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Abstract

X-ray crystallography is an important biological research technique that has provided most of the structures
in the Protein Data Bank. An inherent challenge of crystallography is that the X-rays which produce diffraction
images also cause damage to the crystal, resulting in loss of diffraction quality as the absorbed dose increases.
To minimise this effect, serial crystallography techniques have been developed to spread dose over many
crystals, by collecting a small amount of data, usually only one diffraction image, from each. This is especially
beneficial for metalloproteins since metal centres are particularly susceptible to site-specific radiation damage
and are important to the function of many proteins. The benefits of serial crystallography include the ability
to perform experiments at room temperature, where proteins are more likely to be in physiologically relevant
conformations, rather than at the cryogenic temperatures usually used to limit radiation damage. Room
temperature also allows increased diffusion and molecular motions, so reactions can take place within protein
crystals. These can be investigated with time-resolved serial experiments, capturing structures of short-lived
intermediate states of a protein undergoing a dynamic process. An important part of any time-resolved

experiment is reaction initiation, including ensuring the reaction begins in the whole sample at the same time.

This thesis describes the development of a method for time-resolved serial crystallography using the fixed-
target chip system available on beamline 124 at Diamond Light Source, which is also applicable to serial
femtosecond crystallography at X-ray free electron laser (XFEL) sources. These experiments explore the
structures of highly radiation-sensitive metalloproteins, including time-resolved studies of nitric oxide binding

in the haem site using a UV laser pump-probe technique and a photocaged substrate molecule.
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1. Introduction

X-ray crystallography (XRC) is a major investigative technique that is used in many fields of biology, chemistry,
and materials science. In biology, its use is for elucidating the structures of small organic molecules and
macromolecules. XRC has been used to solve 85 % of structures in the Protein Data Bank (Research
Collaboratory for Structural Bioinformatics, 2023a). An early example of XRC in the biosciences is that of John
Kendrew and Max Perutz determining the structures of myoglobin and haemoglobin, both being oxygen-
binding proteins found in most vertebrates (Kendrew et al., 1958; Kendrew et al., 1960; Perutz et al., 1960).
These were the first atomic-level structures of proteins, and enabled discoveries about molecular evolution.
For their work, Kendrew and Perutz were awarded the 1962 Nobel Prize in Chemistry, the same year that
Watson, Crick, and Wilkins won the Nobel Prize in Physiology or Medicine for their discovery of the structure
of nucleic acids, relying on X-ray fibre diffraction data from Franklin and Gosling (Franklin and Gosling, 1953b;
Watson and Crick, 1953; Franklin and Gosling, 1953a; Gosling, 1954). Crystallography is still highly relevant
today, for example it has provided structures of many different GPCRs (G-protein coupled receptors) with and
without antagonists bound, leading to clinical trials of several pharmaceutical compounds (Congreve et al.,

2020).

X-ray crystallography relies on X-rays being scattered by electrons in a molecule. In a crystal lattice, where
molecules associate to form a repeating unit, scattering from the electrons in each unit interacts constructively
to form Bragg diffraction (Bragg and Bragg, 1913). This results in Bragg spots that can be recorded on an area
detector. The pattern of spots on the detector relates to the size and shape of the repeating unit of the crystal
lattice. This is termed the unit cell and is the smallest section that repeats by translation across the crystal. By
using the positions of spots and measuring their intensities, and solving the phase problem, the electron
density within the unit cell can be determined (Rossmann and van Beek, 1999; Howard, 1996; Winn et al.,

2011). This is described in more detail in §1.1.

Synchrotrons are the most common X-ray sources used in macromolecular crystallography (MX), being used

for most structures in the Protein Data Bank (Research Collaboratory for Structural Bioinformatics, 2023a).

12
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Synchrotrons are used over standalone laboratory X-ray generators due to their much higher fluxes and
smaller beamsizes, allowing faster data collection and use of smaller crystals (Als-Nielsen and McMorrow,
2011; Phillips et al., 1976; Robinson, 2015). Synchrotron radiation is produced by accelerating electrons to
relativistic speeds. These high energy electrons are then deflected by high magnetic fields in a polygonal
accelerator or storage ring. Bending magnets deflect the beam at the corners between straight sections in the
ring, producing radiation at a tangent to the beam. Most currently operating synchrotrons, including Diamond
Light Source (UK), however, use insertion devices for their MX beamlines. An insertion device uses a series of
magnets of alternating polarity along the beam to force electrons to take an oscillating rather than straight
path, producing much more intense photon beams than bending magnets (Hwang et al., 2011). Modern
synchrotron light sources generally have ten or more beamlines where experiments take place, many of which
are dedicated to MX. Another source of high intensity X-rays for MX is the X-ray free electron laser (XFEL), the
first of which, the Linac Coherent Light Source (LCLS, USA), began operating in 2009 (Emma, 2009; Emma et
al., 2010). Unlike synchrotrons, XFELs produce light in extremely short pulses, on the order of tens of
femtoseconds (Yabashi et al., 2017; Galayda, 2018; Decking et al., 2020). These extremely short pulses allow
for data collection free of artefacts of beam-induced damage, a phenomenon called diffraction before

destruction (Chapman et al., 2014; Neutze et al., 2000; Chapman et al., 2011), described in detail in §1.2.

As the experimental demands of researchers advance, limitations of synchrotrons and traditional
crystallographic techniques for biological research are being reached. These limitations are in part caused by
sample degradation over the course of X-ray exposure. Serial crystallography (SX) is a technique which has
developed over the last 15 years, building off older multi-crystal data collection techniques. Modern serial
crystallography uses many crystals for the collection of one dataset, rather than the general convention of
using a single crystal or small number (<10) of crystals per dataset (Schlichting, 2015; Garman and Schneider,
1997). Using many crystals prevents damage from building up with dose, as each crystal only receives a single
short exposure (or small number of exposures) before being discarded. A complication of collecting only a
single image per crystal (called a still) is that reflections are only partially captured, rather than the whole

reflection being captured over frames in a rotation series. Capturing only partial reflections makes estimating
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reflection intensities harder, discussed in §1.1. Another factor that needs considering in serial crystallography
is sample delivery, see §1.4. Using a fresh crystal for each exposure means that thousands of crystals need to
be delivered to the beam in rapid succession. Using standard pin mounts and sample robots would make data
collection impractically slow, severely limiting the throughput of synchrotron beamlines (Cipriani et al., 2006;

Ohana et al., 2004).

1.1 Crystallographic theory

Modern macromolecular crystallography as a method is made up of several related techniques (Martin-Garcia
et al., 2016). First, the purified protein of interest must be crystallised in a suitable form. Properties that make
a crystal suitable for diffraction data collection include being the correct size for the intended experiment and
being isomorphous, that is, having the same continuous lattice form across the whole crystal (Giordano et al.,
2012). These crystals need to be mounted on the beamline in a way that minimises damage due to
dehydration, mechanical handling or cryocooling, as well as minimising background scatter caused by exposing
material other than protein crystal to the beam (Cheng, 2020; lllava et al., 2021). The crystals can then be
exposed to the beam to collect high-quality diffraction data and obtain the best possible structure. There are
many steps involved in processing diffraction data, described below, but automated data collection and
processing pipelines are increasingly capable of saving researchers’ time and allowing non-experts to solve

high quality protein structures.

Diffraction of X-rays by atoms in crystals is dependent on their electrons. As an X-ray wave interacts with and
excites electrons within its coherence length, the electrons emit X-rays of the same wavelength. The
superimposition of the waves emitted from each electron results in a wave traveling at an angle to the incident
wave, and with amplitude proportional to that of the incident wave. The same summation of waves applies
with electrons in adjacent atoms, including within crystals (Rupp, 2010). At certain incident angles (6), the
difference in pathlength between waves scattered off atoms in adjacent layers of the crystal lattice is equal to
a multiple of the wavelength (1), described by the Bragg equation, 2d - sinf = nA. In this case, constructive

interference occurs, and the amplitude of the scattered wave increases, as shown in Figure 1.1, where d is the
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distance between lattice planes, 8 is the angle of incidence, n is an integer, and A is the wavelength (Bragg

and Bragg, 1913).

Each reflection from a crystal includes the sum of the scattering contributions of every atom in the unit cell.
Reflections occur from different lattice planes with changing X-ray incidence angle, as the lattice points cross
the Ewald sphere. Diffraction intensity for a given reflection is spread into a larger spot on the detector, rather
than a single point, due to mosaicity in the crystal, as well as variation in the angle and wavelength of incident
photons. The intensity for a reflection is also spread over a range of incident angles, so measurements involve
rotating the crystal in small angular increments much less than a degree, and collecting diffraction patterns at
each one, known as fine phi slicing (Pflugrath, 1999; Warren et al., 2016; Mueller et al., 2012). Reflections

recorded across multiple images are known as partial reflections.

Reflections at higher angles, further from the angle of incidence, contain higher resolution information about

the scattering atoms in the unit cell, which can be used to obtain a more detailed electron density map. The

Figure 1.1: Bragg diffraction of waves from crystal lattice planes. (a) Diffraction that satisfies the Bragg
condition, where the difference in path length of the two reflections is equal to a multiple of the wavelength,
2d - sinf = nA. (b) Constructive interference occurs when the Bragg condition is satisfied, meaning the
reflected waves are in phase, and (c) destructive interference occurs when difference in pathlength is not a
multiple of the wavelength and the reflected waves are out of phase. Image credits: (a) ARMICRON, via
Wikimedia Commons. (b) Cdang and Gregors, via Wikimedia commons, CC BY-SA 3.0.
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higher resolution map enables more accuracy and confidence in fitting the protein molecule in the electron
density. These higher angle reflections further from the incident angle naturally hit the detector further from
the beam centre (which is usually the centre of the detector). To capture higher resolution data, the detector
needs to be larger, or closer to the crystal. Detector distance is optimised to capture the highest resolution
reflections from a given crystal, but while also using the whole detector area to increase precision in spot
detection and measuring. Higher resolution reflections also have a lower intensity, so the signal to noise ratio
drops further from the beam centre. Using a larger crystal increases diffraction intensity, improving

identification of spots from high resolution reflections.

To begin interpreting the diffraction images, spot-finding algorithms are used to identify diffraction spots in
the image. Spot-finding generally involves locating pixels with a high intensity, and comparing them to the
intensity of nearby pixels to determine if they stand out above the background (Winter et al., 2018). Indexing
uses the positions of these spots to identify the space group and calculate unit cell dimensions. Once an image
has been indexed, spot positions can be predicted, to ensure the measurement of all spots, not just those
identified during initial spot-finding. Spot-finding and indexing of serial datasets with still diffraction patterns

is similar to that for conventional rotation data collection.

The next step is integration, which measures the intensity of diffraction spots. This involves summing the
counts from all pixels within the spot. To separate the intensity of the reflection from that of the underlying
background intensity (for example from air scatter), local background subtraction is performed by examining
the counts on pixels in a shoebox surrounding the spot. With fine phi slicing (Pflugrath, 1999{Mueller, 2012
#460)}, each image only contains a partial reflection, so the total intensity under the diffraction peak from
adjacentimages is summed (Van Beek et al., 2012), known as 3D integration. In serial crystallography however,
described in §1.3, often only one diffraction pattern is collected from each crystal, known as a still. This
provides a challenge to integration, as a whole reflection is not recorded as a succession of partials over an
angular range, but instead only a single partial measurement is made from the crystal. From a single partial

measurement, there is no indication of which part of the peak is captured, therefore putting the intensity
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measurements from different images onto common scale is difficult. This is compounded by the thin Ewald
sphere shells when using monochromatic low divergence XFEL beams, which cause a narrow slice of each peak
to be recorded on an image. To obtain reliable intensity measurements from partial reflections on stills, high
multiplicity data is required, where each reflection is recorded multiple times. Using Monte Carlo methods
allows an accurate value for the intensity of a reflection to be determined by averaging from many
independent measurements from randomly oriented crystals (White et al., 2012; Kirian et al., 2010; Kirian et
al., 2011). Aiming for a multiplicity of 10 or more (each reflection recorded 10 times) is common practice in
serial crystallography (Brewster et al., 2019; Winter et al., 2018), which equates to collecting many thousands
of diffraction patterns, although the number of patterns required is dependent on the symmetry of the

crystals.

Scaling involves putting the measured intensities on a common scale, accounting for factors that change during
the experiment, including the illuminated volume of crystal, radiation damage, and changes in beam flux and
wavelength (Evans, 2006; Beilsten-Edmands et al., 2020). Scaling requires a scale factor for each reflection.
Merging combines all the measurements of symmetry-equivalent reflections into a single intensity and error
value and calculates metrics to express the quality of the data. Unfortunately, only the intensities of the

reflections can be measured in crystallography, not the phases. The amplitudes of the structure factors are

proportional to the square root of the spot intensities, VI o | Fri:| (Rupp, 2010; Taylor, 2010).

Data processing also involves estimation of errors in the data. for the intensities. Part of this involves the signal
to noise ratio of the data, I/a(I), meaning the measured intensity of the peak compared to the background
intensity under the peak, which indicates precision. A common measure merged data quality is the CCy/; value,
which is the Pearson correlation coefficient comparing two halves of the dataset (Karplus and Diederichs,
2015; Karplus and Diederichs, 2012). Higher values indicate better correlation between two random halves of
the data, and therefore higher precision of the data. These data quality statistics are typically calculated as a

function of resolution, in order to identify a resolution cutoff for the data.
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To calculate structure factors and build an electron density map, both the amplitude, F;, and phase, oy,
are required (Taylor, 2010; Taylor, 2003), but only the amplitudes can be obtained from the recorded
diffraction data (via intensity meaurements). This is termed the phase problem. There exist various methods
for solving the phase problem to calculate the electron density from the structure factor amplitudes, and fit
the known protein sequence to this density (Rossmann and van Beek, 1999). The most common method in
macromolecular crystallography is molecular replacement (MR), using software such as MOLREP (Vagin and

Teplyakov, 1997; Vagin and Teplyakov, 2010) or Phaser (McCoy et al., 2007).

Molecular replacement relies on already having a structural model of the protein of interest (such as obtained
from a different crystal form), or a homologous protein with greater than 40 % sequence identity, to use as a
search model (Wlodawer, 2017), with ideally minimal structural difference to the target protein (<1.5 A RMSD
in atom positions). Patterson maps are generated from the search model and the experimental data, using the
Patterson function which takes the structure factor amplitudes (which can be obtained from measured
intensities) and set the phases of all reflections to zero. The search model is first rotated on three axes in
reciprocal space, and scored based on the correlation of its Patterson map with that of the experimental data.
After rotation, the search model is translated in three dimensions of reciprocal space. The best scoring
rotation-translation is used to provide initial phases, which are combined with the experimental intensity
measurements (Vagin and Teplyakov, 2010; Taylor, 2010; Rossmann and Blow, 1962). Recently, it has been
shown that ab initio structure prediction tools such as Rosetta (Leman et al., 2020) or AlphaFold (Jumper et
al., 2021) can provide search models for proteins where suitable experimental models do not exist (Simpkin
et al., 2019; Barbarin-Bocahu and Graille, 2022). Although AlphaFold can accurately predict the structures of
most proteins in their apo state, it is weak in predicting ligand binding and providing information on protein
dynamics, so serial and time-resolved crystallography are still of importance. The phase problem can also be
solved experimentally using anomalous diffraction (Taylor, 2010; Rupp, 2010), although this is not discussed

here.
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Once a starting model has been fitted into the electron density, the model can be refined. Refinement involves
making changes to positions of atoms and groups within the model to better fit the experimental electron
density, while considering geometric constraints provided by prior chemical knowledge, which limit bond
lengths and angles (Wlodawer, 2017; Vagin et al., 2004). With higher resolution electron density maps to fit
the model to, more weight can be applied to the experimental map, overriding the ideal geometry provided
by restraints (Urzhumtsev and Lunin, 2019). Refinement can be performed in both real space, where
refinement is against a 2F, — F_ electron density map, such as in Coot (Emsley et al., 2010), and in reciprocal
space against F,, as done by REFMAC5 (Murshudov et al., 2011). With each round of refinement, the model
improves its fit to the observed electron density. As the model improves, so the phases calculated from the
model improve and become closer to the experimental phases (which were not measured). Therefore, the
electron density can be recalculated with the new phases and more refinement performed in an iterative

cycle.

As well as the positions of the protein atoms, other molecules can be added and refined within the model,
including bound water molecules and ligands. These ligands can be relevant to the protein function, such as
substrates in the active site, or be part of the crystallisation conditions, such as sulfate ions or glycerol. In
addition to the positions of the atom, their occupancies can also be refined, along with the B-factors, which
are described below. Occupancies, which are values in the range 0-1, represent the proportion of unit cells
containing a given atom. For the peptide component of the model, this is usually assumed to be one for all
atoms, except in the case of multiple conformers. Refinement is performed with the maximum likelihood

method using software such as REFMACS (Murshudov et al., 2011) and Coot (Emsley et al., 2010).

Although crystals consist of molecules fixed in a lattice, some constrained movement of atoms oscillating
around an equilibrium position is allowed (Carugo, 2018). Motion of an atom within a crystal attenuates its
structure factor and appears in an electron density map as a spreading of the electron density for the atom
and reduction of the peak density, to represent the variation in atom position over time and over the different

unit cells in the crystal. Atomic B-factors (herein referred to simply as B-factors) are a measure of the
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magnitude of displacement of a given atom from its average position, with units of A2. B-factors are calculated
using the equation B = 8m?u?, where u represents the mean amplitude, in A, of displacement of the atom
(Sun et al., 2019). Higher values represent atoms with less well-defined positions (Trueblood et al., 1996;
Nelson, 2019). Atoms with the same local environment, including closely bonded in the same molecule, or
adjacent in space, are likely to be similar in their disorder and amount of allowed thermal motion, so will have
similar B-factors. Occupancy of an atom within the structure also influences B-factor. Where the specified
occupancy of the ligand in the model is higher than the occupancy suggested by the experimental electron
density, the B-factors for the ligand atoms increase to represent increased disorder and motion to account for
the reduced electron density. This interaction between occupancy and B-factors is used to develop a method,

detailed in §5.2.3, for determining occupancy of a nitric oxide ligand in protein structures.

