoperazone (Jones et al., 1985), which is a third-

generation cephalosporin-based antibiotic similar to CEF.

3.4.4 The fate of the trans-enamine

Trans-enamines were observed in all four subunits when BlaC was soaked with SUB for 3
hours (Fig. 3.13). It has been proposed that on longer timescales (> 30 min), a second nucleophilic
attack by a nearby serine (Ser130) can occur in other, structurally closely related Ambler Class A
B-lactamases (Drawz & Bonomo, 2010). This serine (Ser128 in BlaC) may react with the C5
position of the trans-enamine (Fig. 3.1 d). This is followed by the loss of the opened thiazolidine
ring fragment. A covalent bond may be formed between C5 and Ser128 of BlaC leading to the
prolonged inhibition of the enzyme (Drawz & Bonomo, 2010; Totir et al., 2007). Fig. 3.14 a shows
the proposed structure of the cross-linked species. It has been suggested that only the transient

inhibition by trans-enamine is responsible for the medical relevance of SUB as any reaction that
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lasts longer than one hour is irrelevant due to the bacterial lifecycle of ~30 minutes (Totir et al.,
2007). However, the life cycle of Mtb is around ~20 hours (Murray et al., 2020). The permanent
inhibition achieved only after the second nucleophilic attack might be the ultimate factor for
clinical usefulness of SUB in fighting antibiotic resistance in slow growing bacteria like Mtb.

Inspection of the cryo-structure after soaking with SUB (Fig. 3.11) might give an answer.

The B-factors of the fragment beyond N4 that would be cleaved off (displayed in pale colors in
Fig. 3.14 a) are consistently higher by 20 A? than that of the part which would form the cross-
linked species. In our opinion it is more likely that this is caused by the dynamic disorder of the
long TEN tail and not by the presence of mixture of intact and fragmented TEN. Summarizing, on
the timescale of 3 h there is no clear evidence of TEN fragmentation. TEN remains the

physiologically important factor for BlaC inhibition on this time scale.
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Figure 3.13: DED maps of the cryosoaked data. Polder omit maps (a — d), contoured at 2.5 o,
determined in each subunit (A - D) of BlaC, respectively, after 3 h of soaking with SUB. All the species

are characterized by covalently bound TENSs.

A phosphate group binds to a specific site immediately adjacent to the active serins 70 and 128
(Fig. 3.14 b) with multiple hydrogen bonds to surrounding residues. This location appears to be
conserved among all published BlaC structures where others have also reported sulfate and acetate

molecules in the same position (Fig. 10 b) (Elings et al., 2017; Feiler et al., 2013; Tassoni et al.,
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2019; Yang et al., 2000). Naturally occurring compounds with phosphate like group, for instance
adenosine phosphates, may also interact with BlaC. Another study reported an increase in B-
lactamase production in some bacteria grown in a phosphate enriched medium (lleri et al., 2007)
while another has concluded that phosphate can promote the hydrolysis of the clavulanate inhibitor
by BlaC (Elings et al., 2017). The physiological relevance of phosphate binding cannot be

completely ignored.
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Figure 3.14: TEN on longer timescale. (a) The scheme of the TEN after second nucleophilic attack and
formation of cross-linked species. The leaving group is shown in pale color. (b) A 2Feps-Fcac map is
shown near the active site of subunit B at Atmisc=240ms (blue). The contour level is 1 . Key active site
residues are marked. The phosphate molecule (PO.) is represented in orange. The hydrogen bonds made
by phosphate with surrounding residues are depicted by blue dotted lines. Structures from the PDB with
entries 50YO and 7A71 are overlayed over the BlaC and show that acetate (ACT, shown in green) and
sulfate (SOs, shown in yellow) molecules occupy the same position as the PO, in BlaC. TEN (shown in

purple) might not be able to get close to Ser128 without displacing the phosphate.

It is not clear whether the phosphate prohibits the TEN from getting closer to Ser128, and how
much time, if any, is required for a prospective reaction to proceed. More structures are required

87



after soaking with high SUB concentrations for longer periods of time, perhaps days, to separate
potential admixtures of intact and fragmented TEN made possible using SVD based methods
(Schmidt et al., 2003). Since the phosphate is replaceable, as was observed during the binding of
the large CEF molecule (Olmos et al., 2018; Pandey et al., 2021), the TEN might indeed react
further. Larger inhibitors like tazobactam and clavulanic acid might also be able to displace the
phosphate molecule directly already during the initial binding phase, and thereby naturally

allowing the second nucleophilic attack by the close-by serine to occur.

3.5 Outlook

MISC is a straightforward way to structurally study enzyme catalysis and inhibition.
Reactions are visualized in real time as movies of the enzyme in action. Our results give insight
how the shape of the active site determines rate coefficients and reaction mechanisms of a
biomedically relevant, enzymatically catalyzed reaction. There are other classes of B-lactamases
that are more concerning than BlaC such as the metallo p-lactamases (MBL). They are capable of
hydrolyzing almost all clinically available B-lactam antibiotics and inhibitors (Boyd et al., 2020;
Palzkill, 2013). Similar work to the one presented here and earlier (Olmos et al., 2018; Pandey et
al., 2021) should be performed on MBLs to gain more structural insight into their catalytic
mechanisms. Time-resolved pump-probe crystallographic experiments using a caged Zn molecule
(Joachimiak et al., 2022) already show how the antibiotic moxalactam is inactivated by a MBL on
a timescale longer than 20 ms. To characterize the all-important substrate binding phase on single
ms, and even sub-ms time scales, it would be desirable to follow this or a similar reaction as well

as the binding of a MBL inhibitor with MISC.
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4, Phytochrome

Both crystallography and cryo-EM experiments have been performed during this project.
At the time of this writing, the manuscript reporting the crystallographic work done on this protein
is under preparation for submission to Proceedings of the National Academy of Science (PNAS)
journal. In this project, | have been involved in protein purification and crystallization, data
collection, and data analysis. The cryo-EM investigation is an ongoing project. Preliminary results

are presented in this dissertation.

4.1 Introduction

Phytochromes are red light photoreceptors found in plants, fungi, and bacteria (Nagatani,
2010). They regulate essential physiological process in plants like seed germination, shadow
avoidance, synthesis of chlorophyll, etc (Burgie et al., 2014; Smith, 2000). While there have been
extensive studies about the structure and function of plant phytochromes, their role in non-
photosynthetic bacteria remains largely unknown (Woitowich et al., 2018). It is believed that
bacteriophytochromes (BphPs) are used by bacteria to sense the environment they are in and elicit
proper cellular response. They may gather information about the type and concentration of bilins,
assess redox status, and gauge the availability and wavelength of light (Auldridge & Forest, 2011).
The phytochrome studied in this project is derived from myxobacterium Stigmatella aurantiaca.
Myxobacteria are distinguished among prokaryotes by a multicellular stage in their life cycle
known as fruiting bodies. In S. aurantiaca the formation of fruiting bodies is controlled by the
light. Interestingly, S. aurantiaca contains two phytochromes of which phytochrome 2 (SaBphP2

for S. aurantiaca bacteriophytochrome protein 2) is investigated here.
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Phytochromes are one of the largest light-regulated enzymes. They are composed of multiple
modules and sub domains. A typical bacteriophytochrome consists of a photosensory core module
(PCM) and an effector module with enzymatic activity (Fig. 4.1). The PCM further consists of
three domains: PAS (Per-Arndt-Sim, orange section), GAF (cGMP phosphodiesterase/adenylyl
cyclase/FhlA, green section), and PHY (phytochrome-specific GAF-related, magenta section) as
shown in Fig. 4.1. The effector module is covalently bound to the PHY domain and differs among
species (Kojadinovic et al., 2008; Otero et al., 2016). In SaBphP2, the effector module consists of

a histidine kinase (HK) whose activity is light regulated.
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data(Jumper et al., 2021). tongue and the biliverdin chromophore are marked.