The relationship between B-factor and occupancy has been used in quantifying radiation damage present in
datasets by examining B-factors of aspartate and glutamate residues. These residues get decarboxylated as
part of the site-specific damage induced by the X-ray beam at lower doses than where global damage becomes
evident by loss of diffraction resolution (see §1.2). Where sidechain carboxyl groups on these residues are
modelled at 100 % occupancy, but the experimental electron density indicates some of them are lost, their
B-factors increase. Comparing these B-factors to those for neighbouring atoms allows detection of site-specific
damage in a structure and is used to calculate the Bpamage and Bnet metrics (Shelley and Garman, 2022; Gerstel

et al., 2015).

Errors in the experimental data manifest as noise in the electron density map after data reduction. When
viewing maps during model building and refinement, the displayed contour level can be changed to hide low
level signal likely to be noise. Maps are contoured by RMSD (root mean square deviation) of the points from
the average electron density value of the map. Typical contour levels are 1o for 2F,,s — F.4;c and +30 for
Fops — Feaic maps. To quantify how well the refined model fits the experimental data, the structure factor
amplitudes, F,,;. and F,,s, are compared using the R value (also known as Rwork), Which is calculated using

YlFobs — Feaicl/2: Fops- A properly refined model should have an R value less than 20 %. The Ryree value is an
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equivalent measure calculated from a subset (usually 5 %) of reflections not used in refinement, and protects

against overfitting of the model to the experimental data. The R

1.2 X-ray damage to biological samples

One of the main complicating factors in macromolecular crystallography is damage to crystals caused by
exposure to the X-ray beam. Of the incident radiation hitting the crystal, approximately 98 % passes through
without interacting, and only 0.15 % undergoes elastic scattering to provide useful diffraction information.
The remaining photons are involved in damage processes within the crystal. Inelastic Compton scattering
occurs with 0.15 % of the incident photons, meaning they transfer some of their energy to electrons in the
crystal. The remaining 1.7 % of photons are absorbed via the photoelectric effect, with their energy being
transferred to an inner shell electron, causing its ejection from the atom, shown in Figure 1.2a. These ejected
electrons, called photoelectrons, are responsible for more than 90 % of energy absorbed by the crystal, and
travel until they interact with other atoms in the crystal and cause ionisation damage, as described below.
Each photoelectron has the potential to cause approximately 500 further ionisation events as secondary

damage (Nave and Garman, 2005; Nass, 2019), shown in Figure 1.2b.

Beam damage to crystals means data quality rapidly decreases as exposure accumulates, with the dose being
measured in Grays (Gy), equal to 1 joule of absorbed energy per kilogram of matter (1 J-kg™). X-ray exposure
drives two types of damage processes in protein crystals global damage to the crystal, and specific molecular
damage to the protein molecules. Global damage is evident in loss of diffraction power and increased
B-factors. These are brought about by unit cell changes are the result of increased disorder and displacement
of atoms within the unit cell (Carugo, 2018; Trueblood et al., 1996). The decrease in crystalline disorder results
in a reduction of the maximum resolution of collected reflections (Burmeister, 2000; Holton, 2009). The rate
of accumulation of global damage is quantified by the absorbed dose at which diffraction power has reduced
by half (D/2). This limit was calculated from electron diffraction data to be 2 x 107 Gy (Henderson, 1990), and

is known as the Henderson limit. The limit, known as the Garman limit, has been experimentally determined
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with X-ray data at 100K to be 4.3 x10” Gy (Owen et al., 2006), or approximately 1x 10° Gy at room

temperature.

Site-specific damage occurs at much lower doses than global crystal damage and induces structural and
chemical changes in the crystal (de la Mora et al., 2020; Pfanzagl et al., 2020). With specific damage, biological
integrity of structures obtained by X-ray diffraction can be compromised, as the structure of the protein
changes while it is being exposed to the beam (Garman, 2010). Such damage occurs at much lower doses, on
the order of 10*-10° Gy at both cryogenic and room temperatures (Gotthard et al., 2019), for reasons not yet
fully understood. The same research that came to the 4.3 x 107 Gy limit at cryogenic temperatures also
suggests a lower dose limit for data collection of 3.0 x 107 Gy, corresponding with Din,, rather than Dy, to

minimise the manifestation of site-specific damage (Owen et al., 2006).

Chemical damage commonly observed includes reduction of disulfide bonds and cleavage of certain amino
acid side chains such as carboxyl groups, but importantly charged residues can get reduced, for example redox
centres with flavins or metal ions also get reduced (Burmeister, 2000; Carugo and Carugo, 2005; Yano et al.,
2005; Owen et al., 2011; Bhattacharyya et al., 2020; Bowman et al., 2016; Becker et al., 2010). Some of the
X-ray radiation is absorbed by water present in the crystal, forming oxoniumyl ions (H,0*) and hundreds of
solvated electrons per absorbed photon (e”, scheme 1). These solvated electrons are short-lived and undergo
various reactions with water and oxygen to produce more reactive oxygen species (ROS) such as superoxide

(0,7, scheme 2) and hydrogen peroxide (H,0,, scheme 3).

1. H.0 + hv - H,O0* + e~
2. 02 +e > 02'_
3. O, +e +2H* = H,0,

These ROS, and the solvated electrons themselves, react with the protein molecules to cause damage
(Cadenas, 1989; Novo and Parola, 2008). In metalloproteins, these effects occur more rapidly at the active site
where the metal is bound, which are also the areas of greatest biological interest and importance to study.

Redox centres in proteins often contain transition metal ions such as iron and copper (see §1.7 for detailed
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examples), which accept the solvated electrons and become reduced (Horrell et al., 2018). For metalloproteins
with Fe3* ions (including haem proteins studied here), a dose limit of 40 kGy has been determined,

corresponding to photoreduction of 50 % of the iron sites in the crystal (Pfanzagl et al., 2020).

When avoiding site-specific damage in structures is of high importance, room temperature data collection can
be advantageous. At cryogenic temperatures, the rate of specific damage, such as disulfide bond cleavage or
metal centre reduction, are largely decoupled from the rate of global damage (and loss of diffraction) by a
factor of 100 or more times (Gotthard et al., 2019). This decoupling means that structural and biochemical
changes to the protein take place long before the crystal would be discarded, or the data truncated due to
loss of diffraction. Therefore, effects of specific damage are frequently present in structures obtained at 100 K,
which affects how well they represent the native state of the protein and can hinder interpretation of the
function of the protein in its biological context. At room temperature, although both global and site-specific
damage are likely to occur at lower doses than cryogenic temperatures, the rates of the two forms of damage
are likely to be closer to each other. For example, in data collected from lysozyme at 100 K, the rates of global
damage and disulfide bond cleavage differ by a factor of 21, with site-specific damage observed at a dose 21
times lower than global damage. At room temperature (293 K), this is reduced to a factor of 1.3, showing
almost complete coupling of the rates of the two types of damage (Gotthard et al., 2019). This means that
specific damage in structures collected at room temperature can more easily be tracked by monitoring loss of
diffraction. Later images with a higher dose and lower diffraction resolution can be truncated before merging,
therefore removing images where specific damage is also likely to be present. Although monitoring loss of
diffraction reduces the amount of specific damage seen, specific changes can also be tracked during data
collection with other techniques where available, such as using UV-Vis, Raman, and X-ray absorbance and
emission spectroscopies for validating metal centre reduction (Hough et al., 2008; Kekilli et al., 2017a) and

disulfide bond cleavage (Weik et al., 2002).

Data collection temperature can influence the dose limit by the dose rate effect, which is only present at room

temperature. At cryogenic temperatures, dose rate (measured in MGy-s™) has little effect on beam damage
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(Leiros et al., 2006; Sliz et al., 2003; Owen et al., 2006; Owen et al., 2012), but at room temperature, there is
a positive correlation between the dose rate and the dose limit (D), for example a four-fold increase in Dy,
was seen when dose rate was increased by 60 % (Southworth-Davies et al., 2007). This means better data
comes from faster data collection with higher flux (Warkentin et al., 2017). Another set of experiments found
a 58 % increase in Dq/; at room temperature when going from a dose rate of 0.36 Mgy-s™" to 40.3 Mgy-s™" (de
la Mora et al., 2020). This dose rate effect is proposed to be due to the build-up of various radicals (such as
hydroxyl radicals, +OH), generated by X-ray photoelectric absorption and subsequent relaxations, which form
at higher concentrations with higher dose rates (Hill and Smith, 1994). At higher concentrations, these radicals
are more likely to recombine with each other, rather than interact with the protein. The dose rate effect is
also partially observed through us of shorter exposure times with higher flux rates, so data is collected before
the radicals have had time to fully diffuse through the crystal (Owen et al., 2012). At cryogenic temperatures,

the radicals are trapped, unable to diffuse through the crystal, therefore dose rate has little effect (Zakurdaeva
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Figure 1.2: (a) Diagram showing the formation of photoelectrons (left), and the subsequent damage processes
that can occur downstream. (b) A cascade of ionisation events resulting from a single photoelectron. Each
photoelectron can cause another 500 ionisation events. (c) Simulated paths of photoelectrons formed from
30 keV X-rays absorbed 4 um from the rear surface of a protein crystal. (a, b) Reproduced from Nave and Hill
(2005), (c) reproduced from (Conrad et al., 2015), both with permission of the IUCr.
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et al., 2005; Brivati et al., 1969). One advantage cryogenic data collection has over room temperature is that
radical species released within cryocooled crystals are confined to their local environment, therefore
damaging only the exposed volume of crystal and a small distance outside it. This allows data collection from
several regions of a crystal independent of damage to other regions. At room temperature, the radicals are

free to diffuse throughout and damage the whole crystal.

The development of microfocus beamlines at synchrotrons in the early 2000s enabled use of smaller crystals
in MX data collection. Examples include X06SA at Swiss Light Source (SLS, Switzerland), with a 25 x 5 um beam,
ID232 at the European Synchrotron Radiation Facility (ESRF, France), with a 7.5 x 5 um beam (Flot et al., 2010;
Pohl et al., 2006) and 124 at Diamond Light Source (DLS, UK) with a 7 x 7 um beam. Being able to use smaller
crystals is advantageous because smaller crystals are often easier to grow than larger ones, reducing the
amount of time and precious protein consumed in optimising crystal growth conditions (see §1.5).
Unfortunately, with smaller crystals, less data can be collected from each of them, since absorbed dose is a
function of mass. To collect enough data for a high-quality structure from smaller crystals, often multiple
crystals are therefore required. Additionally, microfocus beams used for data collection from smaller crystals
contain the same number of photons as a wider beam, but spread over a smaller area, so the absorbed dose
of the illuminated crystal volume increases. A microfocus beam is used with the aim of illuminating only the
crystal, reducing the amount of extraneous matter in the beam, which would contribute to background scatter
and reduce signal to noise, making weaker diffraction information harder to process. Microfocus beamlines
are also useful for illuminating only the highest quality parts of a larger crystal, avoiding inhomogeneous areas.
This can be done by low dose pre-screening of crystals for diffraction prior to full data collection (Bowler et
al., 2010; Zhang et al., 2006; Evans et al., 2011). For the purposes of this thesis, microcrystals are defined as
crystals less than 20 um across (Cusack et al., 1998; Martin-Garcia et al., 2016), although larger crystals can

also be used in multi-crystal serial experiments.

Another benefit of using microcrystals is the potential to exploit photoelectron escape. Photoelectron escape

is where photoelectrons reach the edge of the crystal before being absorbed and causing further damage. The
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path length of a photoelectron is dependent on its energy and the material it is travelling through. In a protein
crystal, a typical path length for a photoelectron generated from a 25 keV beam is ~10 um (LaVerne and
Pimblott, 1997; Nave and Hill, 2005). With a given beam energy and crystal composition, the proportion of
photoelectrons escaping is dependent on the crystal size. In microcrystal diffraction experiments, the crystal
dimensions are similar to the vector distance of the photoelectrons, so a significant proportion of
photoelectrons can escape the crystal without being absorbed (Storm et al., 2020; Storm et al., 2021). Results
of a simulation are displayed in Figure 1.2c, where a 30 keV beam hits a 4 um thick crystal. Similar simulations
of 2.5 pum crystals with a 25 A unit cell have shown that moving from 12 keV to 25 keV X-rays increases crystal
lifetime by seven times (Cowan and Nave, 2008). The reduced quantum efficiency of silicon detectors at higher
energies offsets the benefits of increased photoelectron escape on reducing dose absorption (Murray et al.,
2004; Dickerson and Garman, 2019). For example the DECTRIS PILATUS detector, with 450 um thick silicon
sensors has a quantum efficiency of 98 % at 10 keV, but only 33 % at 20 keV (Donath et al., 2013). Recently
developed cadmium telluride (CdTe) detectors with 1 mm sensor thickness have a near 100 % quantum
efficiency up to 26 keV (Zambon et al., 2018), so are better for high energy data collection. The recent addition
of a DECTRIS EIGER2 9M CdTe at beamline 124 allows high energy data collection to be exploited for microfocus

and serial crystallography.

1.3 X-ray free-electron lasers and serial crystallography

X-ray free-electron lasers (XFELs) are capable of much higher peak brilliance than synchrotrons, in terms of
the rate of photons delivered to the sample, approximately 10° times higher (Emma et al., 2010). Peak
brilliances on the order of 10?7 photons/s/mm/mrad?/0.1% bandwidth have allowed, in the last 10 years, data
to be acquired from a crystal in shorter periods, on the femtosecond timescale. XFELs are different from
synchrotrons in that they are linear, with electron bunches being used once, rather than making many laps of
a storage ring. They consist of an injector, a long (approximately 1 km) electron accelerator, followed by a
series of undulators, of similar design to those at a synchrotron but with a combined length of approximately
100 m, and finally several beamlines positioned downstream (Galayda, 2018; Weise and Decking, 2017; Hara

et al., 2016). XFELs produce a pulsed beam, usually at tens of Hertz (Yabashi et al., 2017), although newer
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facilities such as the European XFEL and LCLS-Il (under commissioning) operate at megahertz repetition rates
(Galayda, 2018; Mancuso et al., 2019). This contrasts with synchrotrons, which produce a near-continuous
beam, so exposure times and image collection rates are dependent on the specific source being used. At a
synchrotron, the electrons are grouped into bunches to travel around the ring, thereby producing a pulsed
beam. For example, at Diamond Light Source, the most commonly used fill pattern of electron bunches
includes a ‘no-beam’ period of 72 ns during each repeating period of 1872 ns. This no-beam period is on a
much faster timescale than the millisecond exposure times per frame for MX data collection and therefore for
most experiments (including all experiments carried out as part of this thesis) the synchrotron beam can be
considered continuous. XFEL pulses typically last tens of femtoseconds, and a single pulse contains
approximately the same number of photons as a synchrotron beamline delivers in a second. The brief but very
intense nature of the femtosecond pulses produced by XFELs destroys crystals but prevents beam induced
site-specific damage from affecting collected diffraction patterns. This is due to data being collected on a
timescale shorter than that over which the damage processes take place, a technique referred to as diffraction
before destruction (Barty et al., 2012; Boutet et al., 2012; Chapman et al., 2006; Chapman et al., 2011; Neutze
et al., 2000). This is true for very short exposure times of 10 fs, but some damage may appear at exposure

times of tens of femtoseconds (Chapman et al., 2014; Nass et al., 2015).

This data collection differs to synchrotrons, where exposure times are in the region of 10 ms per frame, and
even at room temperature, crystals can survive for several images. Use of XFELs for serial crystallography is
called serial femtosecond crystallography (SFX), whereas at synchrotrons it is called serial synchrotron
crystallography (SSX). The destruction of crystals within the XFEL beam necessitates serial crystallography
methods, where each crystal is used for a single (still) diffraction image, and a fresh crystal is provided for each

exposure, described in §1.4.

As SX generally uses a fresh crystal for each exposure, beam damage to the crystals is of lesser importance.
This means that SX can be performed with the crystals at room temperature, as cryogenic temperatures are

not required to slow damage processes. As well as the practical advantages of not having to keep crystals cool
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on the beamline or spend time optimising cryoprotection (to prevent increased mosaicity and other cooling-
induced defects), collecting structures of biomolecules at room temperature rather than 100 K is of more
physiological relevance. The increased molecular motion at room temperature also allows for reactions to
take place in the crystals (Burnley et al., 2012; Ramakrishnan et al., 2021), which can be investigated in time-
resolved SX (TR-SX), see §1.6.4. These benefits are traded off against the major reduction in data that can be

collected from one crystal before unacceptable crystal damage.

1.4 Serial sample delivery

Because of the high numbers of crystals used in many SX experiments, rather than the one or two large crystals
used in conventional crystallography, mounting magnetic pins with loops onto a goniometer on a beamline is
generally not suitable. The throughput of exchanging pins, even with a robotic sample changer, is far too low
to allow collection of data from thousands of crystals (Martin-Garcia et al., 2016; Schlichting, 2015). Therefore,
alternative methods must be sought to rapidly deliver random oriented microcrystals successively to the X-ray

beam.

Sample delivery methods must be optimised in such a way as to reduce the mechanical and physical stress put
on the crystals. Protein crystals only have a small number of intermolecular bonds relative to their volume,
which allows flexibility of molecules within the crystal, and for the molecules to still perform their binding and
catalytic roles. This also makes the crystals sensitive to mechanical stress, changes in mother liquor
composition, temperature fluctuation, and dehydration (Schlichting, 2015; Cheng, 2020). Another aspect to
consider with delivery methods is the pulsed nature of X-ray beams at XFEL sources, and whether all crystals
would be exposed to X-rays. Crystals that do not get exposed to the beam are wasted, therefore increasing
the amount of sample required to get a structure. In the first 10 years of serial crystallography, several
methods have been used successfully, each suited to different sample and experiment types, and the
repetition rates of different X-ray sources (different XFEL facilities provide different pulse lengths and
frequencies, sometimes with pulse grouping). These techniques can mostly be grouped into three categories:

liquid jets, viscous extrusion, and fixed targets.

28



Serial and time-resolved crystallography of metalloproteins — Peter Smyth

1.4.1 Liquid jets

Liquid jets involve firing crystals in their mother liquor out of a nozzle and through the X-ray beam, powered
by a high-performance liquid chromatography (HPLC) pump or gas pressure. Liquid jets consume large
amounts of sample, as only 1 in 10 000 crystals in the fast-flowing jet typically interact with the X-ray beam
(DePonte et al., 2008; Shapiro et al., 2008), assuming an XFEL pulsing at tens of Hertz. A common type of
injector is the gas dynamic virtual nozzle (GDVN), with a minimum flow rate of 10 puL-min~". This consists of a
sample nozzle inside the tapered tip of a larger gas capillary, so the sample is released coaxially into a gas
stream. The gas keeps the sample jet stable while focusing it down to a smaller diameter, approximately
50 um, to reduce sample consumption over a basic jet (Calvey et al., 2016; Oberthuer et al., 2017). A double
flow focus nozzle (DFFN) relies on the same principle, but with an extra liquid solvent layer between the
sample and the gas (Calvey et al., 2016; Olmos et al., 2018). Liquid jets can be adapted to perform time-
resolved experiments by either light activation shortly before X-ray exposure, or by mixing of the crystal slurry
with a reactant solution upstream of the nozzle (Schmidt, 2013). Because of the high jet speed (approximately
10 m-s™), liquid jets are only able to access very short timepoints in a reaction, on the order of nanosecond or

microseconds (Aquila et al., 2012; Standfuss, 2017).

1.4.2 High viscosity extrusion

High viscosity extruders are like liquid jets, in that they produce a stream of crystals from a nozzle, and this
travels through the X-ray beam. If the crystal slurry has a higher viscosity, like toothpaste, a stable stream can
be formed at a much lower flow rate (Botha et al., 2015). Lower flow rates mean reduced sample consumption
and enable longer timepoints for TR-SX than liquid jets, as the crystals remain in the stream for longer, allowing
more time between reaction initiation and diffraction data collection (Weierstall et al., 2014). Extruders use a
HPLC pump delivering water to drive a piston plunger connected to a sample reservoir, which amplifies the
pressure and extrudes the viscous medium at a much lower flow rate than the water (Conrad et al., 2015;

Sugahara et al., 2017). High viscosity extruders often still use a coaxial gas stream to steady the extrusion and
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keep it aligned with the beam. The sample reservoir sits directly behind the short (50 mm) capillary in the

extruder to reduce wastage of sample left in the capillary.

Media such as hydroxyethyl cellulose (HEC) or agarose can be added to the crystal mother liquor, with
demonstrated flow rates of 0.45 pL-min™ and 0.16 pL-min~" respectively (Conrad et al., 2015; Sugahara et al.,
2017). High viscosity is also achievable by growing crystals in lipidic cubic phase (LCP), known as in meso
crystallisation, which is a common method for crystallisation of membrane proteins (Weierstall et al., 2014;
Aherne et al., 2012). Viscous media has also been prepared from lard (Nam, 2020). Unfortunately, the high
viscosity media surrounding the crystals scatters X-rays more than air, resulting in higher background counts
on the detector. The correct choice of medium is important for maintaining crystal integrity, while still allowing

a suitably low flow rate, and limiting background scatter (Park and Nam, 2023).

1.4.3 Fixed targets

Serial crystallography can also make use of solid mounts that hold crystals in fixed positions. Because the
crystals are stably mounted, not transiently passing through the beam as a jet or extrusion, there are no
wasted crystals that are supplied between beam pulses as with liquid jet delivery methods. Fixed targets are
designed to support crystals with minimal mother liquor and or other material in the beam, causing only
minimal background scattering. For further reduction of background scattering, many fixed target designs
incorporate apertures that allow the beam to pass through. The crystal slurry is applied to the fixed target and

crystals settle at these apertures (Ebrahim et al., 2019a; Ebrahim et al., 2019b; Oghbaey et al., 2016; Sherrell

Figure 1.3: Micrographs of the wells of a fixed target chip. The tapered square wells with 10-30 um apertures

can be seen (left), with a 3D model showing the taper of the wells (right). Each well is spaced 125 um on
centres (red arrows). Images produced using a Hirox HRX-01 microscope.
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et al., 2015; Horrell et al., 2021), as shown in Figure 1.3. Because a much higher proportion of the crystals get
exposed to the beam and used, the sample requirement is much lower than for other delivery methods.
Crystals are moved into and out of the X-ray beam by translation of (the fixed target, usually on a precise
motorised translation stage (Ebrahim et al., 2019a; Ebrahim et al., 2019b; Sherrell et al., 2015). Moving the
stage allows different crystals on the target, or different volumes of a larger crystal, to be positioned in the
X-ray beam consecutively. As the crystals are held in place on the mount, there is no time limit to how long a
crystal can remain in the path of the beam, nor on how many times it can be brought back into the beam.
Removing these limitations enables additional experimental possibilities, including longer timepoints for time-
resolved experiments. Multiple or prolonged exposures of one crystal can be used for investigation of X-ray-

induced damage and X-ray-initiated reactions (Doak et al., 2018; Lee et al., 2019), described in §1.2 and §1.6.6.

Some fixed target designs involve applying crystal slurry across a surface that is transparent to X-rays (such as
a polyimide or Mylar® film), with crystals distributed in unknown positions on the surface (Murray et al., 2015;
Lee et al., 2020), while others use a linear slot to confine crystals into known positions in one dimension
(Hunter et al., 2014; Park and Nam, 2023). Data collection positions on the fixed target can be spaced
arbitrarily since crystals are not confined to specific points on the surface. The only requirement is that data

collection locations are spaced far enough apart to prevent beam damage from X-ray exposure at one position
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Figure 1.4: Manufacturing of a fixed-target chip. A silicon wafer is coated in silicon nitride (SiN, green) and
photoresist (magenta), then the pattern of features is made by UV exposure. Plasma etching is used to transfer
the pattern onto the SiN, after which the photoresist is removed. The SiN forms the mask for wet etching of
the silicon layer with potassium hydroxide. The process is repeated for the back side of the chip. Reproduced
from Oghbaey et al. (2016) with permission of the IUCr.
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impacting- the next, especially when using an XFEL (Hunter et al., 2014). Crystals can be kept hydrated on the
surface by embedding in oil or LCP (Li et al., 2018), or by sandwiching the crystals between thin films (Doak et

al., 2018).

Other fixed targets trap crystals in predefined positions, with the fixed target rastered between these
positions. An example of this is the tapered apertures (wells) in the fixed target silicon chips developed at
Diamond Light Source, Hamburg and Toronto (Sherrell et al., 2015; Owen et al., 2017; Mueller et al., 2015).
Having crystals held at known positions on a fixed target increases hit rates over other fixed targets, with more
crystals being exposed to the beam and having diffraction data collected. The fixed-target approach used at
beamline 124 at Diamond involves loading crystals into apertures in a square silicon chip approximately 30 mm
in size (Oghbaey et al., 2016; Sherrell et al., 2015; Mueller et al., 2015). Chips are made with a standard silicon
wafer etching technique, see Figure 1.4. This approach greatly lowers sample requirement, and provides

higher hit rates, reducing the amount of beamtime needed for data collection.

Several silicon chip designs exist, with different arrangements of wells and fiducials for alignment on the
beamline. Wells on chips are arranged in rows and columns within groups known as blocks. An early chip

design was 28 mm square, with a 9 x 9 arrangement of 12 x 12 well blocks, with five wells of each block
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Figure 1.5: The layout of an Oxford chip, with (a) a grid of 64 blocks numbered A1-H8, along with fiducial
markers in each corner for aligning the chip. A closeup of one corner (b) shows one block containing a 20x 20
grid of 400 tapered apertures, spaced 125 um between centres.
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replaced with hash-shaped (#) fiducials, leaving 11 259 total useable wells (Oghbaey et al., 2016). The Oxford
chip shown in Figure 1.3 and Figure 1.5 uses a 30 mm square layout, with an 8 x 8 layout of 20 x 20
compartments (25 600 wells total), with fiducials in the corners of the chip, outside the grid wells (Ebrahim et
al., 2019a; Owen et al., 2017; Horrell et al., 2021) area. The hit-and-return (HARE) chip is approximately the
same size as the Oxford chip, but comprises 6 x 6 compartments of 24 x 24 wells (20 736 total). The different

chip layouts affect the time delays available for TR-SX experiments (Mehrabi et al., 2020; Schulz et al., 2018).

Chips can be loaded by pipetting a volume of crystal slurry onto the chip and spreading it across the surface.
Applying a weak vacuum to the underside then draws the slurry down into the tapered apertures, shown in
Figure 1.3, where the crystals are trapped and unable to pass through the chips. The excess mother liquor
passes through the chip into a waste flask, with the process shown in Figure 1.6a. Care must be taken to ensure
the apertures in the chip are smaller than the crystal dimensions, otherwise the crystals will be lost through
the chip with the mother liquor. An even distribution of crystals across the chip results in improved chip
loading, with more wells with one crystal in them, rather than multiple loading near the centre of the chip.
Crystal distribution is made easier if the chips are glow-discharged prior to loading, as making the surface
hydrophobic allows slurry to be spread more easily across the surface, similar to preparation of cryo-EM grids
(Drulyte et al., 2018). Because crystals are distributed more easily, a lesser volume of slurry is needed to load
the chip. With this method, a 30 mm square chip with 25 600 wells can be loaded with 100—200 puL slurry,
resulting in a typical hit rate of 30 %, that is approximately 7700 indexed images per 100 L of slurry (Mehrabi

et al., 2020; Murray et al., 2015; Oghbaey et al., 2016; Horrell et al., 2021).

To avoid dehydration of crystals during loading, loading can take place in a high humidity environment. After
loading, chips are often sandwiched between two layers of thin (2.5-10 um) film, preventing evaporation of
the liquid surrounding the crystals (Hunter et al., 2014). These films are specifically chosen for their X-ray
transparency to reduce background scatter (see §3.9). Mylar®, made from biaxially-oriented polyethylene
terephthalate, and Kapton® (polyimide), are two commonly used films. For spectroscopy of crystals in the chip,

or when using light to initiate reactions in TR-SX, transparency to visible and UV light is required. When using
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crystals that are sensitive to oxygen, for example redox proteins, permeability of films to oxygen needs
considering. Alternatively, crystals can be embedded in a cryoprotectant oil such as Parabar 10312 (formerly
Paratone-N), leaving a small amount of mother liquor around each microcrystal (Zarrine-Afsar et al., 2012;
Horrell et al., 2021). Because of their viscosity, crystals in cryoprotectant must be manually spread onto the
chip, rather than making use of the above-described vacuum method. Cryoprotectants can also be protective

against oxygen reaching the crystals, with the added benefit of enabling in vacuo measurements to be taken.

UV-Vis spectroscopy of crystals can be performed shortly before or after crystallography data collection, in
order to identify oxidation states of redox centres within proteins, or to identify ligand binding states, and
ensure crystal structures are collected from the proteins in relevant states. Optical spectroscopic monitoring
of protein redox state has been extensively demonstrated for single crystal experiments (Kekilli et al., 2014;
Owen et al., 2011; Kekilli et al., 2017a; Beitlich et al., 2007). Identifying redox states before and after data
collection can be used to monitor radiation damage within the crystals. In addition to monitoring crystal states,
when performing serial crystallography, more efficient use of beamtime could be made by identification of
crystal positions within the chip using offline spectroscopy prior to X-ray exposure. This map of crystal
positions could be used to skip diffraction data collection from unoccupied wells, saving precious beamtime,
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Figure 1.6: Schematic of the process of loading a fixed target chip. Crystal slurry is pipetted onto a chip (a), and
the excess mother liquor is removed through the apertures using weak vacuum pressure. After assembling in
a two-part holder (b), the chip is mounted on a motion stage (c). Crystals on the chip are exposed to the beam
in turn by moving the chip between positions. Reproduced from Ebrahim et al. (2019a) with permission of the
IUCr.
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although this is yet to be implemented on a beamline (Oghbaey et al., 2016). The same spectroscopy setup

could be used to monitor redox states of crystals within chips.

1.4.4 Additional sample delivery methods

Flows of crystal suspension can be manipulated by enclosing them within small tubing in microfluidic devices,
such as a glass capillary placed across the X-ray beam (Monteiro et al., 2020; Lyubimov et al., 2015). Use of a
capillary removes complications with getting a stable jet from a nozzle at the expense of increased X-ray
background scatter. Microfluidics also allows for rapid mixing of crystals with ligands shortly before exposure
to the X-ray beam, enabling TR-SX (Monteiro et al., 2020). Ultrasound waves can be used to levitate objects in
air, without them touching any solid support. This has also been investigated as a sample delivery mechanism,
suspending picolitre drops of crystal slurry in air (Priego-Capote and de Castro, 2006; Watanabe et al., 2018;

Morris et al., 2019).

All the sample delivery methods described in §1.4 rely on a ready supply of thousands of protein crystals,
which places very different requirements on crystallisation than conventional rotation crystallography. Where
conventional methods usually demand a single large crystal, serial methods use microcrystals, commonly no

bigger than 20 um. The production of suitable crystals for serial experiments is described below in §1.5.

1.5 Sample production for serial crystallography

As described above, macromolecular crystallography has conventionally used a small number (less than 20) of
large crystals mounted in loops (Cipriani et al., 2006; Ohana et al., 2004), rotated within the beam (Rodgers,
1994). Although large crystals (on the order of 100 um) are easier to manipulate individually, and their
optimisation is well-established, there are several advantages to using smaller crystals, or even microcrystals
(20 um), for crystallography experiments. One such advantage is smaller crystals better allowing light to

penetrate to their centres, and for ligands to diffuse to their centres faster in time-resolved studies.

Crystalising a protein relies on manipulation of the crystallisation phase space, shown in Figure 1.7, by
changing various parameters. The parameters include composition and concentration of precipitant solution,

protein concentration, pH, and temperature (Asherie, 2004; Schlichting, 2015). When the concentration of a
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protein exceeds the limit of its solubility, it begins to precipitate, by forming either amorphous precipitate or
hopefully an ordered crystal. There are two stages to crystal formation; nucleation, where molecules
spontaneously associate to start crystallising; and crystal growth, where crystals increase in size as more
molecules are recruited at their surfaces (Chayen, 2004). To produce crystals, the composition of the

crystallisation cocktail must fall within the nucleation zone in Figure 1.7.

The most common method of protein crystallisation is vapour diffusion, using either sitting or hanging drops.
This involves mixing a small volume, on the order of single microlitres or less, with a similar volume of
precipitant solution, then placing it in a sealed well with a much larger (500 uL) reservoir of precipitant
solution. Hanging drops adhere to the underside of a coverslip, whereas sitting drops occupy a small well
above the reservoir. Vapour diffusion refers to the way in which the solvent vapour, trapped in the well, will
diffuse from the crystallisation drop to the reservoir solution to reach an equilibrium of precipitant
concentration between the two (D'Arcy et al., 2014). Reducing the volume of the crystallisation drop gradually
increases both protein and precipitant concentration from undersaturation to a point where the nucleation

zone is reached, indicated by the relevant line (dot dash) in Figure 1.7. In the nucleation zone, the protein
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Figure 1.7: Diagram of the protein crystallisation phase space, showing effects of changing precipitant and
protein concentration. Other factors that can be changed are temperature, pH, and additive concentrations.
Reproduced from Schlichting (2015) with permission of the IUCr.
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concentration exceeds its solubility limit and molecules spontaneously associate into crystals, which are more
thermodynamically favourable than high concentration solutions. As crystal nuclei form, the protein
concentration decreases, and the crystallisation drop enters the metastable zone. This is where crystals
continue to grow by recruiting more protein molecules to their surfaces, but no new nuclei form. When aiming
to grow a few large crystals, conditions should be chosen to spend little time in the nucleation zone, so fewer

nuclei form. With fewer nuclei, more molecules can be recruited to each to form larger crystals.

Part of the challenge in growing crystals is controlling the amount of nucleation that occurs. To produce large
crystals, the ideal starting conditions allow for the formation of few nuclei, so each crystal can grow larger. To
produce microcrystals, more nucleation is desired, so many smaller crystals are produced. If conditions are
known that produce crystals of any size, the crystals can be used as seeds. Seeds can be added to a
crystallisation cocktail, inducing crystal formation without having to enter the nucleation zone of phase space
(D'Arcy et al., 2014; Kupitz et al., 2014b; Stohrer et al., 2021). Seeding can simplify finding ideal conditions and
reduce the potential for excess nucleation. Any crystals of a protein can be used as seeds, including large
crystals that have been crushed. Crystal crushing is either done using a glass rod with a hemispherical end, or
by vortexing the crystals in a tube with a glass, steel, or PTFE bead. Seed crystals are often too small to identify
and count, but the seed stock can be added to a crystallisation cocktail in various volumes to find the
concentration of seeds which produces the desired amount of nucleation. High volumes of seed stock
introduce more nuclei, promoting the growth of many microcrystals, whereas less seed stock means fewer,

and potentially larger, crystals grow.