Fig. 4.1 shows the prediction

of the full length SaBphP2 made by Alphafold. The PHY domain has a tongue-like extension
which contacts the GAF domain to seal the chromophore pocket. The central chromophore is

biliverdin (BV) in the case of bacterial phytochromes. BV is a heme-derived, open-chain
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tetrapyrrole (pyrrole rings A-D in Fig. 4.2). The sensory tongue probes the configuration of the

BV and transmits the signal to the HK (shown by blue) through the PHY domain.

Phytochromes interconvert between a dark red-light absorbing state, Pr and a photoactivated far
red-light absorbing state, Pfr through several intermediates (Auldridge & Forest, 2011). At Pr state,
upon illumination with red light (A = 640 nm), the BV undergoes Z to E isomerization about the
C15=C16 double bond between the pyrrole rings C and D (Fig. 4.2). Ring D rotates by 180° which
is the Lumi-R state) driving the phytochrome into the first half of the photocycle (Fig 4.2). During
this time, a conserved water molecule called the pyrrole water (PW) is also photo-ejected which
rebinds back to BV in Pfr state (Carrillo et al., 2021; Claesson et al., 2020). Following successive
deprotonation and reprotonation events in the Meta states, the phytochrome reaches the Pfr state
(Auldridge & Forest, 2011). The consensus is that the structures of the Pr and Pfr states differ
significantly. In Pr state, the tongue assumes a B-strand conformation, whereas, in the Pfr state, it
assumes a-helix conformation (Burgie et al., 2016; Takala et al., 2014). It coincides with the large
scale opening of the PHY domain. The Pfr state can be driven back to Pr state by illumination of

far-red light (A = 740 nm) completing the photocycle.

The crystallographic full-length structure of SaBPhP2 is unknown. HK is connected to PHY
domain by a single coiled linker (Fig. 4.1) which makes the whole domain rather flexible. Flexible
proteins are harder to crystallize. However, the truncated proteins which consist of only PCM or
even shorter construct with only the PAS and the GAF domains crystallize and diffract to high
resolutions (Claesson et al., 2020; Sanchez et al., 2019). Accordingly, we use the truncated protein
for crystallographic studies. Previously, TR-SFX experiment was performed on the SaBphP2 PCM

at beamline 2 (BL2) at Spring-8 Angstrom Compact X-ray Laser (SACLA). The microcrystals
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were excited by 5 ns short light pulses and probed by X-ray pulses at ambient pressure. These
experiments showed a complete ring-D isomerization and the associated structural changes in

transient intermediates observed at 5 ns and 33 ms after excitation (Carrillo et al., 2021).

Meta-Ra
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Figure 4.2: The photocycle of a typical bacteriophytochrome. The Pr state can be excited by red light
to convert to Pfr state. The Pfr can be reconverted back to Pr state by exciting with far-red light, thus
completing the photocycle. The structure of biliverdin is shown in the center with the 4 pyrrole rings
marked. During Pr to Pfr conversion, the C15=C1s double bond between rings C and D undergoes Z to
E isomerization. The photosensory core module of Stigmatella aurantica bacteriophytochrome is shown
in Pr state and that of Deinococcus radiodurans bacteriophytochrome in Pfr state [195]. In Pfr state the

sensory tongue is in a helix conformation. A large opening of the PHY domains occur.

To explore earlier events, excitations by shorter laser pulses are required. The TR-SFX were
performed at LCLS using ultrashort (100 fs) laser light pulses for photoexcitation. This dissertation
shows the results of the early stages of the Pr to Pfr transition at picosecond time scales. The TRX

studies on PCM provide plethora information on the mechanism of photo-excitation and the
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structural changes that follows. The propagation of signal from chromophore towards the HK
domain on the top can be traced (Carrillo et al., 2021). A complete understanding of the
phytochrome mechanism, however, requires the structure of full length phytochrome. Proteins that
are difficult to crystallize can be investigated with cryo-EM. Here, preliminary results from

attempts to determine a structure of the full length, intact SaBphP2 by cryo-EM are also presented.

4.2 Methods

4.2.1 Protein purification and crystallization

Both, the full length, intact SaBphP2 and a shorter fragment that covers the SaBphP2-PCM
were expressed in E. coli. The expression protocol is identical for both products. Cells were grown
at 37° C to a ODeoo value of 0.6 followed by induction with 1 mM IPTG and addition of 0.5 mM
d-aminolaevulinic acid (DAC) overnight. Cells were recovered in 150 mM NaCl, 20 mM Tris-
HCI, pH 8.0 and 15% v/v glycerol with protease inhibitor. Lysis was performed with pulse
sonication on ice bath. The insoluble cell debris was removed by highspeed centrifugation, and the
supernatant was incubated with 200 uM BV in Dimethyl sulfoxide (DMSO) in the ratio 1:100 for
30 min at 4°C. The solution was applied to Talon Co*? metal ion affinity chromatography column.
The column was washed with high salt buffer (20 mM Tris-HCI, 1 M NaCl, pH 8.0) followed by
low salt buffer (20 mM Tris-HCI, 1 M NaCl, pH 8.0) with 20 column volumes each. The protein
was eluted by 300 mM imidazole, 20 mM NaCl, 20 mM Tris-HCI, pH 8.0. After elution the protein
was immediately transferred into stabilizing buffer containing 20 mM NaCl, 20 mM Tris-HCI, pH

8.0.

SaBphP2 PCM single crystals were obtained by the hanging drop vapor diffusion method in dark

conditions at 16 °C with a protein concentration of 30 mg/ml. The mother liquor consists of 0.17
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M ammonium acetate, 0.085 M sodium citrate tribasic dihydrate, 25.5% w/v Polyethylene glycol
(PEG) 4000 at pH 5.6 mixed with 20% w/v benzamidine hydrochloride in the ratio 85:15.
Microcrystals were grown by mixing 3-part protein (concentrated to 60 mg/ml) to 2-part mother
liquor described above and seeding with crushed macroscopic crystals. All the crystallization steps

were carried out in dark or under green safety light.

4.2.2 TR-SFX data collection

X-ray data were collected from SaBPhP2 PCM microcrystals at the coherent X-ray
imaging (CXI) instrument (Liang et al., 2015) and the macromolecular femtosecond X-ray
crystallography (MFX) instrument (Boutet et al., 2016) at LCLS. At CXI, the experiment is
performed at vacuum environment while at MFX, the experiment is performed in helium at
ambient pressure. The lipidic cubic phase (LCP) injector developed by Weierstall and colleagues
(Weierstall et al., 2014) was used for sample delivery. The LCP injector requires that the
microcrystals are embedded in viscous media. For that, 50 ul of dense crystal slurry was folded
into 450 ul of nuclear grade grease. The mixture is carefully transferred to the reservoir of the LCP
injector so as not to introduce any air gaps. The injector extrudes the viscous mixture through a 75
um nozzle orifice to the X-ray interaction region 60 pum downstream of the nozzle exit. Helium
gas is flown concentrically around the nozzle to keep the extrusion as straight as possible. The
reaction in the microcrystals was initiated with 100 fs optical laser pulses of wavelength 640 nm.
The full width at half maximum (FWHM) of the laser light intensity distribution at the sample was

80 pm at CXI and 64 pum at MFX.

The reference data (without light excitation) was collected with sample flow rate of 1 ul/min. For

pump-probe data the jet flow rate was increased to 3 ul/min to transport the region of the jet that
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was already excited away from the X-ray interaction region for the next probe pulse. The laser
excitation rate was set at 3 different values (40 Hz, 60 Hz and 120 Hz). In 40 Hz collection scheme,
there are two extra dark exposures before another pump-probe sequence begins. Similarly, one
dark exposure in 60 Hz mode and no dark exposures in 120 Hz. This allows to assess by a direct
measurement whether an once laser excited jet volume has left the X-ray interaction region, or
whether contaminations prevail that are either mix-ins or are excited a 2" time by the next laser
pulse. A 3ps pump-probe dataset was collected at MFX with 60 Hz laser repetition rate (Fig. 4.3

a) and a 100 ps dataset at CXI with full 120 Hz laser repetition rate (Fig. 4.3 b).

a 8.3 ms b
At At
3ps dark 100ps
laser X-ray laser X-ray
t t
120 Hz i 120 Hz .
60 Hz 120 Hz

Figure 4.3: Pump-probe data collection scheme. (a) Pump-probe data collection with one dark exposure
(dark, 8.3 ms) in between the laser pulses. It corresponds to 60 Hz laser operation. This scheme along
with 40 Hz (two dark exposure between laser pulses) was used to assess whether a laser-excited jet

volume left the X-ray interaction region after 8.3 ms. (b) Full 120 Hz pump-probe data collection.