1.6 Serial experiment possibilities

1.6.1 Room temperature low dose crystallography

Conventional rotation crystallography usually takes place at cryogenic temperatures to slow damage to the
crystal (de la Mora et al., 2020; Owen et al., 2006), as described in §1.2, although this is not necessary for serial
crystallography where only one diffraction pattern is collected per crystal, and damage can only build up over

the course of a single exposure (Owen et al., 2017). Structures collected at room temperature are more likely
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to represent the conformation of the protein at physiological temperatures, and therefore are of more
physiological relevance than those at cryogenic temperatures (Fischer et al., 2015; Sharma et al., 2023;
Ebrahim et al., 2022). Room temperature data collection is also required for time-resolved crystallography, as
at cryogenic temperatures proteins would not undergo conformational motion and reactions (Burnley et al.,

2012).

1.6.2 Damage-free structures at XFELs

As discussed in §1.2, X-ray exposure drives damage processes in protein crystals, and all protein structures
solved at synchrotrons contain artefacts caused by beam-induced damage. The only way of solving structures
completely free of X-ray damage is to collect data at XFELs, or with neutron diffraction (Blakeley et al., 2008;
Meilleur et al., 2006) or NMR (Bax and Clore, 2019). Structures collected using XFELs have been known as zero-
dose structures, as despite the doses being very high, the data is collected before any of the dose has been
able to damage the crystals. Neutron diffraction for damage-free structures is limited by beamtime availability,
the requirement for very large single crystals, and limits on unit cell dimensions, so is not discussed further

here.

1.6.3 Serial femtosecond rotation crystallography (SF-ROX)

A technique exists for collecting rotation datasets at XFELs in a similar way to conventional crystallography
with synchrotron sources. As intense XFEL radiation greatly damages or destroys the illuminated area of a
crystal upon a single exposure, serial femtosecond rotation crystallography (SF-ROX) has been developed
(Hirata et al., 2014). Between collection of consecutive diffraction images, as well as being rotated, the crystal
is also translated in the beam, exposing a fresh volume of the crystal each time. Collecting images at different
known angles from the same crystal can aid data processing, and allows all reflections to be recorded
systematically, not just by randomly sampling with stills. Taking advantage of the images collected at known
angles depends on the data processing software. Currently, DIALS (Winter et al., 2018) and CrystFEL (White et
al., 2016) do not have specific SF-ROX modules, so XDS is usually used for processing the data (Kabsch, 2010).

Data collection at XFELs can also be applied to multiple crystals mounted on a micromesh pin. The distance by
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which the crystal is translated is based on the zone which is damaged around the previously exposed volume.
To maximise the data collected from one crystal, cryogenic conditions are used to prevent migration of radicals
in the crystal, therefore slowing beam damage. Unfortunately, the cryocooling also prevents substrate
migration, and therefore preventing SF-ROX from being used to study dynamics, except for states that can be
captured by cryotrapping (Suga et al., 2019). SF-ROX has been shown to produce damage-free structures of
macromolecules (Suga et al., 2015; Tosha et al., 2017). This method would be suitable if conditions to grow

microcrystals of a protein cannot be found, but large single crystals are available.

1.6.4 Time-resolved serial crystallography (TR-SX)

Because of the data collection time involved with obtaining diffraction images from a crystal at multiple angles,
traditionally crystallography can only be done with macromolecules in static or very long-lived states, where
the data collection time is shorter than the lifetime of the intermediate state being probed (Wulff et al., 1997;
Moffat, 1997). Alternatively, reversible reactions can be repeated several times on the same crystal, collecting
a small amount of data each time. This has been used to investigate light-initiated carbon monoxide
dissociation from myoglobin with a timepoint as short as 100 ps (Schotte et al., 2004; Schotte et al., 2003),

made possible using Laue crystallography.

The Laue technique reduces the required X-ray exposure time per image by using a high flux pulse of
polychromatic X-ray beam to illuminate the sample (Ren and Moffat, 1995; Moffat, 1997). As a polychromatic
beam is used the Bragg condition is satisfied for many reflections simultaneously. Because of the high number
of reflections on the same image, adjacent spots in each image lie very close together. Data integration
becomes more complex because of potential spot overlap and the wide X-ray bandwidth used (Ren and
Moffat, 1995). To avoid this spot overlap, having isomorphous crystals is important, as spots remain small with
low crystal mosaicity. Another early example of time-resolved crystallography is glycogen phosphorylase b,
with various experiments showing presence of enzyme-substrate complexes and slow conversion to a product-
bound state over several hours (Hajdu et al., 1987), such as GTP hydrolysis with Ha-Ras p21 (Schlichting et al.,

1990). By merging wedges collected from several crystals (or from a reversible reaction in a single crystal), the
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required duration of continuous data collection is reduced. With the increased flux of synchrotron sources
over the last 35 years, the same reaction could be studied today with much shorter exposures and at shorter

timepoints (Schmidt, 2020; Geremia et al., 2006; Schmidt, 2013).

The restriction imposed by minimum data collection time for time-resolved crystallography precludes its use
to investigate protein dynamics of fast and irreversible reactions, other than what can be inferred from static
structures. Serial crystallography circumvents this by collecting only a small amount of data from each crystal,
which is done in a very short period, on the order of milliseconds at synchrotrons, and femtoseconds at XFELs
(Chapman et al., 2011; Stellato et al., 2014). Because only one short exposure is collected from each crystal,
the molecules within the crystal need not be in a steady state, but exposures can capture diffraction of an
intermediate within a reaction (Pearson and Mehrabi, 2020). This is called time-resolved serial crystallography

(TR-SX), and TR-SFX or TR-SSX specifically at XFELs and synchrotrons respectively.

Reactions can often take place within protein crystals because of their relatively high (compared to small
molecule crystals) solvent content of approximately 50 %, and their somewhat retained conformational
flexibility. The high solvent content allows for diffusion of substrates and products through the crystal via
solvent channels, including into and out of active sites. The ability of substrates to access active sites within
crystals is dependent on the way the crystals in question form, and where the solvent channels lie in relation
to the active sites. Crystal packing may also limit certain conformational motions that are necessary for
substrate binding and catalysis, resulting in either the crystallised protein not being catalytically active, or the
crystals disintegrating upon reaction initiation (Hajdu et al., 1987; Schmidt, 2020). Where reactions do take
place inside crystals, the rate of reaction is greatly reduced compared to the protein in solution, in part
affected by the conditions the crystals are grown in, as viscous precipitants reduce diffusion rates. Reduced
rates of reaction are often advantageous for time-resolved crystallography experiments, as the prolonged

lifetimes of intermediate states makes them easier to capture by X-ray diffraction.
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1.6.5 Initiating reactions for time-resolved serial crystallography

Reaction initiation is a crucial step in any time-resolved biological experiment. Reactions need to be started at
a controlled time, and for ensemble techniques such as crystallography, reaction must occur in the whole
sample (whole crystal) at the same time (Griinbein et al., 2020). Since ensemble techniques collect an average
from all molecules in the sample, the molecules must be in the same state, or one of a few states, to provide
clear information, just as a musical ensemble must play a piece in time with each other to produce a clear and
pleasant sound. If the molecules within the crystal are not identical, such as flexible regions of a protein, or
exhibiting different intermediate states in a chemical reaction, the resulting electron density map is blurred
to represent this ensemble of states. This map can be harder or impossible to model a complete structure
into, and the multiple conformations can make interpretation of the reaction mechanism harder (De Zitter et
al., 2022). For serial crystallography, optimal reaction initiation means concurrent triggering in the whole
crystal and using the same delay time for all crystals. The precision required for reaction initiation depends on
the timescale of the reaction being studied. If the timepoints are all relatively long-lived, then the permissible

variability of reaction triggering times across the sample is greater.

When the required time precision in reaction initiation is lower, the obvious method of triggering is mixing of
an agueous reagent or ligand with the protein crystal by soaking, such as mounting a single crystal in a flow
cell on a goniometer (Stoddard and Farber, 1995). The main disadvantage of mixing for time-resolved
experiments is the time taken for the ligand to diffuse into the crystal and reach all protein molecules. Rates
of diffusion are much lower in crystals than in solution, so the time to reach equilibrium will be much greater,
especially for large crystals with long distances from the surface to the centre (Gouet et al., 1996). As a result,
the reaction will begin sooner in the unit cells closer to the surface. Incomplete mixing can result in mixed
populations of molecules within the crystal, including partial occupancy of ligands, greatly complicating
structure determination from the diffraction data, and not providing clear information on intermediates within
the reaction (Schmidt, 2013; Beyerlein et al., 2017). This limits time resolution to timepoints much slower than
the diffusion time, ruling out study of many molecular interactions. For conventional single-crystal data

collection, diffusion times on large crystals can be on the order of a minute, and has been used for studying
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slow reactions, such as the phosphorylation reaction of glycogen phosphorylase b (Schmidt, 2013). With
microcrystals, diffusion times are much less than for large single crystals, but still limit the resolution of time-
resolved diffraction experiments to the order of single milliseconds (Olmos et al., 2018; Ishigami et al., 2019;
Kupitz et al., 2016; Mehrabi et al., 2019). Mixing methods have been successfully employed in several TR-SX
experiments (Schulz et al., 2022), including by mixing crystals with a substrate shortly before injection via a jet
(see §1.4.1), termed mix-and-inject serial crystallography (Stagno et al., 2017; Dasgupta et al., 2019; Olmos et
al., 2018). Another mixing technique uses a droplet injector to put picolitre drops of ligand solution onto
individual wells of a fixed-target chip (see 1.4.3), each of which contains one crystal (Mehrabi et al., 2020;
Glerup, 2022). Because the amount of mother liquor surrounding the crystal is small, the ligand can diffuse

into it and bind active sites rapidly (Shilova et al., 2022).

As well as mixing, it is also possible to initiate reactions in crystals using light. Unlike diffusing substrates into
crystals, light reaches the whole crystal in a negligible period, allowing synchronous reaction progression
throughout the crystal (Griinbein et al., 2020). This is a form of pump-probe experiment, as one pulse of UV
or visible light initiates a reaction in the crystal (forms the pump), and another pulse (X-ray beam) interrogates
(probes) the sample. Although light activation is almost instantaneous across the crystal, intensity of light can
vary massively due to the high optical density of the crystal, even across moderately sized crystals (Monteiro
et al., 2021). This has consequences for investigating single-photon reactions, as even with the correct total
number of photons, the molecules near the front face of the crystal will absorb far more photons than those
further back, which may not absorb any (Griinbein et al., 2020). If multiple photons are absorbed by a
chromophore in a short space of time, it can trigger changes outside of the usual reaction pathway seen in
nature, and therefore provide misleading information about protein function and dynamics. Absorbance
effects also apply to delivery media in liquid jets and viscous extruders, which can also absorb light, as well as
the round profile of the jet or extrusion acting as a lens to focus the light, leading to areas of higher and lower

intensity (Weinert et al., 2019; Monteiro et al., 2021).
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Some proteins and protein complexes are naturally photoactive, meaning they absorb light and undergo
detectable changes in response. Examples include photoreceptors such as rhodopsin (Nango et al., 2016;
Standfuss, 2017), or photosystems from bacteria or plants (Kupitz et al., 2014a). Light has been used to activate
reactions in phytochromes, which photoconvert between two stable forms that absorb different wavelengths
of light (Burgie et al., 2020). In these phytochrome experiments at 150 K, only partial photoconversion was
observed, so light activation and synchrotron data collection could be employed to capture various
intermediate states. If similar partial interconversion occurs in other light-activated reactions, cryotrapping
methods could be used combined with room temperature SFX to determine structures of other light-sensitive

proteins.

For reactions that are not naturally photoactivated, use of photocages can be considered. These photolabile
compounds can be soaked into crystals in the dark, and when lysed by a pulse of light, release a smaller
chemical species within the crystals. Photocages can be synthesised to release a reaction substrate, which
becomes available for interaction with the protein in a period of microseconds after receiving the pulse of
light (Schlichting et al., 1990; Schlichting et al., 1989; Monteiro et al., 2021). Caged substrate photolysis has
been used in experiments with conventional macrocrystals, especially before the advent of modern serial
techniques. Both single crystal (Sakaguchi et al, 2016) and time-resolved serial (Tosha et al., 2017)

experiments have been performed using N,N’-bis-(carboxymethyl)-N,N’-dinitroso-p-phenylenediamine, a
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Figure 1.8: (a) Photolytic release of two NO radicals by the photocage N,N’-bis-(carboxymethyl)-N,N’-dinitroso-
p-phenylenediamine. (b) Absorbance spectra from the photocage. Ia represents the absorbance before
photolysis and features a 300 nm peak, lla is an unstable intermediate after release of a single NO molecule,
and llla is the product shown in (a). (b) reproduced from Namiki et al. (1997) with permission, copyright
American Chemical Society.
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photocage that releases NO upon UV illumination centred at 300 nm (Namiki et al., 1997), shown in Figure
1.8. In an SFX experiment performed by Tosha et al. (2017), the NO photocage was soaked into the protein
crystals as a solution in mother liquor, and also dissolved as part of the hydroxyethyl cellulose (HEC) viscous
medium (Sugahara et al., 2017) used in the viscous extruder (Weierstall et al., 2014). The experiment studies
the haem-containing nitric oxide reductase P450nor from the fungus Fusarium oxysporum, and captured an
intermediate with NO bound to the distal side of the haem, where it would undergo reduction to form an
NHO~ or NHOH intermediate in the presence of NADH (Shoun et al., 2012), and have suggested a mechanism
for reaction specificity in the enzyme. This NO photocage differs from most other available photocages, in that
the photolysis product of biological relevance, the NO, is significantly smaller than the N,N’-bis-
(carboxymethyl)-p-phenylenediamine caging group. Most other caging groups are approximately equal to or

are smaller than the biologically active molecule they release (Monteiro et al., 2021).

Various caging groups have been developed that can be applied to different active molecules. Photocage
design is non-trivial, and multiple factors affect the usefulness of a caged compound (Monteiro et al., 2021).
The ideal photocage is easily dissolved in the crystallisation mother liquor to a high concentration, usually
either high concentrations of inorganic salts such as ammonium sulfate, or the organic solvent polyethylene
glycol (Krauss et al., 2011). Solubility is important as the cage must be present in at least the concentration of
the protein in the crystals, to release the caged reaction substrate in a sufficient amount to initiate the reaction
in a high proportion of unit cells. The uncaging reaction upon light initiation should be fast enough to provide
all the substrate within a shorter period than turnover of the reaction in the crystals, to capture transient
states within the reaction with high occupancy. The extinction coefficient of the cage is also important, as high
absorption of the excitation wavelength prevents light from reaching the far side or centre of the crystal, so

the reaction is only initiated in a proportion of unit cells.

Photocages are also available that bind to the protein to prevent reaction initiation, rather than sequestering
a substrate. These often take the form of a protecting group bound to a side chain of a catalytically active

amino acid in the active site, preventing turnover until the residue is uncaged by light (Deiters et al., 2006; Wu
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et al., 2004; Mangubat-Medina and Ball, 2021). Photocaged amino acids have been developed and applied to
proteins for assays in live cells (McCray and Trentham, 1989), where light can easily penetrate the cell and
uncage the enzyme in its natural environment, but have also been applied to TR-SX studies (Smith and Wilson,
2022). Artificial photosensitisation of proteins can be extended beyond protection of a specific active group
with compounds such as photoswitches. The azobenzene photoswitch undergoes photoisomerization
between cis and trans states upon illumination with green or UV light, and can be used to force conformational

changes in protein secondary or tertiary structure (Beharry and Woolley, 2011; Sadovski et al., 2009).

1.6.6 Investigating X-ray-induced damage to crystals

As well as trying to produce structures that are free from X-ray damage, the damage to crystals can be
investigated. This -is important because the X-ray beam interacts with the crystals to produce photoelectrons,
which react with the protein molecules and cause chemical changes (Carugo and Carugo, 2005; Garman,
2010), as described in §1.2. When damage is not considered, these changes can lead to misinterpretation of
the protein structure, as the damaged state captured by crystallography is different from the natural state of
the protein. Understanding damage processes in crystals can lead to better identification of these artefacts in
the resulting structures and can lead to better data collection methods that reduce the amount of damage

present in the structures.

An alternative form of pump-probe crystallography experiment uses X-rays as both the pump and the probe.

Pump pulses initiate various X-ray-driven processes, and are followed by probe pulses used to collect
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Figure 1.9: Representation of multiple serial structure (MSS) data collection from many crystals, possible with
fixed target sample delivery. Consecutive 10 ms exposures are collected from one crystal at a time, then
corresponding images of the same dose from each crystal are merged. Reproduced from Ebrahim et al. (2019a)

with permission of the IUCr.
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diffraction patterns (Ebrahim et al., 2019b). Importantly, the exposures either have a time delay between
them or are sequential (when using an almost continuous X-ray beam at a synchrotron), to allow the X-ray-
induced changes to occur between exposures. In a technique called multiple serial structures from one crystal
(MSOX), each X-ray exposure performs both pump and probe roles, enabling tens of structures to be captured
sequentially as X-ray-driven changes progress in a crystal (Horrell et al., 2016; Inoue et al., 2016; Hough et al.,
2017). MSOX can produce a dose series of structures, where each consecutive structure has more beam

damage than the last. From this the progression of damage processes within a protein crystal can be followed.