The DPs were recorded with the Jungfrau detector at CXI and with the ePix10k 2M at MFX. The
experiment was monitored in real time with OM (Mariani et al., 2016). Hit-finding was performed
with Cheetah (Barty et al., 2014). Indexing and integration was achieved by CrystFEL (White et

al., 2012). The data collection statistics are given in Tab. 4.1.

Table 4.1: SFX data collection statistics for phytochrome
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Pump-probe time delay dark 3ps dark 100 ps
Instrument MEX CXIl
Temperature [K] 293

Detector epix10K 2M Jungfrau

Jet Flow Rate [pl/min] 1 3 1 3
Nozzle diameter 75 um 75 um 75 um 75 um
Pump laser wavelength - 700 nm - 640 nm
Laser spot size (FWHM) - 64 - 80
Laser Fluence [mJ/mm?] - 10 - 10
Laser repetition - 60 Hz - 120 Hz
Crystal Size 20 — 30 um

Hits 389,512 336,702 181,191 179,480
Indexed 132,305 154,268 80,501 63,642
Observed reflections 66,172 50,738 89,736 66,578
Unique reflections 8,822 7,248 12,819 10,567
Resolution A 2.15 2.2 1.95 2.1
R-split 12.1 (95) 8.28 (211.4) 7.7 (209.3) 9.5(208)
CCui; 98.7 (37) 99.2(16) 99.7 (12) 99.5(21)

4.2.3 TR-SFX difference maps and structure determination

Difference maps were calculated as reported in detail in section 2.6. To obtain a structural
model, an EEDmap for each time point was calculated (section 2.6.4). Nc is on the order of 20,
which indicates a population transfer of ~10%. Models were placed into the EED maps in coot and
the positions of the chromophore and nearby residues were real-space refined against the EED
map. Ligand restraints for BV were weakened to allow for a non-conventional, strained geometry
of the highly excited chromophore at early times. After the real-space refinement, the validity of
the solution was tested by comparing the observed DEDobs With calculated DEDcaic on BV ring-D

using the Pearson correlation factor (Carrillo et al., 2021). The DEDcac were obtained from
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difference structure factors calculated by subtracting the reference (Fcac(ref)) from structure

factors of the refined models at pump-probe delay (Fcaic(At)).

4.2.4 Cryo-EM data collection

Cryo-EM experiments on full length phytochrome data were performed by our
collaborators at the Simons Electron Microscopy Center (SEMC) of the New York Structural
Biology Center (NYSBC) consortium. For more information on the services and different
equipment available at SEMC visit https://nysbc.org/semc-dept/semc-department. For the
experiment, the purified protein is frozen at -80° C and shipped to SEMC on dry ice. Before the
cryo-EM experiments were conducted, the sample was warmed up to room temperature and
manipulated under ambient light. The feasibility of the protein sample for the cryo-EM study was
confirmed with negative staining as described in section 2.8.1. To prepare cryo-EM grids for
imaging, 3 ul of 4 mg/ml protein was applied to glow-discharged holey carbon EM grids
(Quantifoil 300 copper mesh, R1.2/1.3) in an EM-GP2 plunge freezer (Leica). Sample-coated grids
were blotted for 3 to 5 seconds before plunge-freezing into liquid ethane and stored in liquid
nitrogen for data collection. Movies were collected with an EF-Krios microscope (Thermo
Scientific) and detected on a GatanK3 imaging system (Gatan, Inc.) with an effective pixel size of
0.8443 A. The GatanK3 is an extremely sensitive direct detection camera that can count single
electrons in real-time. The microscope was operated at an acceleration voltage of 300 kV and
nominal magnification of 105,000x. Movies were collected at a dose rate of 41.89 e’/ A%/s with a
total exposure of 1.6 s, for an accumulated dose of 67.02 e’/ A2. Intermediate frames were recorded
every 0.04s for a total of 40 frames per movie. A total of 17889 movies were collected with a

defocus range of 0.8 — 2.5 um. The movies were transferred to UWM for in-house processing.
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Table 4.2: Cryo-EM data collection and refinement statistics

Collection statistics

Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A?) 67.02
Defocus range (um) 0.8-2.5
Pixel size (A) 0.8443
Symmetry imposed none
Initial particle images (no.) 1,520,224
Final particle images (no.) 865,248
Map resolution (A) 3.75
FSC threshold 0.143
Refinement statistics
Refinement resolution (A) 3.8
Map sharpening B factor (A?) 153.9
Model Composition

Protein residues 1492

Ligands 2
B factors (A?)

Protein 270.99

Ligand 188.42
RMS deviations

Bond lengths (A) 0.004

Bond angles (°) 0.872
Validation

MolProbity score 2.39

Clash score 18.21
Ramachandran plot

Favored (%) 82.53

Allowed (%) 14.86
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4.2.5 Cryo-EM map reconstruction and structure determination

Cryo-EM data were processed using cryoSPARC (v4.2.1) with default parameters unless
noted. A simple workflow is shown in Fig. 4.4. The 17,889 raw movies were pre-processed with
Patch motion correction and Patch CTF estimation jobs. The resulting micrographs were subjected
to exposure curation from which 13,321 exposures were selected. The rest with poor CTF fits and
large full-frame motions were eliminated. The full-length Alphafold model was used as a template
to pick particles. This yielded approximately 270 particles per micrograph. Following an
inspection of the particle picks, a total of 1,520,224 particles (box size 400 x 400 pixels) were
extracted and averaged using 2D classification utility. High resolution classes were selected and
subjected to further rounds of 2D classification. Several rounds of particle curation resulted in a

dataset with 865,248 particles.

These particles were used by an ab-initio reconstruction job in cryoSPARC to generate five 3D
maps without any reference. The five ab-initio classes were refined and the particles were
classified amongst them with heterogenous refinement. The individual maps were refined to high-
resolution and validated using the gold standard FSC with nonuniform refinement. A final map

with best FSC resolution of 3.75 A was obtained with 215,374 particles.

To generate an atomic model, the Alphafold predicted model was docked into the cryo-EM map.
The model did not fit the map quite well. The model was modified manually to fit into the map
with ChimeraX and coot. Once an approximate model fitting into the map was obtained, phenix
was used to real-space refine the model against the map. The refinement statistics are shown in

Tab. 4.2.
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Figure 4.4: Reconstruction of cryo-EM map. (a) The motion corrected micrographs are shown in the
first panel. In the second panel, the location of the particles to be extracted are marked by white circles.
Some 2D classes from different orientations are shown in the third panel. Five initial models were
reconstructed from the selected 2D classes. Only the Class 3 was chosen for further refinement (b). A
resolution color bar (in A) is shown on the bottom of the Refinement panel which shows the difference
in the resolution of the stable PCM and the flexible HK domains.

4.3 Results
4.3.1 Pump-probe TR-SFX at MFX and CXI

A 3 ps pump-probe data was collected at MFX using the data collection scheme shown in
Fig. 4.3 a. The DED map at 3 ps is shown in Fig. 4.5 a,b. Unambiguous signals are present on and
near the BV chromophore. Elsewhere on the map, the signal is essentially absent. It cannot be
distinguished from noise. The difference signal at 3 ps is weaker than that reported previously for

ns laser excitation. This is likely due to the fs laser excitation, since only one excitation is possible.
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The effect of fs laser is seen on the BV chromophore and the neighboring amino acids such as

which have all displaced upon photoexcitation. The position of the BV and the residues were

{ { ,' Aspl192
g @

Ci’@:Arg457
subunit A

Figure 4.5: TR-SFX structurés of the SaBphP2 on the picosecond time scale. DED is represented on
the 2.5 o level (red: negative, green positive). BV chromophore configuration in (a) subunit A in orange
and (b) subunit B in pink at 3 ps pump-probe time delay. BV chromophore configuration in (c) subunit
A shown in orange and (d) subunit B in pink at 100 ps pump-probe time delay. The gray structures in
all panels is the reference (dark) structure. The green structure in panel (c) shows ring D in the E-

configuration.

determined with the EED maps as explained in section 2.6.4. The extrapolation factor was on the
order of 20 which is equivalent to 10% population transfer caused by the fs laser excitation. The
D rings in both subunits are still in their Z configuration (Fig. 4.5 a,b). Some negative DED is

present on the Cys13 to which the chromophore is covalently bound. A breakage of the sulfur bond
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is improbable. However, the slight change in the orientation of ring A could also induce the similar
DED signal. Any change in the isomerization and the displacement of the BV is directly sensed
by the Cys13 residue. The signal is then transferred into the main protein structure as shown
previously on similar timescales in the chromophore binding domain (CBD) crystals of

Deinococcus radioduran (DrBphP) (Claesson et al., 2020).

A dataset with a pump-probe time delay of 100 ps was collected with 120 Hz at CXI using the data
collection scheme shown in Fig. 4.3 b. Similar to 3 ps, strong difference electron density is located
on the BV ring D (Fig. 4.5 ¢,d). In subunit B, the ring D is in the Z-configuration (as seen on 3 ps).
However, the situation in subunit A is not that clear. Here, ring D can be oriented in both the Z
and E orientations so that there is virtually no difference in the correlation factors between
calculated and observed difference electron density values. Accordingly, we interpret the ring-D

configuration in subunit A as a mixture of Z and E with a slight preference for the E-configuration.

4.4.2 Cryo-EM structure of full length phytochrome

A map with overall resolution of 3.75 A was obtained from the cryo-EM data of the full
length SaBphP2. Local difference in resolution is observed for the stable PCM and the relatively
flexible HK domain (Fig. 4.4). In the PCM, the resolution extends past 3 A and the side chains are
clearly distinguishable. Starting with the Alphafold structure, the model was manually built and
refined in this region. The resolution of the HK domain is rather weak at ~ 9 A and an atomic
model can not be built with confidence. Nevertheless, the map reproduces the butterfly shaped
structure of the HK that is consistent with the previously determined crystal structure of HK alone
(Marina et al., 2005). The overall structure is shown in Fig. 4.6. There are four major observations.

First, the HK head is tilted towards one subunit. Second, there is heterogeneity in the conformation
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of the sensory tongues in the two subunits. Third, the BV chromophores are also in different
configuration between the two subunits. Fourth, the dimer interface of the PCM differs from the

Pr structure determined by crystallography.
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Figure 4.6: The cryo-EM map and structure of full length phytochrome. The HK is tilted with respect
to the PCM shown by black dotted arrows. Zoomed panels on the top show the sensory tongue of
subunit A is in B-sheet conformation while that of subunit B is in a-helix conformation. The
conformation of the BV chromophore shown by pink in the bottom zoomed panels is also heterogenous
between the subunits. Note the differences of the nearby residues marked by green, blue, orange and

gray dots.

The tilt of the HK domain towards subunit A is accompanied by the tilt in the PCM towards subunit
B (Fig. 4.6 black dashed line). This tilt is not a reconstruction artefact. The slanted configuration

is also present in the 2D classes. The map shown in Fig. 4.6 is refined from the initial volume class
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3 of the ab-initio reconstruction job. Even
in other volume classes where the HK
domain is not resolved (Fig. 4.4), the tilt in
the PCM is observed hinting to the
conformational homogeneity of the
molecules. The sensory tongues and the
BV chromophores for the two subunits are
in different configurations. The top
zoomed panels in Fig. 4.6 show the
configuration of sensory tongues in
subunits A and B respectively. In subunit
A, it displays a parallel sheet configuration

and in subunit B, it shows a helical

Crystal structure Cryo-EM structure
17 A 12 A
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Front view

Figure 4.7: Comparison between crystal and cryo-EM
structure of the dimer interface of the PCM. The long
helices that form the dimer interface are colored pink

for subunit A and green for subunit B.

structure. The inspection of the BV chromophore (bottom zoomed panels in Fig. 4.6) shows similar

differences. The ring D displays a Z configuration in subunit A vs a E configuration in subunit B.

The position of amino acid residues around the chromophore are also different for each subunit.

Particularly the residues, Tyr201, Tyrl61, Met252 and His275 (marked in Fig. 4.6 by green, blue,

orange and gray dots respectively) differ significantly between the subunits. Finally, the dimer

interface is more parallel compared to PCM dark Pr structure (Fig. 4.7). The dimer interface is

composed of two long a-helices from both subunits. In the crystal structure, the helices are

crisscrossed when viewed both from the front and the side. In the cryo-EM structure, the dimer

interface is more parallel when observed from the front but it still displays some crossing

conformation on the side view. Consequently, the residues on the top of the dimer interface are
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only ~12 A apart in the cryo-EM structure while they are ~17 A apart in the crystal Pr structure

(Fig. 4.7).

4.4 Discussion

4.4.1 Reaction initiation in SaBphP2 phytochrome
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Figure 4.8: Close view on the gtructural changes of ring D at 3 ps. The ring D is shown in subunit A by
orange and by pink in subunit B. The reference (dark) structure is shown in gray. Ring D in both subunits
is in the Z configuration at 3 ps. Left (a,d): observed difference electron densities (2.5 o contour level
for positive, green and negative, red features); middle (b,e): calculated difference electron densities
(same color as for a and d). Upper (a,b): subunit A; lower (d,e): subunit B. (¢ and f) show the correlation
between observed and calculated densities in subunits A (c) and B (f). The calculated difference electron
densities were computed with ring-D either the Z or in the E configuration (black and blue lines,

respectively).

The difference maps at 3 ps and 100 ps time-delays show early events in the activation of

the SaBphP2. Strong difference electron density features are present on the carbonyl, methyl and
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vinyl groups of ring D already at 3 ps (Fig. 4.5). These can give a hint on how BV ring D
isomerization may occur. The ring D rotations were assessed by measuring the change of the
torsional angle T defined by atoms C14-C15=C16-Na7 (Fig. 4.8,4.9). The rotation about the C13-
C14 single bond lifts the ring D out of the chromophore plane resulting in the strong DED. The

rotation up to 56° about the torsional angle is substantial. This then orients the ring D away from
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Figure 4.9: Close view on :[-r)w’e sfructural chanées of ring D at 100 ps. The ring D structures in subunit
A are shown in orange (Z-configuration) and green (E-configuration). The ring D structure in subunit
B is shown in orchid. The reference (dark) structure is shown in gray. Left (a,d): observed difference
electron densities; 2.5 ¢ contour level for positive (green) and negative (red) features. Middle (b,e):
calculated difference electron density (same color as for a and d). Upper (a,b): subunit A; lower (d,e):
subunit B. Panels (c and f) show the correlation between observed and calculated densities in subunits
A (c) and B (f). The calculated difference electron densities were computed with ring-D either the Z or

in the E configuration (black and blue lines, respectively). The red line in (c) was calculated with both

configurations present.

the ring C, which facilitates rotation of ring D by allowing the ring D nitrogen to slip through
below the methyl group in ring C. Following the rotation, the ring D, now in the E configuration,

relaxes into the chromophore plane. The resultant conformation is observed at later time point as
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well.