Multiple serial structures from many crystals (MSS) is an X-ray pump, X-ray probe technique that uses multiple
crystals, and collects successive diffraction patterns from each crystal during a continuous X-ray exposure.
Data is combined from the same respective exposure of each crystal, to produce a series of structures of
crystals that have received increasing doses (Ebrahim et al., 2019a), as shown in Figure 1.9. This technique can
be used to track changes in crystals over increasing dose. Application of the technique to a copper nitrite
reductase protein (crystallised in space group P2;3) has discovered a conversion between two polymorphs
with unit cell lengths 1.4 A apart by tracking changes with increasing dose up to 100 kGy. MSS has also been
used to track changes at a radiation-sensitive haem site over increasing dose, to extrapolate a zero-dose

structure (Ebrahim et al., 2019b; Ebrahim et al., 2019a).

1.7 Target proteins for serial crystallography

As described previously in §1.2, metalloproteins are particularly sensitive to site-specific X-ray damage, and
metals are found in 40 % of enzymes with known structure (Andreini et al., 2008). UV-Vis spectroscopy can be
used to monitor photoreduction of certain metalloproteins (such as those with Fe3* or Cu?* ions), as recently
demonstrated by Pfanzagl et al. (2020) and Luci¢ et al. (2020a). Therefore, metalloprotein studies benefit from
the low dose and damage-free capabilities of serial crystallography, and make a good test case for new serial
methods (Hough and Owen, 2021; Bowman et al., 2016). A common cofactor found in metalloprotein is the
haem group (Poulos, 2014), which consists of an iron ion inside a porphyrin ring, as shown in Figure 1.10. Haem

proteins have a wide range of functions in ligand binding and catalysis, including facilitating redox reactions
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(Luci¢ et al., 2020b; Lucic¢ et al., 2021), and selective binding of small gas molecules such as nitric oxide and
carbon monoxide (Lawson et al., 2000; Manole et al., 2015). The many roles of the haem cofactor are largely
due to the iron at its centre. The octahedral coordination geometry of iron means it can be incorporated as
part of the haem by the delocalised electrons of four pyrrole nitrogen atoms which lie in the plane of the
porphyrin ring. This leaves the two axial coordination sites free for the iron to bind the protein or to provide a
ligand binding function. Iron is a transition metal, meaning it has multiple oxidation states, most commonly
ferrous (Fe?*) and ferric (Fe3*) iron, although ferryl (Fe**) iron is also found in haem proteins. These oxidation

states mean that iron can act as an electron acceptor or donor within the protein, including in redox reactions.

Haem is bound to the protein by coordination with an axial residue as a ligand on the proximal side, most
commonly histidine or cysteine, with polar interactions between its two propionic acid side groups and the
protein providing additional stabilisation (Liu et al., 2014). Some types of haem also involve covalent
attachment, including haem C, which is covalently linked via two thioester bonds from its vinyl groups to two
cysteine residues as part of a CXXCH motif (with X representing any amino acid) in the protein (Bowman and
Bren, 2008). Covalent attachment of the haem aids stability of the protein, as demonstrated by mutagenesis
of the relevant cysteine residues to convert a c-type to a b-type cytochrome (Tomlinson and Ferguson, 2000).

Cys
\ CH,

O™ “oH 0

Figure 1.10: Haem C, shown covalently bound via two thioester links to the two cysteine residues in the CXXCH
haem binding motif.
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Less frequently, other covalent bonds form, such as the lysine crosslink in cytochromes P460 (Adams et al.,

2019; Bergmann and Hooper, 2003).

The nitrogen cycle involves several metalloproteins that bind nitrogen-containing species or catalyse reactions
involving them. These proteins are of interest because of their roles in transferring nitrogen between the soil
and the atmosphere. Nitrogenous compounds in the soil are necessary for crop growth and meeting global
food demands (Cameron et al., 2013; Stein, 2011). Nitric oxide, nitrogen dioxide, and nitrous oxide (NO, NO,,
and N,0) are air pollutants released from combustion of fossil fuels (including road transport) and in industrial
processes (Sillman, 1999). NO, has negative health effects via inflammation of the airways (Hamra et al., 2015;
Jiang et al., 2019) additionally to being a precursor in ground-level ozone production (Hargreaves et al., 1992).
N,O is a greenhouse gas that depletes the ozone layer in the upper atmosphere (Lasek and Lajnert, 2022;
Winiwarter and Klimont, 2011). As well as being produced anthropogenically, the main source of N,O is release
from soil and bodies of water by conversion of nitrate and nitrite (NO3~ and NO,~) by denitrifying bacteria
(Butterbach-Bahl et al., 2013). In addition to the wider effects of nitrogen species on the climate, NO is also a
highly important biological signalling molecule, including in humans (Farah et al., 2018; Heinrich et al., 2013).
Mammalian nitric oxide synthases contain haem groups (Minhas et al., 2020) and have similarities to the

proteins discussed below.

NO is a radical, meaning it has an unpaired valance electron, in this case in a 2rt orbital, and can be considered
to have 2.5 bonds between the nitrogen and oxygen atoms (Pacher et al., 2007). When NO binds a transition
metal, such as binding iron in a haem protein, it forms a metal nitrosyl complex. Bonding to transition metal
cations occurs via the nitrogen due to its negative dipole. The bond angle between the metal and the NO can
be either linear or bent, depending on the metal and its other ligands. For the Fe—NO complex formed when
NO binds haem proteins, the angle is usually bent due to m backbonding (Lehnert et al., 2010). A unique
behaviour of NO binding to haem proteins not seen with CO and O, is a lowering of the binding strength of
the other axial ligand (Cooper, 1999), commonly histidine. This can lead to dissociation of the other ligand, as

described for the cytochrome ¢’ from Alcaligenes xylosixidans below.
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As described in §1.6.5, there exists a photocage that releases NO upon UV illumination (Namiki et al., 1997),
which has already been used successfully in a TR-SFX experiment (Tosha et al., 2017). As well as the P450nor,
cytochromes ¢’ (cyts ¢’) and dye decolourising peroxidase type B (DtpB) are also haem proteins that are known
or expected to bind NO (Adams et al., 2019; Luci¢ et al., 2020b), which means time-resolved crystallography

using the photocage is also possible with these proteins.

1.7.1 Cytochromesc'

Cytochromes are ubiquitous redox-active haem proteins that have functions in many different organisms and
biological processes, including respiration, photosynthesis, and substrate oxidation (Adams et al., 2019). Their
roles include electron transfer, catalysis, and gas binding. The macrocyclic tetrapyrrole ring surrounding the
iron has delocalised electrons that are important to the function of the proteins. Cytochromes are broadly
classified depending on the form of the haem binding motif (Bowman and Bren, 2008; Allen et al., 2005). The
iron is coordinated by the four pyrrole nitrogen atoms in the porphyrin ring, and directly by the epsilon
nitrogen atom of a histidine residue, a feature common to 80 % of b- and c-type haem proteins (Bowman and
Bren, 2008; Li et al., 2011). The side of the haem that coordinates histidine is called the proximal face (Hough

and Andrew, 2015).

Cytochromes ¢’ are a group of cyts c that contain a 5-coordinate (5c) haem (pyrrole nitrogens and proximal
histidine) in their resting states, implying a ligand binding function of their haem (Barbieri et al., 2008; Tahirov
et al., 1996; Manole et al., 2015; Cross et al., 2001). Most cyts ¢’ discovered to date are primarily alpha-helical,
with a four-helix bundle structure (Hough and Andrew, 2015). The cycP gene that encodes many cyts ¢’ is
conserved across a range of methanotrophic, photosynthetic, and denitrifying bacteria, implying the proteins
have a range of functions (Kekilli, 2015). One of the identified features of cyts ¢’ is the ability to bind diatomic
gases such as CO and NO (Antonyuk et al., 2011; Adams et al., 2023), either on the vacant distal side of the
haem, forming a 6-coordinate (6c) iron species (Barbieri et al., 2008; Mayburd and Kassner, 2002; Manole et
al., 2015; Lawson et al., 2000), or by displacing the histidine in the proximal position, leaving a 5c iron as the

final ligand-bound state (Andrew et al., 2016; Kekilli et al., 2014), which takes place via a mechanism described
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below. One such example of a protein that binds NO on the proximal side is AXCP, the cyt ¢’ from Alcaligenes

xylosoxidans (Kekilli et al., 2017b; Pixton et al., 2009).

Although the majority of cyts ¢’ identified to date are four-helix bundles, a small number of examples with
beta-sheets have been identified (Pearson et al., 2007; Bergmann et al., 2000; Liew et al., 2019). This new class
of cyts has been designated cyt ¢’-B after their secondary structure, as opposed to the more common alpha-
helical type, now designated cyt c’-a. These cyts c’-f contain the same fold as cyts P460 (Adams et al., 2019;
Bergmann et al., 2000), but the lysine residue, which in P460 is crosslinked to the haem and responsible for
the characteristic Soret absorbance peak centred at 460 nm, is mutated, usually to phenylalanine. An example
of this similarity is shown in Methylococcus capsulatus (Bath), with the structures of its cyt ¢’-B (McCP-B) and

cyt P460 (McP460) being shown in Figure 1.11 (Arciero et al., 1993; Adams et al., 2019). Lys 78 in McP460 is
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Figure 1.11: Comparison of cytochrome c’-B (a, c) and cytochrome P460 (b, d) from Methylococcus capsulatus
(Bath). (a, b) The overall structure of the two homodimers, with the mostly B-sheet structure visible in both
proteins. (c, d) The haem sites, which show similarity in a proximal His and Tyr (below haem), but have
different distal sites, including a crosslink between the haem and Lys78 in cyt P460 (d). P460 has water bound
in the distal pocket, unlike McCP-B. Data collected at 100 K (Adams et al., 2019), PDB: 6hih (cyt c’-B), 6hiu (cyt
P460).
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mutated to Phe 61 in McCP-B, but both proteins share the tyrosine (Tyr 152 or 131) that coordinates the
proximal histidine. Haem P460 is also found in the enzyme hydroxylamine oxidoreductase, which is also part
of the nitrogen reduction pathway (Adams et al., 2023), converting hydroxylamine to nitric oxide (Caranto and

Lancaster, 2017), which is subsequently oxidised abiotically to nitrite (NH,OH = NO - NO;").

Both cyts ¢’ given as examples above are suitable for TR-SX experiments because of the obvious differences in
the active site structure upon NO binding. In McCP-, the NO simply binds the vacant distal site of the 5c iron
(Adams et al., 2023; Russell et al., 2013) to form a 6¢c complex, so the presence of the ligand is clearly visible
in the electron density using an omit map (F,ps — Fq1c difference map) after molecular replacement. For
some haem proteins, including McP460 (Figure 1.11d), the native state of the protein includes a water
molecule bound in the haem site (6¢ iron), which gets displaced upon ligand binding (Kekilli, 2015; Kekilli et
al., 2017b; Hough et al., 2011; Lawson et al., 2000). This results in a much smaller change in electron density
than the ligand binding an empty site, as the change is only from one non-hydrogen atom to two, rather than
two non-hydrogen atoms binding an empty site, as is the case for McCP-B. A clear electron density difference
aids development of TR-SX methods by simplifying interpretation of data processed in near real-time, to
provide definitive feedback as to whether ligand binding has successfully been triggered in the crystals. This
fast feedback cycle is vital to a successful beamtime, allowing adjustments to the experimental setup and
reaction initiation parameters to be made within the same beamtime shift. See §3 for more detail on

development of TR-SX methods.
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Figure 1.12: Mechanism of binding of nitric oxide to Alcaligenes xylosoxidans cytochrome ¢’ (AxCP). An NO
molecule (red) binds the distal side of the haem, causing dissociation of the proximal histidine residue. A
second NO molecule (green) can then bind to the proximal side of the haem, causing dissociation of the first
NO molecule (red). Reproduced from Kekilli et al. (2017b).
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In AXCP, where the final state of NO binding is a 5c distal species, binding occurs via multiple steps in a distal
to proximal mechanism (Kekilli et al., 2014), and only occurs with the protein in its reduced (ferrous, Fe?*)
state. This involves several intermediates that can be distinguished between by their electron density maps.
The first step is binding of NO to the vacant distal site, similarly to McCP-3, shown by keon in the first step of
Figure 1.12, with the NO indicated in red. This causes dissociation of the proximal His 120 residue from the
iron (k-uis), which is displaced away from the haem and allows a second NO (green) to bind the proximal site
of the haem (k;) to form a 6¢ dinitrosyl intermediate. The first (distal) NO molecule then dissociates (k;) to

leave the final 5¢ proximal NO-bound product.

These intermediates provide target states to capture with TR-SX, that so far have not been captured by
crystallography in the wild type protein. Unlike an enzyme that returns to a resting state after turnover, this
protein with a separate endpoint can provide indication that the NO-binding has occurred, to differentiate
between errors in reaction triggering, and incorrect timepoints missing the short-lived intermediate states.
Several mutants have been produced that alter the NO-binding properties, including mutating the Leu 16
residue that constricts the distal pocket. L16A, L16V, and L16]l mutants have a less constricted distal site,
preventing the distal NO from causing His 120 dissociation, and halting the reaction at the 6c distal form
(Lawson et al., 2000). Crystal structures have been deposited for the final wild type proximal NO-bound state
(Kekilli et al., 2017b), and the distal 6¢c NO-bound state for several mutants, however no true intermediates,

that being a state that is not an endpoint, have been captured with crystallography.

1.7.2 Dye-decolourising peroxidase type B (DtpB)

The dye-decolourising peroxidases (DyPs) are a family of b-type haem peroxidases with the ability to degrade
various synthetic dyes (Kim and Shoda, 1999; Petrus et al., 2016). Like most haem proteins, including cyts c’,
DyPs also feature a conserved proximal histidine residue coordinated to the haem iron. A member of the
B-type subfamily of DyPs, named DtpB, has been identified from the Gram-positive soil bacterium
Streptomyces lividans (Chater, 2016; Luci¢ et al., 2020b), which unusually for a DyP, has a resting state distal

pocket that is dry (free from water), visible in Figure 1.13b. Therefore, if DtpB binds NO, this will occur at the
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Figure 1.13: SFX structure of DtpB in the resting state, including (a) a ribbon view of all six chains, and (b) the
haem site of chain A. PDB: 6yrj (Luci¢ et al., 2020b).

vacant distal haem site, like in McCP-B, rather than via displacement of a water molecule. Whereas McCP-f8
and AxCP form homodimers (Adams et al., 2019; Hough and Andrew, 2015), DtpB forms a homohexamer,
shown in Figure 1.13a, meaning there are three times the number of haem sites present in the structure
(RoZman, 2022). The additional haem sites provide more information on ligand binding from one structure.
Together, these three proteins make a suitable collection of targets for use in development or TR-SX methods

using a photocage that releases NO, providing variety in structure, dimerization state, and binding mechanism.

1.8 Objectives

Time-resolved serial crystallography is a powerful structural biology technique that provides insight into
processes within protein crystals, rather than just the structure of the protein in a static condition. The field
of TR-SX is relatively young, and there are still open questions regarding optimal sample delivery and methods
of initiating reactions within crystals (Cheng, 2020; Schulz et al., 2022; Brandén and Neutze, 2021). Here,
development of a method for conducting TR-SX studies in fixed-target chips at beamline 124 and SACLA is
described (§3), including initiating reactions with light via photolysis of a photocaged NO molecule (Namiki et

al., 1997). The effect of laser energy on the release of the photocaged ligand is explored via the resulting
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ligand-bound structures collected, described in §4.2.2—4.2.3 and §5.2.1. McCP-$3, AxCP, and DtpB, studied

here, are all radiation-sensitive NO-binding haem proteins of bacterial origin, described in §4-5.
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2. Methods

2.1 Expression and purification of McCP-3

Expression and purification of Methylococcus capsulatus cytochrome c’-B was performed as previously
described (Adams et al., 2019). The cytS gene encoding McCP-B (GenBank accession number AAD39218.1) was
synthesised in a pBluescript SK(+) plasmid (Epoch Life sciences) with restriction sites EcoR1 and Xbal (Michel
et al., 1995). The gene was excised and ligated into the expression plasmid pMMB503EH (Arslan et al., 1998;
Schulz et al., 1999), with E. coli XL-1 Blue cells (Stratagene) used for cloning. The pMMBS503EH plasmid with
the cytS gene was transformed into E. coli BL21(DE3) cells which already contained the pEC86 plasmid
(GenBank MH328007.1), shown in Figure 2.1, containing the c-type haem maturation genes ccmABCDEFGH
(Barbieri et al., 2008; Kekilli, 2015; Adams et al., 2019). Unless otherwise stated, all culture growth used

Miller’s lysogeny broth (LB-Miller, Melford) at 37 °C, shaking at 180 rpm, or on LB agar (Fisher) plates at 37 °C.
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Figure 2.1: Map of the pEC86 plasmid containing the ccmABCDEFGH haem maturation genes, which are
constitutively expressed with a tet promotor, not under oxygen control. These genes are essential for correct
expression of cytochrome ¢ proteins under aerobic conditions.
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Transformation was performed using a standard heat shock protocol. 2 uL of plasmid at approximately
50 ng-uL™" was gently mixed with 100 pL of competent cells and incubated on ice for 30 min. The cells were
heat shocked for 45 s at 42 °C, then allowed to recover on ice for 2 min on ice. 800 uL of LB was added and
the cells were incubated at 37 °C with shaking for 75 min. 100 pL was spread on an LB agar plate with

appropriate antibiotics and incubated overnight at 37 °C.