The difference density for the PW is weak, and absent in subunit A at both 3 ps and 100 ps time
delay. This is in contrast to results on the smaller DrBphP CBD where the PW has been at 1 ps
(Claesson et al., 2020). However, the chromophore binding pocket in CBD crystals It appears that
the pyrrole water in the SaBphP2 PCM, and potentially in all PCMs, has a less pronounced role in
the early events. The water stays bound to BV at these earlier time points, and the observed

displacements are a result of the BV displacement.

4.4.2 Full length phytochrome in Pr/Pfr heterodimeric form

All the four important observations made in the cryo-EM structure of the full length
SaBphP2 can be explained by a hybrid Pr/Pfr structure. The protein purification was performed
under the green safety light and the absorption spectra was measured to confirm the protein is in
Pr state. However, during the cryo-EM grid preparation, the protein was exposed to ambient light
for up to 30 minutes. During this time, the phytochrome can be excited with the 640 nm wavelength
present in the ambient light. It might have led to the subunit B to convert to Pfr state. As seen on
time-resolved studies on the SaBphP2 PCM crystal structures, the extent of reaction initiation can
be different on two subunits although the phytochrome is a homo dimer. This non uniform

excitation leads to the heterodimeric structure.

The conformation of the BV and the nearby residues in subunit A are consistent with the Pr
structures of the PCM. The orientation of the BV and the conformations of the residues in the
chromophore binding pocket in subunit B are in accordance with the published structure of
DrBphP PCM in the Pfr state. Similarly, the configurations of the sensory tongues in subunits A

and B also support a (Pr/Pfr) hybrid structure where the Pr state assumes a f-strand and the Pfr
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state assumes an o-helix form, respectively. The tilt in the HK domain could also be explained by
the hybrid structure in which a strained subunit in the Pfr state exerts mechanical force. The HK
is pushed upward from one side that will result in the observed tilt. As the sensory tongue changes
its conformation from B-sheet to a-helix the distance between the top of the GAF domain and the
bottom of the PHY domain where the sensory tongue resides decreases from 18 A to 14 A (Fig.
4.6). This contraction pulls the PHY domains apart from 23 A to 34 A. At the same time the dimer

interface helices come closer.

It is important to consider that the phytochrome can also exist as a heterodimer in vivo. It has been
suggested that the heterodimeric Pr/Pfr phytochromes may be present in many flowering plants
(Sharrock & Clack, 2004). In addition, the hetero dimerization in some plant phytochromes has
been associated with much faster dark reversion rate compared to homo dimers in Pfr state (Klose
et al., 2015). Most crystal structures of bacteriophytochromes are homodimers. The homogenous
proteins were crystallized which may have resulted in apparent homogeneity in the dimers. Since
there is a legitimate reason of contamination with the ambient light, it is hard to discriminate if the
hybrid form is due to rogue excitation or due to the native heterodimeric state. More controlled

experiments are necessary to determine the cause of the hybridization.

4.4.3 Allosteric signal transfer in phytochrome

Unlike the published Pfr structure as shown in Fig. 4.2, we do not observe the large scale
opening of the PHY domain. Analysis of the full-length structure hints that openings as large as
those observed in truncated constructs are highly unconvincing. The presence of the HK domain
on top would render those displacements very prohibitive. Movements of the PHY domain in tens

of A have been identified by solution scattering methods (Takala et al., 2014). As observed here,
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the PHY domains move from 23 A apart to 34 A apart (Fig. 4.10 a,b) which corroborates the
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Figure 4.10: Signal transfer in bacteriophytochrome. (a) Top view of the SaBphP2 PHY domain view
in the Pr state (crystal structure). The PHY domains are 23 A apart and the dimer interface are 17 A
apart (b) Top view of the PHY domain in the Pfr state (cryo-EM structure). The PHY domains spread
apart to 34 A while the dimer interfaces come closer to only 12 A. (c) Subunit A in the Pr state is shown

in khaki. (c) Large scale mechanism of signal transfer. Subunit B in Pfr state is shown in light grey
while the portions of the peptide chain that show significant movement are marked by pink, blue and

green arrows respectively.

solution based results. The opening of the PHY domains shown by the static Pfr structure of
truncated phytochrome(Takala et al., 2014) is different from what we observe here. Those static
structures may be affected by the truncation of the phytochrome which allows large scale splitting
which might even enforced by the packing in crystals. The cryo-EM structure presented here is
free of such prejudice. Our data firmly suggest that the large-scale movement of the PHY domain
suggested by solution-based method follows the motion presented here than that was previously
described (Takala et al., 2014). Our structure is are more in line with the crystal structure of the
bathy phytochrome of P. aeruginosa (Yang, Kuk et al. 2008) which in the Pfr state does not show
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large PHY domain separation and features a parallel dimer interface. The coiled linker (shown by
pink in Fig. 4.10 c) that connects the HK to the PHY domain intersects such that the subunit A of
the HK is atop the subunit B of PCM and vice versa. The point where the linkers intersect each
other is higher as measured from the bottom of the linker in this hybrid structure compared to the
Alphafold Pr structure. It seems the effect of the PCM dimer interface coming closer is the
unwinding of the twist in the linker which shifts the position of the intersecting point from the
bottom of the linker that lies within the PHY domain (compare Fig. 4.1 vs 4.10) to higher in the

HK dimer interface. This twist might be the final actual signal that the HK senses.

The following scenario emerges. The energy stored in strained BV chromophore upon photo-
excitation is transferred to the protein surrounding the chromophore. This leads to a
conformational change in the sensory tongue. The shortening of the sensory tongue upon sheet to
helix transformation pulls the PHY domains apart and the dimer interface becomes more parallel.
The movement of the PHY domain unwinds the coiled linker dimer interface (Fig. 4.10). The
signal then reaches to the HK. With static structure of Pr/Pfr alone it is hard to discriminate if the
sensory tongue changes configuration first to pull the PHY domains together or if the PHY
domains coming together presses the sensory tongue to change conformation. To shine more light

on that mechanism, time-resolved cryo-EM studies are necessary.

Remark: we recently determined the cryo-EM structures of the full-length SaBphP2 and the
SaBphP2 PCM in the Pr forms rather than in the hybrid form. This was achieved by irradiating
with 750 nm far-red light. The cryo-EM Pr structures corroborate the SaBphP2 PCM crystal
structure in the Pr form. In particular the crossed dimer interface is reproduced. Results are not

shown here because data analysis is still ongoing.
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4.5 Outlook

The short-lived structural intermediates of SaBphP2 PCM presented here show early events
of the isomerization which are characterized by a very early full isomerization and subtle
conformational changes of the biliverdin chromophore and its nearest environment. However, the
movements are heterogeneous between the different subunits. Some of the BV conformations can
be unproductive as the quantum yield for the Pr to Pfr transition is quite low (approximately 10%-—
15%) (Carrillo et al., 2021). Large-scale structural changes that are expected have not observed
even on millisecond times scales. Probably, the crystal packing limits such displacements. Cryo-
EM offers a solution as it bypasses the need for crystallization. The full-length structure
determined here offers an alternative explanation to large displacements detected by
crystallography which is a stark contrast to what the static structures have shown. Time-resolved
cryo-EM is the next step in understanding the mechanism of large flexible proteins and complexes
like phytochromes. However, the time resolution is currently limited to ms time scale (Dandey et

al., 2020; Unwin & Fujiyoshi, 2012).

An argument may be made that as time-resolved cryo-EM methods will develop and the usefulness
of TRX will diminish. Although that is not completely improbable, it will take many years if not
decades for the TR cryo-EM to surpass TRX. Until then, the most effective course should be to
use cryo-EM in tandem with TR-SFX. Ultrafast structural changes can be investigated by TR-SFX
which can unravel in-depth chemical and physical mechanisms. Any large-scale structural changes
that follow can be pursued with TR cryo-EM. Since cryo-EM is more accessible than TR-SFX at
the moment, more and more structures can be solved with high precision due to the fast

development of cryo-EM.
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5. SARS CoV-2 Main Protease (3CLpro or Mpro)

The work on this project was performed during the pandemic. The results of the

experiments were immediately published on the bioRxiv preprint server for rapid dissemination of

knowledge of covid-19 related research. This chapter reproduces parts of the two publications

available on bioRxiv (Malla et al.,

reviewed journal.

5.1 Introduction

2020, 2021). A manuscript is under preparation for a peer

The coronavirus disease 2019 (COVID-19) pandemic is caused by the novel severe acute

respiratory syndrome (SARS) coronavirus 2 (CoV-2). Due to the highly contagious nature of

SARS-CoV-2, the pandemic caused almost 7 million deaths worldwide, making it one of the

deadliest infectious diseases in history (WHO Coronavirus (COVID-19) Dashboard With

Vaccination Data, 2023). Several vaccines are available (Barouch, 2022), that have contributed
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Figure 5.1: The biologically active form of 3CLpro. The

individual monomers are shown with cyan and pink. The two

catalytically active residues, His-41 and Cys-145 are marked.
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immensely to stop the spread of
the virus. Few antiviral medicines
are also approved for the treatment
of mild to moderate COVID-19 in
people who are more likely to get
time

very sick. During the

pandemic was prevalent, the
vaccine and treatment costs has
been free. However recently, the

WHO declared an end to COVID-

19 pandemic. The government



will soon stop supplying the COVID treatments for free. Still, there are thousands of people who
get infected daily and are at risk of severe illness (https://www.worldometers.info/coronavirus/).
Each medication of Paxlovid treatment costs $530 (Lupkin, 2022) which is discounted price for
buying 20 million dosages in bulk by the U.S. government. Similarly, the cost of Pfizer’s vaccine
is expected to quadruple in price, from the discounted rate the government pays of $30 to $120
(Allen, 2022). This calls for a need for an effective and inexpensive medicine for the treatment

and prevention of COVID-19.

The replication of the SARS CoV-2 is dependent on the activity of two cysteine proteases, a papain
like protease (PLpro), and the 3C like protease (3CLpro) (Cui et al., 2018). The 3CLpro is
investigated in this dissertation. In its functional form the 3CLpro (also known as the main
protease-Mpro) is a homo dimer with Cys/His dyad in the catalytic site (Fig. 5.1). The 3CLpro
tailor cuts various essential virus proteins out of a long poly peptide translated from virus RNA.
These proteins are responsible for the replication and transcription of the viral genome, and thus
the contagiousness (Jamison et al., 2022). The 3CLpro is therefore a prime drug target, and any

compound that that inhibits it is a potential drug.
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Figure 5.2: The chemical structure of different compounds detected near the active site of 3CLpro. (a)

Ascorbate, also known as vitamin C (b) Dithiothreitol (c) Trifluroethanol (d) Isopropanol
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We report various structures of 3CLpro determined from different crystal forms at cryogenic as
well as room temperature. The structures reveal significant flexibility in the enzyme, particularly
around the active site. In addition, several soaking experiments were performed to investigate the

binding of readily available compounds (Fig. 5.2) to the 3CLpro.

5.2 Methods

5.2.1 Protein purification and crystallization

The 3CLpro was synthesized and optimized for expression in E. coli by GenScript Biotech
Corp. who also provided the expression system. Cells were grown at 37° C to a ODsoo Value of 0.6
followed by induction with 1 mM IPTG. After 3 hours, the culture was induced a second time by
1 mM IPTG. Cells were harvested in lysis buffer (20 mM Tris-Base, 150 mM NaCl, pH 7.8). After
lysis of the bacterial cells, debris was centrifuged at 50,000 g for 1 hour. The lysate was let stand
at room temperature for 3 hours. This is to let 3CL pro to self-cleave into a functional form from
a long polypeptide. The lysate was pumped through Talon Co*? metal ion affinity chromatography
column. The column was washed with using a cycle of high salt buffer (20 mM Tris-Base, 1 M
NaCl, pH 7.8) followed by low salt buffer (20 mM Tris-Base, 50 mM NaCl, pH 7.8) with 20
column volumes each. The protein was eluted by 300 mM imidazole. Immediately, the buffer
containing the protein was exchanged by 20 mM Tris-Base, 150 mM NacCl, pH 7.8. Reducing
agents were needed to protect the cysteines in the 3CLpro from forming disulfide bonds that would
otherwise lead to protein aggregation. Either dithiothreitol (DTT) or sodium ascorbate (ASC,

commonly known as vitamin C) were added.

Three different types of crystals were produced. The main precipitating agent is PEG3350 for all

preparations. The difference is in the type and concentration of the reducing agents used (DTT or

114



ASC) and the additives. Nevertheless, they are described as condition 1,2 and 3 respectively.

Condition 1 uses DTT as reducing agent while conditions 2 and 3 use ASC.

Condition 1: Crystals were produced by mixing 4 mg/ml protein (in 0.1 mM DTT) in batch mode
with same amount of mother liquor consisting of 25 % w/v PEG 3350, 100 mM Bis-Tris, pH 6.5.
For soaking experiment, the crystals were soaked in mother liquor containing ebselen in powder
form for two days. Because ebselen is not soluble in water, enough ebselen that would otherwise
produce a 50 mM solution was added. Microcrystals with this condition were grown by mixing
20~25 mg/ml protein (in 0.5 mM DTT) in batch with the same amount of mother liquor described
above. These microcrystals were also soaked in mother liquor containing 50 mM ebselen in

powder form for two days.

Condition 2: crystals were grown in hanging drop method by mixing 2 ul of 20 mg/ml protein (in
5 mM ASC) with an equal amount of reservoir containing 15% PEG 3350, and 4% trifluroethanol
(TFE) as additive. The crystals were soaked in mother liquor containing additional 120 mM ASC

for 3 minutes before freezing.

Condition 3: Crystals were grown the same way as in condition 2 but with 10 mM ASC (instead
of 5 mM) and 3% isopropanol (IPA) as additive. These crystals were also soaked in additional

ASC of 300 mM for up to 30 minutes before freezing.

5.2.2 Data collection
Cryo experiments were performed at the beamline ID-19 of APS. The crystals were
mounted in MiTeGen (MiTeGen, Ithaca) micro-loops (30 - 50 um) and directly frozen in pucks

suspended in liquid nitrogen. The dewar with the pucks was shipped to APS. Automated (robotic)
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data collection was employed using the proprietary shccollect program (Rosenbaum et al., 2006),

and processed by HKL-3000 (Minor et al., 2006).

The SFX room temperature data was collected with condition 1 microcrystals at the MFX
instrument (Boutet et al., 2016) at the LCLS. The 40fs long X-ray (9.53 keV) pulses were operating
at 120 Hz. The crystal slurry was delivered into the X-ray beam using the concentric Microfluidic
Electrokinetic Sample Handling (coMESH) injector (Sierra et al., 2015). The DPs were collected

on ePix10K 2M detector set to auto gain switching mode. Cheetah (Barty et al., 2014) and

CrystFEL (White et al., 2012) were employed to process the data.