Chemically competent cells containing the pEC86 plasmid were prepared by transformation as described
above. One colony was picked and grown in a 10 mL overnight culture. 2 mL of this was subcultured into 50 mL
of LB and incubated until an ODeoo of 0.6—1.0 was reached. The culture was incubated on ice for 20 min, then
centrifuged at 3700 x g for 10 min. All centrifugation was performed at 4 °C. Cells were resuspended in 10 mL
of chilled 0.1 M CaCl, (Sigma) and incubated on ice for 30 min, then centrifuged at 1500 x g, for 10 min. Finally,
the cells were resuspended in 2 mL of 0.1 M CaCl, with 15 % glycerol (Fisher), and 100 pL aliquots were flash
frozen in liquid nitrogen. These competent cells were used for transformation with the pMMB503EH plasmid

containing the cytS gene.

Transformants were selected for using streptomycin (Fisher) for the pMMB503EH plasmid and
chloramphenicol (Fisher) for the pEC86 plasmid, at final concentrations of 50 pg-mL™ and 20 pg-mL™
respectively in all growth media. A colony was picked from an LB agar plate and cultured overnight in 10 mL
of LB. This was subcultured into 100 mL of LB overnight under the same conditions. Terrific broth was prepared
by dissolving 24 g-L™" yeast extract (Oxoid), 12 g-L™ tryptone (Oxoid), and 4 mL glycerol in 850 mL water and
autoclaving. Once cool, 100 mL of sterile filtered solution containing 0.72 M K,HPO,4 (Thermo) and 0.17 M
KH,PO,4 (Thermo) was added. 50 mL of starter culture was added to a final volume of 1 L of terrific broth and
incubated at 37 °C, 180 rpm. Expression was induced with a final concentration of 119 pg-mL™" Isopropyl-B-D-
thiogalactoside (IPTG, Melford) at mid-log phase (ODeoo = 0.4-0.6). After five hours, 30 pg-mL™" (final
concentration) ferriprotoporphyrin IX chloride (Acros Organics) was added as a haem precursor, followed by
a metal ion mix (final concentrations 2 uM Ni?*, 2 uM Co?*, 10 uM Zn?*, 10 UM Mn?* and 50 uM Fe3®*) 24 h

after induction (Adams et al., 2019). The iron is necessary for the haem in the cytochrome, and the other
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metals are required cofactors of the c-type haem maturation proteins, CcmABCDEFGH, expressed by the

pPEC86 plasmid.

After a further 96 h, cells were harvested by centrifugation at 3000 x g, for 20 min. Cells were resuspended in
chilled 20 mM Tris-HCI pH 8 (Fisher), approximately 30 mL per litre of culture, and lysed by three passages
through an Emulsiflex C5 cell disruptor (Avestin) at 80 MPa. After centrifugation at 26 500 x g for 30 min, the
supernatant was dialysed for 24 h against H,O, changing the water every 4 h or overnight. A 113 mL
diethylaminoethyl-Sepharose (DEAE-Sepharose) Fast Flow anion exchange column (Cytiva) was equilibrated
with 2 column volumes (CV) of 200 mM Tris-HCI pH 8, followed by 2 CV of 20 mM Tris-HCI pH 8. The sample
was centrifuged again at 26 500 x g for 20 min, prior to loading onto the column at 2.5 mL-min~". After loading,
the column was washed with 2 CV H,0 and 2 CV 20 mM Tris-HCI pH 8, then protein was eluted in Tris with a
5-50 mM NaCl (Sigma) gradient over 4 CV. Binding of the protein to the column was very weak, but this was
improved by dialysis into water prior to loading, and the subsequent wash with water. Purity was assessed by
comparing the ratio of Azgo to Asoo, With a ratio of less than five indicating purity. Further purification was
performed with a HiLoad Superdex 75 16/600 size exclusion chromatography column (Cytiva) equilibrated

with 2 CV of 20 mM Tris-HCL pH 8.

2.2 Crystallisation of McCP-3

Purified protein was buffer exchanged into 100 mM HEPES pH 7.5 using a PD-10 desalting column (Cytiva). The
protein was concentrated to 40 mg-mL™ in a spin-concentrator (Merck Millipore), using the Soret band
extinction coefficient of €400 =70 mMM™-cm™ to calculate concentration (Adams et al., 2019).
Microcrystallisation was performed under batch conditions in microcentrifuge tubes. 250 uL of protein
solution was mixed by pipette with an equal volume of crystallisation solution consisting of 6870 % (v/v)
polyethylene glycol 550, 100 mM MES pH 6.5, 10 mM ZnSQ,. Cubic crystals 30 um across grew within 24 h
incubated at 18 °C, shown in Figure 2.2a. Crystal sizes were measured using a Hirox HRX-01 microscope with
HR-5000E lens. A 1 plL drop of microcrystal suspension was added to a glass slide, with a coverslip applied to

flatten the drop into the plane of focus and reduce its rate of evaporation. To measure crystal concentration,
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an improved Neubauer haemocytometer (Hawksley) was used. The crystals in four 1 x 1 x 0.1 mm squares
were counted, and the number was multiplied by 2500 to get a concentration in crystals per millilitre. The
ideal crystal concentration for loading a fixed target chip is 107 crystals per millilitre. When crystals grew at
too low a concentration, they were sedimented using time stored upright, or by gentle centrifugation, and the

required volume of mother liquor was removed to increase the concentration.

2.3 Expression and purification of AxCP

Expression and purification were performed as previously described (Yoshimura et al., 1986; Barbieri et al.,
2008; Kekilli, 2015). The cycP gene coding for Alcaligenes xylosoxidans cytochrome ¢’ in the pET-26b(+)
expression plasmid was transformed into E. coli BL21(DE3) cells that had also been transformed with the

pPEC86 plasmid, as with expression of McCP-B (§2.1). Transformants were selected for using final

Figure 2.2: Microcrystals in mother liquor. (a) McCP-B, with approximate dimensions of 30 x 30 x 30 um.
(b) AXCP, with approximate dimensions of 15 x 15 x 15 um. (c) DtpB, with approximate dimensions of
15 x 10 x 10 um. Micrographs captured with Hirox HRX-01 microscope.
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concentrations of 50 ug-mL™ kanamycin (Fisher) and 20 ug-mL™ chloramphenicol. Expression followed the
same protocol as McCP-B, but upon induction, when ODeoo reached 0.4-0.8, the temperature was lowered to
25 °C. Cells were harvested, lysed, and dialysed as with McCP-B, but 40 MM MES pH 6 was used for
resuspension. The dialysed sample was loaded onto a CM-Sepharose Fast Flow cation exchange column
(Sigma) equilibrated with 4 CV of 40 mM MES pH 6, then washed with 2 CV of water and 2 CV of MES buffer.

The protein was eluted with a gradient of 25-150 mM NaCl in MES.

2.4 Crystallisation of AxCP

Purified protein was buffer exchanged into 50 mM HEPES pH 7.5 and concentrated to 40 mg-mL™, using the
Soret band extinction coefficient of €400 = 80 mMM™-cm™ (Barbieri et al., 2008). Microcrystallisation was
performed using batch conditions like those described for McCP-B above (see §2.2). Protein solution was
pipette mixed with an equal volume of crystallisation solution consisting of 70 % (v/v) polyethylene glycol 550,
100 mM MES pH 6.5, 10 mM ZnSO,. Crystals 15 um across grew within 24 h incubated at 18 °C, see Figure

2.2b.

2.5 Expression, purification, and crystallisation of DtpB

DtpB microcrystals were provided by Dr Marina RoZman, produced as per the published protocol (Luci¢ et al.,
2020b; RoZman, 2022). The pET-28a(+) plasmid containing the DtpB gene was transformed into E. coli
BL21(DE3) as described above and selected for using 20 pg-mL™ kanamycin. Expression was performed with
1.4 Lof LBin a2 L conical flask, shaking at 180 rpm at 37 °C. When cell density reached ODeoo=1.2, expression
was induced with 0.5 mM IPTG, and cultures were supplemented with final concentrations of 250 uM
5-aminolevulinic acid as a haem precursor, and 100 uM iron citrate as an iron source. Carbon monoxide was
bubbled through each culture for 30 s before sealing the flask, and expression continued at 30 °C, shaking at
100 rpm overnight (15 h). Cells were harvested by centrifugation at 10 000 x g for 10 min, then resuspended

in 50 mM Tris pH 8.0, 500 mM NacCl, 20 mM imidazole.

After cell lysis with an Emulsiflex C5 cell disruptor as described above, the lysate was clarified by centrifugation

at 22 000 x g, for 30 min at 4 °C. A 5 mL HisTrap column (Cytiva) was equilibrated with lysis buffer, then the
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clarified lysate was loaded onto the column. Protein was eluted with a linear gradient of 0-500 mM imidazole,
and fractions to pool were chosen based on visual observation of the red colour of the haem. The pooled
fractions were concentrated using a Vivaspin 5 kDa centrifugal protein concentrator, then further purified
using a Sephadex 200 size exclusion column (Cytiva), which was equilibrated and eluted with 50 mM sodium
acetate pH 5.0, 150 mM NaCl. Pure fractions were identified using SDS-PAGE, and purified protein was stored

at -20 °C.

Microcrystallisation was performed by mixing equal 100 pL volumes of 610 mg-mL™ protein solution and a
precipitant solution consisting of 150 mM HEPES pH 7.5, 150 mM MgCl,, 20 % PEG 4000. Crystals grew in a

microcentrifuge tube after 24-48 h, shown in Figure 2.2c.

2.6 Fixed-target serial crystallography

Serial synchrotron crystallography (SSX) experiments were performed at beamline 124, Diamond Light Source
(UK), using a fixed-target chip system developed in-house (Horrell et al., 2021). The fixed-target chips are made
from a 30 x 30 mm square silicon wafer (see §1.4.3). A chip has a grid of 50 um deep square wells, which taper
to 8-30 um apertures to trap protein crystals, shown in Figure 2.3. The layout of the wells on the chip is shown
in Figure 2.5a, with 64 blocks that each contain 400 wells in a 20 x 20 um grid. For each experiment, a chip
was chosen with an appropriate aperture size for the size of crystals in the batch, to trap the crystals while still
allowing excess liquid to be removed. Prior to loading, each chip was glow discharged for 25s in a 39 Pa
vacuum with a current of 15 mA, to make the surface hydrophilic and increase surface wetting by adding a net
negative charge to the surface. The glow discharging process encourages crystal slurry to flow across the chip,

similar to grid preparation for cryo-electron microscopy (Drulyte et al., 2018). This ensures even distribution

Figure 2.3: Detail of wells in an Oxford fixed target chip. The chip consists of 64 blocks, each containing a
20 x 20 grid of tapered wells, spaced 125 pm apart on centres.
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of crystals, reducing multiple lattice events where two crystals share a well and have their diffraction patterns
collected on the same image. Loading was performed in a humidity tent (Solo Containment) at >70 % relative
humidity, to prevent crystals drying out during loading. A micropipette was used to apply 180 pL of crystal
slurry to the chip and gently spread it across the surface to cover the whole grid of wells. A weak vacuum was
then applied to the rear of the chip to draw the crystals into the tapered wells and remove excess mother
liquor through the apertures into a waste flask. As well as the glow discharging, careful control of the crystal
concentration and the volume of slurry applied are important for ensuring even crystal loading and reduction
of multiple lattice events. The optimal crystal concentration is approximately 107 crystals-mL™" (Horrell et al.,
2021). Although multiple lattices can be detected and separately indexed during processing with DIALS, the
processing workflow for serial data does not yet have a way to separate images with multiple lattices and
exclude them from further analysis when performing laser-initiated experiments (Winter et al., 2018). Multiple

lattice events usually account for approximately 10 % of indexed frames.
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Figure 2.4: A fixed target holder. The left panel shows the parts of a chip holder on a 10 mm grid. A thin film
on each side seals the chip to prevent dehydration. The ring (a) holds the film in place on each half of the
holder (b), shown assembled in (c). The larger half of the holder has a kinematic mount (d), enabling easy
mounting on the motion stage. Reproduced from (Horrell et al., 2021).
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400

Figure 2.5: (a) The layout of wells on an Oxford silicon fixed target chip. The upper panel shows the 64 blocks
of the chip and the locations of the three fiducials (red) used to align the chip. The lower panel shows the
20 x 20 grid of 400 wells in a single block, with the movement of the chip for data collection indicated with
the blue arrow. (b—d) The fiducials (fo-2) in the corners of the chip, as seen through the OAV (red circles added).
The backlight shines through the apertures to make them visible in the OAV image. Reproduced from Horrell
etal. (2021).

The loaded chip was placed into a machined aluminium holder, shown in Figure 2.3 and Figure 2.4, sealed on
each side by a 6 um layer of Mylar® film (biaxially oriented polyethylene terephthalate, BoPET, SPEX
SamplePrep), to prevent evaporation and crystals drying prior to and during data collection. For time-resolved
experiments, the front layer of Mylar® (facing the beam and on-axis viewer) was replaced by a 12 um layer of
EVAL™ (Kuraray), an alternative film made of ethylene-vinyl alcohol copolymer (EVOH). EVAL™ has greater UV
transmission to allow pump laser penetration, but with the trade-off of slightly increased X-ray scattering,

resulting in increased background on the detector. Thin films are compared in detail in §3.9.

The loaded chips in their holders were mounted onto the kinetic stage on the beamline using magnetic mounts

(Thorlabs) for fast changeover. A graphical user interface (GUI) was used to align the wells on the chips, shown
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in Figure 2.6. Translation in three dimensions allows visual positioning of fiducials in three corners of the chips
with the beam using the on-axis viewer (OAV) microscope as shown in Figure 2.5b—d. These known positions
are saved to form the basis for a coordinate system transform to allow each well to be accessed reliably, see
the “Co-ordinate system setup” section, Figure 2.6b. A drop-down menu (c), specifies the type of chip to be

used, from a list with preprogramed information on the layout of wells and fiducials. For all experiments
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Figure 2.6: Graphical user interface (GUI) for controlling fixed target SSX data collection at beamline 124. The
upper left area (a) is for moving the chip stage in three dimensions to align fiducials (shown in Figure 2.5) with
the beam using the OAV. The co-ordinate system setup area (b) is used to save positions once aligned, and to
create a co-ordinate system based off fiducials in the corners of each chip. The chip and data collection setup
section (c) specifies the type of chip (and such the layout of wells), and as well as the sample details to be
saved. During data collection, progress across the chip is displayed in (d).
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described here, the Oxford chip was used (Figure 1.5). The GUI was also used for setting data collection
parameters. SSX experiments at 124 used an energy of 12.4 keV and a DECTRIS PILATUS3 6M, or an energy of
20 keV and a DECTRIS EIGER2 X 9M CdTe. The beam size for most SSX experiments was 20 x 20 um (full width

half maximum, FWHM), with some being collected using an 8 x 8 um beam.

The nitric oxide-bound structure of McCP- was collected by pre-soaking crystals with an NO donor compound.
This compound, 1-(hydroxy-NNO-azoxy)-L-proline, known as PROLI NONOate (Cayman Chemical), dissociates
into proline and two NO molecules in a pH-dependent manner (Saavedra et al., 1996). The donor was dissolved
at 1 mg-mL™"in 10 mM NaOH, then 30 pL of donor solution was soaked into 180 pL of crystal slurry for 10 min.
The resulting drop in pH upon mixing with the larger volume of mother liquor released NO in solution to bind
the haem sites within the crystals. The soaked crystals were then loaded into a chip in the usual manner

described above.

2.7 Time-resolved serial crystallography

A more detailed explanation of time-resolved data collection, including method development at 124, is given
in §3. Time-resolved NO binding experiments used the sodium salt of N,N’-bis-(carboxymethyl)-N,N’-dinitroso-
p-phenylenediamine, a photocage that releases NO upon UV illumination (Namiki et al., 1997). The photocage

was synthesised by a collaborator, Dr Sinan Battah, following the protocol shown in Figure 2.7.

A solution was made to match the contents of the crystal mother liquor, containing the same final
concentrations of precipitant, buffers, and additives, and the photocage was dissolved in it to 10 mg-mL™. This

was to enable the photocage to be added to the crystals at a known concentration, without damaging the

Ac. H Ao, CH,CO,Et CHECOQH ON, ngoogH
N
1) NaH 10 % HySOy, NaNO,
2) CICH, reflux
N OzEt
A H CH2002Et H “CH,CO,H ON “CH,CO,H
IVa Ia

Figure 2.7: Synthesis of N,N’-bis-(carboxymethyl)-N,N’-dinitroso-p-phenylenediamine, reproduced from
Namiki et al. (1997) with permission of the American Chemical Society.
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crystals by otherwise changing the properties of the solution they were suspended in. Crystals were
centrifuged briefly at 2 000 x g or sedimented with time, and the mother liquor supernatant was removed.
Photocage solution was added to reach a final volume of 200 pL, and crystals were soaked for 2 min to allow
diffusion of the cage into the crystals. Photocage preparation and subsequent chip loading were performed
under red light, and samples were transferred in an opaque box to a darkened beamline for data collection,

to prevent premature caged NO release.

Reaction initiation was performed using a 308 nm wavelength femtosecond UV laser aligned to the X-ray beam
at the interaction region. Experiments aimed to optimise parameters for laser flash photolysis of the
photocage within the protein crystals in the fixed-target chips. A more detailed description of these
experiments and the method for laser initiation is available in §3. The energy used to initiate the reactions was
controlled by either changing the pulse rate of the laser, or by adding neutral density (ND) filters to the
beampath. The energy delivered from the laser was in the range 0.19-1600 W, which was imparted to the
sample area in a 50-60 um (FWHM) focal spot over 5-10 ms, with an energy density of 0.097-570 nJ-pm™2.
Laser power was verified prior to data collection using a laser power meter (ThorLabs) at the sample position,
with a knife edge scan to determine focal spot size. The thermal laser power sensor works by absorbing the
laser at a surface to generate heat, and sensing the temperature gradient between the surface and a reference
surface of a heatsink by means of a series of thermopiles. A digital console reads the change in voltage and

converts it into a power value in Watts.

A two-visit approach was used for data collection, where four rows of wells on the chip were illuminated with
the pump laser, before returning to the same wells to collect diffraction data 1.24 s or 1.44 s later. This allows
for a much shorter data collection time than if staying at one location for the whole delay period (Schulz et al.,

2018), as described in §3.10.

2.8 Viscous extruder serial crystallography

Hydroxyethyl cellulose (HEC) was used as a viscous medium for extrusion of crystal slurry into the X-ray beam

ugaharaetal. . The viscous medium was prepared a day in advance, involving dissolution o 6 (w/v
(Sugah l.,2017). The vi di prepared a day in ad , involving dissoluti f25 % (w/v)
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of HEC (VWR) in the relevant mother liquors in disposable syringes. The extra mother liquor was prepared by
mixing precipitant solutions with the protein buffers in the same way as performing batch crystallisation, but
without the protein. 40 plL of HEC medium was transferred to a 50 puL gas-tight syringe (Hamilton) via a syringe
coupler (Conrad et al., 2015). The crystal slurry was centrifuged briefly at 2000 x g to pellet the crystals, and
excess mother liquor was removed. 10 uL of concentrated crystal slurry was transferred to a second 50 pL gas-
tight syringe using a micropipette with gel-loading tip. The two gas-tight syringes were connected using a
syringe coupler (SPT Labtech), as shown in Figure 2.7, and the contents were transferred back and forth until
the crystals were evenly dispersed throughout the medium, approximately 100 times, with a final HEC
concentration of 20 % (w/v). Figure 2.8 shows McCP-B crystals embedded in HEC during mixing, with a final
volume of 50 L. A syringe needle was used to transfer the prepared crystals into the sample reservoir of the
extruder (Figure 2.9). The delivery capillary assembly was screwed into the front of the reservoir, which was

then attached to the front of the plunger and connected to the gas line.

The extruder shown in Figure 2.10 was mounted vertically to the horizontal goniometer (designed for holding
96-well plates) on beamline 124, pointing downwards into the X-ray interaction region (Figure 2.11). The water
side of the extruder was connected to a HPLC pump to control sample flow, and the sheath gas line was
connected to a regulated supply of helium at 300 kPa to provide a flow rate sufficient to aid the vertical
alignment of the extrusion (Weierstall et al., 2014). The nozzle was aligned with the interaction region by

(a) Syringe coupler
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Crystal slurry \ f HEC medium

(b) PTFE ferrules
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| |
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within HEC medium

Figure 2.8: Mixing of protein crystals into hydroxyethyl cellulose (HEC) medium for viscous extruder
crystallography. Two gas-tight glass syringes were connected using a syringe coupler (a), and concentrated
crystal slurry was mixed with the viscous medium (b) by transferring back and forth, approximately 100 times,
until homogeneity is reached. Modified from Conrad et al. (2015) with permission of the IUCr.
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Figure 2.9: McCP-B crystals during mixing with hydroxyethyl cellulose medium in a gas-tight syringe
(Hamilton). Crystals can be seen embedded in the medium in the syringe lumen. The volume markings on the
syringe indicate microlitres.

translation of the horizontal goniometer, and a wide nozzle connected to a vacuum pump was similarly
positioned underneath (blue in Figure 2.10) to catch the extruded medium after it had been exposed to the
beam. The HPLC pump was set to run at a fixed flow rate of 13 puL-min, which, due to the pressure multiplying
effect of the piston in the extruder (see §1.4.2), corresponded to a viscous medium flow rate of 380 nL-min™.
The flow rate was adjusted to optimise the hit rate (number of recorded images containing protein diffraction)

and the sample consumption. At SACLA, the extruder was installed as part of the DAPHNIS (Diverse application

platform for hard X-ray diffraction in SACLA) system on BL2 (Tono et al., 2015; ono et al., 2013).

Figure 2.10: Diagram of the viscous extruder used at 124. An HPLC pump attached to the water line (blue)
pushes the plunger, which pushes against the Teflon balls that seal the reservoir containing the viscous
medium (red) with the crystals. The medium is extruded from the nozzle (right) and stabilised by the concentric
flow of helium gas (green) surrounding it. The extruder is shown in a horizontal position, but during use points
downwards into the X-ray beam. Reproduced from Weierstall et al. (2014).
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Figure 2.11: Viscous extruder mounted on beamline 124. The steel piston assembly extends off the top of the
image and is fixed to the horizontal goniometer (left). The sample reservoir and nozzle are attached below,
extending to just above the X-ray interaction region. The catcher attached to the blue support collects the
extrusion below the interaction region.

At SACLA, the hit rate was monitored in close to real time using Cheetah, which performs spot-finding on a
subset of images and determines hits based on a threshold for number of spots in an image (Nakane et al.,
2016; White et al., 2016; Barty et al., 2014). Cheetah runs with CrystFEL at SACLA as part of an automated
image-analysis platform, with the Cheetah Dispatcher GUI for displaying results and initiating Cheetah runs.
The analysed images were plotted on a graph of spot count versus image number, which corresponds
approximately with experiment run time. At 124 at Diamond, a similar pipeline is available, which uses DIALS
(Winter et al., 2018; Waterman et al., 2013; Winter et al., 2022) to count spots and determine hits. It also
indexes images to provide unit cell information in close to real time. Further details are available in §3.11,
which describes the very similar real-time analysis used for fixed target data collection, and examples of plots

are displayed in Figure 3.11.
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2.9 Data processing

Diffraction data was processed via the command-line on the Diamond Light Source compute cluster using one
of several software packages. With the exception of the SFX structure of McCP-B, all data was processed using
algorithms from the DIALS (Diffraction Integration for Advanced Light Sources) toolkit (Winter et al., 2022;
Winter et al., 2018). The time-resolved McCP-3 data (§4.2.2—4.2.3) and the AxCP SFX structure (§4.2.4) were
processed using the latest version of the dials.stills_process pipeline, which implements DIALS programs for
importing data, spotfinding, indexing, integration, and geometry refinement (Winter et al., 2018). This data
was then merged using cctbx.prime (where prime stands for post-refinement and merging), part of the cctbx
(Computational Crystallography Toolbox) package (Brewster et al, 2016; Sauter et al., 2013;
Uervirojnangkoorn et al., 2015), without any cycles of post-refinement. All DtpB data (§5.2), the resting state
(8§4.2.1) and dark control (§4.2.2) McCP-B SSX structures, and the AxCP SSX structure (§4.2.4), were processed
using xia2.ssx (Winter, 2010; Winter et al., 2013; Winter et al., 2022), a pipeline under development for serial
crystallography, which also implements DIALS programs. It includes provision for refining detector geometry
using dials.refine, which was performed and optimised once per beamtime to produce a reference geometry
which specifies the detector position relative to the sample. This data was merged with xia2.ssx_reduce, which
uses the scaling and merging programs from DIALS, and can also be used to combine previously processed
datasets from crystals under the same conditions. Resolution cut-offs were determined using CC,/,=0.3 and
multiplicity >10 for the highest resolution shell, while ensuring high completeness across the whole resolution
range (>95 %). The McCP- SFX structure (§4.2.1) was processed using CrystFEL (White et al., 2012; White et
al., 2016), which was written specifically for processing SFX data from XFELs. Better results were obtained by

omitting detector saturation correction when processing data from the SACLA MPCCD detector.

Due to the complexity of processing serial crystallography data with still images, the process of obtaining an
MTZ file is more involved than for rotation data. For each dataset collected, processing parameters were
optimised by testing on a subset of the data. Parameters that were changed included the minimum spot size,
the spotfinding and indexing algorithms used, and the maximum number of crystal lattices to search for during

indexing. Indexing was tested with and without providing a target space group and unit cell dimensions to
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search for, and since the unit cell lengths vary by up to one angstrom, the cell lengths provided and the length

tolerance for filtering indexed crystals were also varied to obtain optimal results.

Molecular replacement was performed with MOLREP (Vagin and Teplyakov, 1997; Vagin and Teplyakov, 2010)
within CCP4i2 (Agirre et al., 2023; Winn et al., 2011). REFMAC5 (Murshudov et al., 2011; Vagin et al., 2004)
and Coot (Emsley et al., 2010) were used for rounds of model building and refinement. Validation was
performed with MolProbity (Williams et al., 2018) and the JCSG Quality Control Check v3.1 (Elsliger et al.,

2010). All structural figures were generated with CCP4 Molecular Graphics (McNicholas et al., 2011).
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3. Development of light-initiated time-resolved SSX at 124

Time-resolved crystallography has existed as a technique for many years, but has been of limited use due to
the difficulty of collecting a diffraction dataset from a crystal in a short enough period to clearly capture a
single intermediate state in a reaction within a protein crystal (Brandén and Neutze, 2021). This has mostly
restricted time-resolved crystallography to the slowest of enzymatic reactions with long-lived intermediates,
besides some experiments with myoglobin which took advantage of the reversible photosensitive nature of
CO dissociation from the haem, and which also used Laue crystallography (Wulff et al., 1997; Moffat, 1998;
Moffatt et al., 1992). The advent of serial crystallography, however, has allowed much shorter total data
collection time, and so lower absorbed dose, from any one crystal, as only a single diffraction pattern is
collected from each crystal, as described in §1.3. As well as the development of data processing methods for
still diffraction data (that is, collection of single images from crystals with no rotation), and sample delivery
methods for rapidly bringing thousands of crystals into the beam (described in §1.4), time-resolved
crystallography has benefitted from the advancements in X-ray sources. These advancements include much
greater flux at modern insertion device beamlines and especially XFELs, and microfocus beams that can be
focused onto crystals as small as 1 um (Reich, 2013; Robinson, 2015; Owen et al., 2014; Owen et al., 2016).
The increased photon flux of modern insertion device beamlines reduces exposure times and enables faster
reactions to be captured with time-resolved serial crystallography. Exposure times of single digit milliseconds
per image are used routinely, although total data collection time depends on the frame rate of the detector
(Loeliger et al., 2012). To get the most effective use from these high fluxes, modern hybrid photon-counting
(HPC) detectors, such as the PILATUS or EIGER from DECTRIS (Donath et al., 2023; Donath et al., 2013; Kraft et

al., 2009), or integrating detectors as found at XFELs (Nango et al., 2016; Leonarski et al., 2018), are used.

The development of serial crystallography, including methods in sample delivery, and increased beamline flux
and detector capabilities, provides the ideal environment for development of time-resolved serial
crystallography from a niche method applicable to very few samples, into a highly capable technique that can

be applied in a straightforward manner to many biological systems. Before TR-SX can become routine,
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methods need developing with reliable but challenging samples as test cases, using iterative experiments to
optimise beamline hardware and methodology. A major aspect of TR-SX that requires careful optimisation is
reaction initiation, especially regarding using light for starting reactions within light-sensitive proteins
(Standfuss, 2017; Suga et al., 2019) or crystals containing photocages that protect substrates or catalytic
groups (Monteiro et al., 2021; Basa et al., 2019; Wu et al., 2004). Part of this optimisation includes quantifying
the light exposure required to initiate a reaction without causing unwanted effects in the crystals due to
multiphoton absorption or heating. This chapter presents the process and results of development of TR-SSX
methods on beamline 124 at Diamond Light Source, applied to the fixed target sample delivery method for
serial crystallography which was developed previously for use at the beamline (Horrell et al., 2021; Sherrell et
al., 2015; Owen et al., 2017). The chapter also details early experiments at 124 using UV laser illumination to
cleave a nitric oxide photocage (Namiki et al., 1997) that was soaked into crystals, and initiate binding of NO
within two haem proteins. Although the structures collected here do not show true intermediate states which
could not be obtained without time-resolved crystallography, the data was still collected in a time-resolved
manner to develop the method. For simplicity, the term time-resolved is used throughout the thesis to
describe the laser-initiated data collection and resulting data. Having the stable endpoint different from the
starting structure makes it clear from the data that the reaction has been triggered in the crystals, without

having to have the correct timepoint.

3.1 Sample delivery

The earliest time-resolved serial crystallography experiments have used liquid jets (GVDNs) or viscous
extruders to deliver crystals into the beam (Nango et al., 2016; Kern et al., 2013; Kupitz et al., 2014a; Aquila
etal., 2012; Tosha et al., 2017), as described in §1.4.1-1.4.2, with reaction initiation by light activation (Togashi
et al., 2020; Kupitz et al., 2016) or upstream mixing (Calvey et al., 2016; Schmidt, 2013). Although effective for
the study of short timepoints, no longer than tens of milliseconds, they are unable to access longer timepoints,
as the crystals are passing transiently through the interaction region. This is where fixed targets (described in
general in §1.4.3) are advantageous, as crystals are held stably on a support which can be held in the

interaction region indefinitely (Horrell et al., 2021; Owen et al., 2017). Therefore there is no upper limit on the
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timepoint that can be captured after reaction initiation with light or application of a reaction substrate by
mixing, but short timepoints can still be captured equally well. For that reason, the TR-SSX methodology
developed here has built on the silicon fixed-target chip system that is already in routine use for SSX at 124

(Horrell et al., 2021).

3.2 Light activation

An alternative to substrate mixing for initiating a biological reaction is the use of light, which travels fast
enough to be almost instantaneous, taking only about 40 fs for a beam to pass through a 10 um protein
microcrystal (Giacomo, 1984). Many time-resolved experiments make use of photocaging, where light induces
cleavage of a protective group from either the pre-soaked substrate (Monteiro et al., 2021), or from the
protein itself (Deiters et al., 2006; Wu et al., 2004; Lee et al., 2009), as described in §1.6.4. For studies of
proteins that interact with nitric oxide, a form of caged NO is available, N,N’-bis-(carboxymethyl)-N,N'-
dinitroso-p-phenylenediamine, with a molecular mass of 326.17 g-mol™, described in §1.6.5. This photocage
compound has a strong UV absorbance peak at 300 nm, and upon illumination releases two molecules of NO
in a reaction with a kg of 2.96 x 10* s~ at 23 °C (Namiki et al., 1997). The photocage has been successfully used

in a TR-SFX experiment with the haem NO reductase from the fungus Fusarium oxysporum (Tosha et al., 2017).

3.3 Photocage synthesis

The previously published experiments with the NO photocage (Namiki et al., 1997) that were performed at
SACLA (Tosha et al., 2017), mentioned above and in §1.6.5, used cage that was synthesised commercially
(Dojindo Laboratories). From commercial suppliers, the chemical is available only in very small quantities
(5 mg), costing several hundred pounds per milligram. This is unsustainably expensive for time-resolved
experiments where approximately 2 mg is used in preparing each fixed target chip (see §2.6 for details on
sample preparation). Therefore, the assistance of a collaborator was used in synthesising the cage in larger
(400 mg) quantities which are sufficient for many time-resolved experiments. This required only common
reagents that are available at reasonable cost, following the previously published protocol (Cabail et al., 2002;

Namiki et al., 1997), shown in the scheme in Figure 2.7. As the synthesised photocage was untested, this was
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an additional unknown in the first time-resolved experiments at 124. Therefore, as well as a test of the laser
configuration and data collection methodology, the first 124 experiments sought to test the first batch of
synthesised photocage. To this end, NO-bound structures with 308 nm laser activation have been collected
(8§3.6, §4.2.2), as well as a dark structure to show that the cage remains intact in the crystals and does not

release NO without light exposure.

3.4 Laser configuration

As important as having a light-sensitive sample, either naturally or via photocaging, is being able to illuminate
the sample on the beamline to initiate the reaction. For fixed-target SSX on beamline 124, described in detail
in §1.4.3 and §2.6, that means directing laser light into an individual aperture of a silicon chip (shown in ) to
reach the crystal held within. As on the Oxford chip design used at 124, protein crystals are held in wells with
a spacing of 125 um between centres in X and Y dimensions (see Figure 1.5), care must be taken to illuminate
only one well at a time, otherwise reactions could accidentally be triggered in neighbouring crystals at
incorrect timepoints. This means the laser must be directed onto the sample in a spot of <125 um and be

aligned to centre accurately on the sample position.

For light activation of reactions in crystals in time-resolved experiments at beamline 124, Diamond Light
Source, a tuneable femtosecond laser system (PHARQS, Light Conversion), called PORTO (PORTable pump-
prObe), is available, and is shared between several beamlines. The laser has a maximum repetition rate of
50 kHz, with a peak power of 20 W at 1030 nm. The wavelength is tuneable in the range 210-2600 nm,
covering a significant proportion of the UV region, and the entire visible range and near IR regions. These
capabilities are ample to trigger a variety of reactions in protein crystals, including activation of light-sensitive

proteins, lysis of photocages, and IR temperature jump experiments.

To get the laser light to the sample, a series of mirrors and a lens are used to direct the light from the output
of the laser on its portable optical table. Movement of three mirrors is performed by kinematic mirror mounts
(Thorlabs). The mirrors allow the light to approach the X-ray beampath from the side, as shown in cyan in

Figure 3.1. The planoconvex lens is mounted on a motorised two axis stage (SmarAct) and focuses the light to
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converge toward a 60 um (FWHM) spot. A final smaller mirror is mounted on the arm of the upstream X-ray
scatter guard, which sits between the lens for the on-axis viewer (OAV) and the sample position. The X-ray

beam reaches the sample position via a drilled hole in the mirror and lenses within the OAV.