Table 5.1 Data collection and refinement statistics

Condition 1 Condition 1 Condition 2 Condition 3
cryo room Temp

Additive [mM] DTT: 0.1 DTT: 0.5 ASC: 10 ASC: 10
TFE ISO

Temperature [K] 100 295 100 100

X-ray source APS LCLS APS APS

beamline/instrument | 19-1D-D MFX 19-ID-D 19-ID-D

Resolution [A] 2.3 2.3 2.2 1.7

Space group C2 C2 P2:12:12; P212:2

ab,c (A), B(°) 113.453.444.7 | 117.655.445.6 | 65.4, 67.5, 445, 63.2,

=102.8 $=100.5 157.5 106.5

Observed 35168 2646608 142755 183117

Reflections

Unique Reflections | 11881 13010 33249 32557

Redundancy 3.1 203.4 4.3 5.6

Completeness [%] | 89.3 100 925 96.3

CCuy2 (at dmin) 0.99 (0.48) 0.97 (0.17) 0.99 (0.32) 0.99 (0.40)

Rmerge or R-split 54 16.8 10.1 12.8

[%]

Reryst/Rfree 18.6/28.0 20.8/26.8 20.6/26.3 20.6/24.7
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#of subunits per 1 1 2 1
asymmetric unit
Ligand 1DTT 1DTT A: 2 TFE 2 IPA
B:1ASC, 1
TFE
ligand occupancy DTT: 0.5 DTT:0.65 ASC: 0.62 (B) | IPA:1.0/0.88
TFE (A/B):
0.72/0.73
# of water 124 12 188 181
molecules
RMSD bond/angles | 0.008/0.986 0.009/1.183 0.008/1.031 0.008/1.102
coordinate error [A] | 0.34 0.48 0.34 0.19

5.2.3 Structure determination

Crystals grown from condition 1 were investigated first. A search model with PDB
ascension code 6WQF was used for a molecular replacement. The initial model was refined with
phenix. The microcrystals produced with same condition collected at room temperature yielded

the same space group and unit cell

parameters as those collected at low
temperature. The room temperature structure
is deposited in PDB with ascension code
7JVZ. This refined structure was used as

molecular replacement model to determine

the phases for other datasets. DEDomit and

DEDpoider maps (Liebschner et al., 2017) _ —
Figure 5.3: Molecular docking. The top ranked
were calculated for datasets soaked with | ligand position of molecular docking simulation on
} ] ascorbate binding to 3CLpro. The catalytic histidine
ligands. A group occupancy refinement was
and cysteine are marked. The hydrogen bonds made
performed to determine the occupancy | by ascorbate to the nearby amino acids are shown by

values of the ligands in the active site. blue dotted lines.
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5.2.4 Molecular docking simulations

Molecular docking of ASC on 3CLpro dimer structure was performed with AutoDock Vina
1.1.2 in UCSF Chimera (Eberhardt et al., 2021). A blind docking was performed on the dimer
structure. The search box was large enough to cover the entire protein with a padding of 10 A on
all sides. The top ranked ligand on the active site had up to 7 hydrogen bonds with the surrounding
residues (Fig. 5.3). Since, the specificity of ascorbate to the active site was established with blind
docking, further docking simulations were performed focusing on the binding region. For this,

both the dimer and the monomer structures were employed.

a=447Ab=534Ac= a=654Ab=675A a=44.5 Ab=633 A
112.3 A, a=y= 90° p=100° c=157.5 A, a=p=y=90° ¢=106.53 A, a=B=y=90°
Figure 5.4: Different crystal forms of 3CLpro. (a) Monoclinic with a monomer in the asymmetric

unit. (b) Orthorhombic with a dimer in the asymmetric unit. (c) Orthorhombic with a monomer in the
asymmetric unit. The dimensions across each figure are not to scale. The unit cell parameters for each
crystal form are shown at the bottom of the panels. The direction of the crystallographic axes for all

three panels are shown in (a).
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5.3 Results
5.3.1 Three different crystal forms

Each of the crystallization conditions yielded a different space group and a different
composition in the asymmetric unit (ASU) (Fig. 5.3). Crystals from condition 1 resulted in a
monoclinic crystal form with C2 space group with one monomer in the ASU (Fig 5.3 a). The unit
cell consists of 4 such monomers. The functional dimer interface is made with the monomers from
the adjacent unit cell. No large difference is found in the room temperature structure in this crystal
form. The condition 2 yields an orthorhombic crystal form with P21212; space group (Fig. 5.3 b).
The ASU consists of functional dimer structure with 4 of these dimers in the unit cell. With
condition 3, we obtain another form of orthorhombic crystal form with P212,12 space group (Fig.

5.3 ¢). The monomer is the ASU and there are 4 monomers in the unit cell.

5.3.1 Ebselen reacts with 3CLpro crystals

with ebselen. Inserts: crystal images without and with ebselen, respectively
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The C2 crystals maintained their morphology when soaked with ebselen powder for two
days. While the unsoaked crystals diffracted beyond 2 A, the crystals treated with ebselen did not
show any Bragg reflections even at the lowest resolution (Fig. 5.5). All the trials were unsuccessful
despite the visually crystalline shape. This effect is also observed in microcrystals soaked
overnight with ebselen indicating a tight affinity to the 3CLpro. It is not clear what property of

ebselen contributes to degrading the crystalline property of 3CLpro crystals.

5.3.3 Binding of ligands to the 3CLpro

Weak positive electron density appears between the catalytically active His145 and Cys41
in both the cryo and the room temperature structures of the C2 crystal form. A DTT molecule that
is present in the protein buffer can be modeled there (Fig. 5.6 ¢). One of the sulfur atoms of the
DTT binds to the catalytically active residue. The distance to one of the nitrogen atoms in His41
(1.5 A) is substantially shorter than to the terminal sulfur atom in Cys145 (2.3 A). It appears the
DTT forms a sulfenamide bond with the histidine instead of a disulfide bond with the cysteine. A
different reducing agent is required to prohibit DTT from blocking the active site. ASC is an

excellent reducing agent which can be used instead of DTT.

The 3CLpro co-crystallized with ASC in the second condition shows evidence of potential binding
of the ASC in both of the active sites (Fig. 5.6 a). The switch also resulted in change of space
group from C2 to P212:2:. Positive electron density corresponding to ASC appears in the DEDomit
map at about 3 to 3.7 A from the Cys145 sulfur atom. The interaction is rather weak as the
occupancy is only about 60~70%. However, it forms a tight hydrogen bonding network with
Asn142, Gly143, His163 and GIn166. In addition to the ASC electron density, an additional

density feature is present in the active site (Fig. 5.6 b). The smaller pillow-like electron density is
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interpreted with a trifluoroethanol (FTE) that has been provided as an additive to the crystallization

buffer. The binding of ASC in subunit B is more pronounced than in subunit A.
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Figure 5.6: ASC and DTT bounrd in‘the active site of SARS CoV-2 3CLpro. (a) The 3CLpro dimer in
the asymmetric unit of the orthorhombic crystals soaked with ASC. Polder difference electron density
in the active sites is shown in green (contour: 2.5 6). (b) The ASC in subunit B. The ASC interacts with
the catalytic Cys145 and is stabilized by a hydrogen bond to His163. A trifluoroethanol (TFE) is located
close to the ASC. (c) DTT is observed in monoclinic crystal form. It does not bind to Cys145. It rather

binds to His41 forming a sulfenamide.

The P212:2 crystals diffracted to the highest resolutions. The structures could be refined at 1.7 A.
However, only the electron densities for the small additive molecules can be observed but the

density supporting the ASC cannot be identified.
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We performed an inhibition test using the 3CL Protease Assay Kit (#78042-1, BPS Bioscience,
San Diego, USA) to determine the potency of the ASC to inhibit 3CLpro. A fluorogenic substrate
is mixed with 3CLpro. The substrate is an internally quenched 14-mer Forster resonance energy
transfer (FRET) containing the donor (EDANS) and acceptor (DABCYL) fluorophores. When the
substrate is intact, the EDANS and the DABCYL are in close proximity. The energy emitted by
EDANS is quenched by the DABCYL. Upon proteolysis by 3CLpro, the substrate is cleaved to
release the highly fluorescent peptide fragment containing EDANS. Thus, the fluorescence signal
appears only when the enzyme is active. If the 3CLpro were to be inhibited, the fluorescence signal
does not appear. Initially we measured the half maximal inhibitory concentration of (IC50) of
about ~40 mM. This is rather high compared to other potent inhibitors of 3CLpro whose IC50 is
in the range of uM. However, we also discovered that the ASC can react directly with the
fluorescent fragment thereby quenching the fluorescence. It could not be determined with the
available substrate if the absence of fluorescence is due to enzyme inhibition by ASC or due to the

reaction of ASC with the fluorescent part. It is likely a combination of both.

5.4 Discussion
5.4.1 Structure plasticity of the active site of 3CLpro

Since the structure of 3CLpro in C2 crystal form were determined at both cryo and room
temperature, a structural can be performed to identify the differences between the two. Fig. 5.7
shows the comparison between the room temperature and the cryo temperature structures. The
overall structures are similar with an R.M.S.D for C, atoms of 0.578 A. This is higher than the
previously reported difference of 0.32 A by Kneller and colleagues (Kneller et al., 2020). However,
the room temperature structure compared in that work was determined by a laboratory X-ray

source where radiation damage is expected to persist. The room temperature structure presented
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here is collected at an XFEL source where the diffraction patterns are collected from crystals free
of radiation damage. The conformation of residues surrounding the active site differs between the
room and the cryo temperature structures. Particularly the positions of the residues 45-58 and 189
198 have shifted by up to 1.7 A. In addition, significant structural differences in the top region of

the protease are marked by the dotted circle in Fig. 5.7 a. The displacements are easily visualized
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Figure 5.7: Comparison of room temperature and cryo temperature structure of 3CLpro. (a) The room
temperature structure (green) is overlayed on top of cryo structure (magenta). Residues marked by
arrows around the binding pocket and those shown by the dotted circle differ in conformation between
the two structures. (b) The residue-residue distance map evaluated for C, atoms between the room
temperature structure (y-axis) and the cryo temperature structure (x-axis). The color bar on the right

shows the standard deviation of the change in position between the two protein models.

in a residue-residue distance matrix (Fig. 5.7 b). The matrix helps in identification of displacement
that are too small to identify solely by visualizing the structures. The red elements in the matrix

marked by dotted rectangle indicate the residue pairs that have the highest variations in distance
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in the two conformations. This corresponds to the flexible domains that are also observed in the
top and bottom part of the protein in Fig. 5.7 a. Crystal structures are used for molecular docking
simulations of various small molecules to screen potential therapeutics (Muralidharan et al., 2020;
Talluri, 2020). For virtual screening of drug candidates using docking methods, the conformation
of the target enzyme must be as close to it physiological state as possible (Ferreira et al., 2015).
We believe, the radiation damage free conformations observed at room temperature may be more

suitable for such screening studies.

b Flexible regions

7 additional
residues

Figure 5.8: Plasticity of 3Clpro. (a) Structural comparison subunit A (yellow) and subunit B (blue) of
the P2:2:2; dimeric structures. Additional residues identified at the c-terminus of subunit B are pointed.
(b) Superposition of 3CLpro structures in different crystal forms. Depiction: Room temperature C2
(blue), cryo C2 (magenta), P2,2:2; subunit A (salmon), P2:2,2; subunit B (green), P2:2,2 (orange). The
flexible domains that surround the catalytic cleft are pointed out (arrows). The catalytically active

cysteine and histidine are shown.

It is also informative to compare the structure of the P212:2; crystal form which has a native dimer

in the asymmetric unit while in other crystal forms the dimer results from a monomer that is
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replicated by a crystallographic symmetry operation. The conformation of subunits differs
significantly between the subunits (Fig. 5.8). In fact, 7 more residues including 2 histidines of the
hexa-his tag are identified in the C-terminus of subunit B. When comparing only residues in the
vicinity of the catalytic cleft, the structure of subunit B is more similar to room temperature than

subunit A. This could be one of the reasons the ASC binding is more pronounced in the subunit B.

The comparison between 5 different structures of 3CLpro reveals significant structural flexibility
of the enzyme in the vicinity of the active site (Fig. 5.8 b). Several secondary structure elements
move by more than 1.5A away from their positions in the physiologically relevant room
temperature structure. In particular, the displacement of the residues in subunit B of P2:2:2; is
away from the active site in relation to the residues in room temperature C2 structure. This is
expected since a large ligand is bound to the active site in this subunit and the surrounding residues
move away to accommodate the ligand. Since, small ligands are bound to the other crystal forms,

such conformational changes can also be characterized as induced fit due to ligand binding.

5.4.1 Potential binding of ascorbate to the 3CLpro

Although the inhibition of the 3CLpro by ASC could not be identified with inhibition tests,
there is still evidence from the crystallographic data. Comparing the position of ASC/TFE with
the position of compound 13b show similarities among the key atoms (Fig. 5.9 a). Compound 13b
is a potent inhibitor of the 3CLpro. The positions of the two compound 13b oxygens 040 and 041
in the 3CLpro are close to the O6 oxygen of the ASC. The 5-member dihydroxyfuranone ring of
the ASC (Fig. 5.9 a) occupies a similar position as the moiety P1 of compound 13b. The FTE
oxygen position is reflected by a structural water found in the compound 13b complexed 3CLpro

structure. In addition, the position of the ASC determined by the molecular docking simulation
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overlaps the same location where the electron density for ASC was observed (Fig. 5.9 b). In this
position the ASC makes up to 7 hydrogen bonds with the surrounding residues suggesting a strong

binding affinity.

His 41 y SN ‘
Figure 5.9: Interaction pattern of the ASC and TFE with the active site of 3CLpro shown here in subunit

B. (a) The position of the ASC molecule relative to compound 13b (PDB ID: 6Y2G) in 3CLpro. The
position of the O6 oxygen is close to the two compound 13b oxygens 040 and O41 (marked), and the
dihydroxyfuranone-ring of ASC coincides with the P1 moiety of compound 13b. The arrow points to a
water molecule found in the structure of 3CLpro complexed with compound 13b. This position is
occupied by the FTE oxygen. (b) The TFE and ASC make a strong hydrogen bonding network with the

surrounding residues at the active center.

Vitamin C is a potent antioxidant and has been shown to have antiviral activity for more than half
a century (Pauling, 1971). It is available in synthetic form and found naturally in citrus fruits and
green leafy vegetables. Emerging literature suggests that ASC may also play an adjunctive role in
the treatment of a variety of viral infections (Colunga Biancatelli et al., 2019; Fowler lii et al.,
2017). It has been suggested that Vitamin C in high dosages is directly virucidal (Furuya et al.,

2008; Pauling, 1971). This assumption was based on in vitro studies, where very high doses of
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ascorbate, in the presence of free copper and/or iron, has virucidal activity, presumably through

the generation of hydrogen peroxide and other radical species (Furuya et al., 2008).

5.5 Outlook

In the last few decades, the world has suffered epidemics caused by new infectious agents,
such as SARS and MERS. Emergence of such agents cannot be predicted. The development of
effective antiviral drugs for immediate clinical use is challenging. New drug development
normally takes years of investigation and cost a large amount of money. The repurposing of already
approved drugs offers an alternative solution. The drugs can be screened for against potential drug
targets and if effective will be on a fast track for clinical use. Attempts to determine binding of
3CLpro with Ebselen were not successful most likely due to two reasons: (i) Ebselen is not soluble
enough to diffuse inside the protein crystals, and (ii) crystals soaked overnight with Ebselen lose
their diffractive property. Nevertheless, the methods presented here can assist in the discovery of
other drug leads with pharmaceutical potential. This is one of the effective ways of responding to

new infectious diseases that currently lack specific drugs.
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6. Summary

The three biological macromolecules investigated here each provided interesting cases for
time-resolved experiments to determine function with near atomic structures. Both, pump-probe
and mix-and-inject techniques were employed with serial crystallography to investigate
photoreactive proteins and enzymes. Experiences gained from these experiments will be used to
design new avenues to determine time-resolved cryo-EM structures. We already determined
reference structures with cryo-EM (here for the bacteriophytochromes) of which only one is
presented. We and our collaborators at NYSBC are looking forward to collecting time-points on a
bacteriophytochrome that is excited by an intense laser pulse. This would constitute a
groundbreaking experiment in cryo-EM. Data analysis will be different from the crystallographic
counterpart, since cryo-EM is a single particle method and not an ensemble method as
crystallography. Using the single-particle information, energy landscapes of intermediates and
probable transition pathways between the intermediates can be determined (Dashti et al., 2020;
Hosseinizadeh et al., 2021) to gain a more complete view of the trajectory of particles through

conformational space.
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