The mirror on the scatter guard arm directs the laser light to the sample at an approximately 15° angle off-axis

from the X-rays, due to the mirror sitting to the side of the X-ray beam. The laser power is measured at the

w0

Motorised stage

Mirror

Scatter guard

X-rays

Figure 3.1: The 124 endstation, showing laser (cyan) alignment to the sample position via two circular mirrors,
afocusing lens, and a final square mirror mounted on the scatter guard support arm. A top-down CAD drawing
(a) and an annotated photograph (b) are shown, not to scale. The X-rays (red) reach the sample position via a
drilled hole in the OAV and scatter guard. Note the approximately 15° offset between the X-ray and laser
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beginning of a shift with a laser power meter (Thorlabs) mounted at the sample position, with a knife edge
scan in two dimensions to determine focal spot size. The PORTO laser is integrated into the beamline
personnel safety system to ensure that in normal user operation the output is disabled while people have
access to the experimental hutch. A separate alignment mode allows people in the hutch with the laser on if
the door is closed. The 15° offset of the laser from the X-rays as it hits the sample, rather than the two beams
being coaxial, results in a parallax effect where laser alignment is sensitive to the position of the sample along
the beam axis (Z axis). The position of the X-ray beam at the sample position is determined using a scintillator
crystal (yttrium aluminium garnet) at the sample position. The laser alignment is subsequently adjusted to

bring the focal spot onto this position using the crosshair in the OAV.

3.5 Laser energy calculations

The amount of energy used to initiate photolysis in the NO photocage, as determined by the power meter (see
§2.7), was measured in microjoules (107° J). These laser energies refer to the total energy reaching the sample
position during the exposure, and are not to be confused with the energy of a photon at 308 nm wavelength,
which is 6.45 x 107" J, or 4.03 eV. The amount of laser energy measured at the sample position is not the same
as the energy that reaches the crystals, nor that which is absorbed by the photocage. To have meaningful
information on whether the laser energy used is providing single photon absorption by the photocage
(Griinbein et al., 2020), as described in §1.6.5, the energy delivered to the sample position requires converting

into numbers of photons absorbed per photocage molecule.

For these calculations, a typical McCP- crystal of 30 x 30 x 30 um will be assumed, sitting face on in a 50 um
(FWHM) laser focal spot. With the Gaussian beam profile, approximately 58 % of the total beam energy is
contained within the FHWM area in two dimensions (equal to 0.762). The 30 um crystal occupies 46 % of the
area of the laser focal spot within the FWHM. Having the laser focal spot slightly larger than the crystal is
required to allow for tolerances in alignment and crystal positioning. Because the position of the crystal
relative to the laser beam centre cannot be precisely controlled and can vary across the up to 25 600 crystals

on a chip, the intensity of the beam within the FHWM area will be considered flat. Therefore, 26 % of the total
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energy of the laser beam hits the crystal, although a significant proportion will pass through the sample

without being absorbed.

To calculate the absorbance of the crystal (4), the Beer-Lambert law, A = ecl, can be used. The concentration
of the photocage in mM (c), the length of the light path in cm (l), and the extinction coefficient for the
photocage in mM™-cm™ (&) are required. The extinction coefficient for the cage has been determined at
300 nm, with a value of 13.5 mM™-cm™ (Namiki et al., 1997), and should be similar with the 308 nm laser
excitation used here. The photocage concentration for all experiments was 10 mg-mL™" (31 mM). As the
solvent content of the McCP-B unit cell is 63.6 %, the final photocage concentration within the crystal was
19 mM. With this photocage concentration, the extinction coefficient, and the crystal depth of 30 um, an
absorbance of 0.79 is obtained. As A = —log,, T, this means that 16 % of the incident laser photons are

transmitted through the crystal, and 84 % of the photons are absorbed.

From the proportion of photons hitting the crystal, and the proportion absorbed by it, the number of photons
absorbed can be calculated. This also requires the photon energy of 6.45 x 107" J. For every microjoule of
laser energy measured at the sample position, 1.55 x 10" photons are provided by the laser. If only 26 % of
these photons hit the crystal, and then only 84 % of those are absorbed, that equates to 3.4 x 10" absorbed
photons. From the number of absorbed photons for the whole crystal, a number per unit cell can be calculated.
A 30 pm crystal with unit cell dimensions of 107.3 A contains 2.2 x 10 unit cells, therefore approximately

16 photons are absorbed per unit cell.

Each unit cell of an McCP-B crystal, in space group P2,3, contains 24 haem groups. This is a result of there
being one haem group per monomer, with each of the 12 asymmetric units in the unit cell containing one
protein dimer. At the 19 mM photocage concentration, approximately 15 photocage molecules occupy each
unit cell. The quantum yield of the NO photocage at 308 nm has previously been determined to be 1.4 under
optimum conditions (Tosha et al., 2017). The vyield is greater than one since two NO molecules are released
from each cage molecule when a photon is absorbed. Therefore, with absorption of a single photon per cage

molecule, 20 NO molecules are released per unit cell, which is close to the number of haem groups per unit
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cell. Comparing the number of laser photons absorbed per unit cell with the approximately equal number of
photocage molecules shows that, for a 1 pJ laser pulse, these experiments are comfortably within a single
photon excitation regime. The relatively small number of photocage molecules per unit cell (15 at 19 mM
concentration) suggests that this may be a limiting factor, and increasing photocage concentration may be

beneficial.

These calculations do not consider any absorption of the laser by the thin film sealing the chip (see §3.9), the
protein itself, or any mother liquor that remains around the crystal after chip loading (§1.4.3), which would
decrease the number of photons absorbed per cage molecule to less than one. The thin film was chosen
specifically for its low absorbance at 308 nm, so will not have a large effect on transmission. Protein absorption
is also low at this wavelength. Additionally, the quantum yield of the photocage may be different under the
conditions in this experiment. These factors would limit the NO available within the crystal to less than
required for full occupancy within the structures. Inaccuracies in any of the starting values or assumptions
could lead to deviation of the calculated values, although obtaining precise measurements for a complex

experiment such as this is challenging.

3.6 Initial time-resolved experiments

In the first time-resolved experiments at 124 with the NO photocage, a starting energy of 16 pJ over 10 ms was
used, attenuating the laser by reducing the pulse rate from 50 kHz down to 500 Hz, 1 % of full power. This
starting point was based on the previously published results from crystals of P450 nitric oxide reductase (Tosha
et al., 2017), collected at SACLA using hydroxyethyl cellulose medium (Sugahara et al., 2017) in a viscous
extruder (Weierstall et al., 2014). The first 124 experiment with the laser was performed, and immediate data
processing showed a protein structure without NO bound in the haem site. Subsequent experiments during
the same beamtime used increased laser exposures, of 10 and 100 times the starting exposure, which did
show presence of NO in the haem site. Figure 3.2 shows omit maps for NO in the haem site of McCP-B
structures collected with these exposures, which are described in detail in §4.2.2. None of these structures

showed any density corresponding to the caging group or unlysed photocage, suggesting that the cage remains
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unordered in the bulk solvent within the crystal, rather than binding to sites within the unit cell. From these
first experiments, several alterations to the experimental setup and processes have been made, which have
enabled much lower laser exposures to produce the same results with NO bound in the haem sites of McCP-§,

with the results described in §4.2.3.

3.7 Improvements to laser alignment

The first of the improvements made to the hardware for time-resolved SSX at 124 was to the way the laser is
aligned. During the very first experiments, the laser was aligned to the sample position using its position
relative to the crosshairs on the OAV, while it was shone at the scintillator crystal in the sample position. The
laser spot position appeared to move by a large distance between checks of the beam alignment. By
coincidence, while performing laser tests with a sample in place, the laser was discovered to be misaligned on
the Mylar® film on the front of the sample holder, despite appearing aligned on the scintillator. Since this

observation, laser alignment has been performed using a layer of Mylar® mounted in a sample holder, rather

(b) y

Dy )

Figure 3.2: Haem sites of McCP-B with NO bound in the distal pocket, from TR-SSX structures to 2.00 A
resolution, collected with (a) 160 W and (b) 1600 W of laser energy. F,ps — Feq1c OMit maps contoured at 30
show electron density corresponding to the NO.
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than the scintillator crystal. The laser spot is directly visible on the Mylar® film, and at high enough powers can
melt holes in it. Once correctly aligned, the alignment has been stable, requiring only very minor adjustments
over the course of a beamtime shift (24 h), provided the laser wavelength is not changed. Further
improvements to laser alignment have enabled the laser to be focused to a smaller spot size (50 um FWHM,
down from 60 um), increasing the power density, allowing a reduction in the total energy delivered to the
sample position, while still providing the same energy to the crystal to initiate binding. In a crystal with a
30 x 30 um cross-section facing the beam, reducing the beamsize from 60 pum to 50 um (FHWM) increases the

proportion of the area within the FHWM occupied by the crystal from 31.8 % to 45.8 %.

An improvement was also made by reorienting the chips for laser-activated experiments compared to static
data collection. The silicon fixed target chips, as described in §1.4.3 and §2.6, have been used routinely for SSX
at 124 before the first time-resolved experiments (Horrell et al., 2021). In static experiments, the chips are
mounted in their holders such that the tapered wells face the detector, as per Figure 3.3a, which is not drawn
to scale. This allows the X-ray beam (shown in red, usually 20 x 20 um) to hit the crystals through the
apertures, and the diffracted X-rays have a clear path to the detector through the rear layer of thin film. The
first laser-induced NO binding experiments used the same chip orientation, with the UV laser (cyan)
illuminating the crystals through the aperture (b). As the laser focal spot is much larger than the chip apertures,

only a small proportion of the light reaches the crystals. For a chip with a 10 x 10 um aperture, and a 50 um

(a) X-rays (b) (c)

50 um
«—F—

10 pm

n | 48

Figure 3.3: Laser illumination of crystals in wells of a fixed target chip (grey). Static SSX uses the layout shown
in (a), where the X-ray beam (red) illuminates the sample through the chip, and the diffracted photons have
a free path to the detector. Early laser-initiated experiments (b) used the same chip orientation, but the chip
itself blocked most of the pump light (cyan). Further laser-initiated experiments (c) used the chip in the
opposite orientation, where the laser can illuminate the whole crystal. Not to scale.
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diameter laser spot, only 5 % of the laser light reaches the crystal, as the aperture is 5 % of the area of the
laser spot. To counter this, in future experiments the chips were reoriented with the apertures facing the laser
on the upstream side (c), rather than the detector. This allows the whole crystal to be illuminated with the

laser, but potentially sacrificing some of the intensity from the higher resolution reflections.

3.8 Methods of laser attenuation

In the initial experiments with the laser, changes in laser power between experiments were performed by
adjustment of the laser pulse rate in the laser control software, reducing it from its maximum of 50 kHz.
Measurements of the power reaching the sample position showed discrepencies in that the changes in
meaured power did not correspond to the changes in requested pulse rate. This is likely due to the laser power
meter (described in §2.7) being designed to measure continuous wave lasers, whereas the PORTO laser was
operating in a pulsed mode. This means that the changes in measured power value did not precisely correlate
with changes in repetition rate. There was also some dependence of the power meter on laser alignment, but
the temporary method of mounting the power meter at the sample position, required due to the multiple
uses of the 124 endstation (Owen et al., 2017), prevented reproduceable alignment of the meter in the sample
position. These discrepencies introduced unreliability in the laser energy imparted into the crystals, as it is
impractical to measure the power at the sample after every change in requested laser power, and especially
in between measuring every chip, which would consume precious beamtime. Discussions with scientists
responsible for the PORTO laser led to changing the way in which the laser was attenuated, to the widely

accepted method of using ND filters.

Subsequent experiments used UV-reflective ND filters (Thorlabs) inserted into the beam to reduce the
intensity, while keeping the laser pulse rate the same across all experiments. This meant that the laser power
needed measuring only once per beamtime. The ND filters can be combined to cover more than five orders of
magnitude in laser power, with precision of 5 %. Attenuating the beam in this manner instead of changing
the pulse rate also means that experiments with different laser energies still receive the same number of

pulses, with the only difference being the intensity per pulse. For example, reducing the pulse rate by five
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times is equivalent to an ND filter combination of OD 0.7. Although both methods should provide the same
power, reduction of the pulse rate proved unreliable in early experiments. When performing similar
experiments in chips at SACLA using the portable fixed target endstation (Sherrell et al., 2015), the optical
pump laser available operates differently. Rather than operating at kilohertz repetition rates, the laser
operates at 30 Hz, providing a single intense pulse for every XFEL pulse, with the delay time between the pump
and probe pulses available to be adjusted (Togashi et al., 2020). The PORTO laser at Diamond is also capable
of delivering laser excitation in a single pulse mode, so collecting additional datasets with this mode would
provide a more direct comparison between laser pulse regimes, and rule out this as an explanation for any

differences seen between SSX and SFX datasets.

3.9 Comparing thin films

Another modification made to the time-resolved experiments after the initial results was to change the thin
films used to seal the samples. In normal SSX experiments without light activation (Horrell et al., 2021), the
usual choice of sealing film is Mylar®, available in 6 um thick sheets (Spex SamplePrep). Mylar® is a brand of
biaxially oriented polyethylene terephthalate (BoPET), a type of polyester. The properties of Mylar® that make
it suitable for sealing chips in crystallography include its low moisture permeability, ensuring crystals are not
damaged by dehydration during sample alignment and data collection, and its low X-ray scattering, which
avoids background counts on the detector, enabling accurate measurements of low intensity diffraction spots.
The very high laser energies used in the first experiments were enough to melt the film using the beam
(melting point 254 °C). Unfortunately, Mylar® has a strong UV absorbance peak at 300 nm (shown in blue in
Figure 3.4), making it ill-suited for experiments with the NO photocage (described in §3.2), as this is triggered
by UV light in a narrow range also centred at 300 nm (Namiki et al., 1997). To avoid the absorbance at 300 nm,
two alternative thin films were sought and compared, including testing their UV-Vis absorbance and X-ray
scattering properties. These films are EVAL™ EF-F (Kuraray), a brand of ethylene vinyl alcohol copolymer
(EVOH), commonly used for food packaging (Mokwena and Tang, 2012), and polyvinylidene chloride (PVDC),

both 12.5 um thick. The grey and orange lines in Figure 3.4 show these films lack the strong absorbance peak
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of Mylar® at 300 nm, making them suitable for initiation of reactions with UV light. The spectra were recorded

from a single layer of film, with accumulation of 50 exposures of 10 ms.

The X-ray scattering properties of three thin films were compared by collecting detector images of scatter
from a 20 x 20 um X-ray beam passing through two layers of film in air before hitting a beamstop. This data
was collected with a flux of 1.6 x 10" ph-s™ at 20 keV, using a DECTRIS EIGER2 X CdTe 9M positioned 320 mm
from the films, with a beamstop immediately downstream of the films. Each frame was collected on a fresh
area of the film each time, as would be the case for most crystallography experiments, with 10 ms exposures.
Images summed from 10 detector frames are shown in Figure 3.5, compared with the X-ray scattering from
air alone, with the edges of the detector corresponding to 1.8 A resolution. Average counts from 100 images
have been plotted against resolution for each film and air in Figure 3.6, with minor smoothing applied to the
data. The gaps in the plot centred 5.4 A and 2.6 A correspond to gaps between modules in the detector, which
are 12 pixels (900 um) and 38 pixels (2850 um) between panels in the horizontal and vertical directions
respectively. Air scatter alone shows an average of 90 counts at lower scattering angles, with counts dropping
off further from the beam centre. This drop-off means background scatter is less where the weaker higher

resolution spots occur on the detector, which is beneficial for accurate data processing. Mylar® has several
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Figure 3.4: UV-Vis absorbance spectra for three thin films. Mylar® (Spex SamplePrep); 6 um thick biaxially
oriented polyethylene terephthalate (BoPET). EVAL™ EF-F (Kuraray); 12.5 um thick ethylene-vinyl alcohol
copolymer (EVOH). PVDC; 12.5 um thick polyvinylidene chloride.
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visible scatter rings, with the most prominent being at 5.5 A resolution. EVAL™ has only three visible rings,
although one of them at 4.6 A is more intense than those of Mylar®. PVDC clearly scatters the most, with many
more rings at higher intensities than Mylar®, making it less suited to sealing chips during data collection.
Thinner films of Mylar® are available, but testing with 3 um thickness concluded the lower X-ray scattering is

not worth the trade-off of reduced mechanical strength while handling the film and loading samples.

EVAL™ was chosen for further fixed target experiments using the NO photocage, due to its balance of

transparency at 300 nm and relatively low X-ray scattering. Because light activation only occurs from the front

Air Mylar®

EVAL™ PVDC

Figure 3.5: X-ray background scatter for three thin films and air alone, collected at 20 keV. Scatter from air
alone is shown as a comparison in the first image. The edge of the detector corresponds to 1.8 A resolution.
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Figure 3.6: Counts of X-ray background scatter plotted against resolution for air and three thin films. The gaps

at 5.4 A and 2.6 A correspond to gaps between modules in the detector. Data is averaged from 100 images
and smoothened.

side of the chip (facing the X-ray beam), Mylar® was still used for the rear side of the chips (facing the detector)
because of the lower X-ray scattering. EVOH films are commonly used in packaging of shelf-stable food in inert
environments due to their low oxygen permeability (Mokwena and Tang, 2012), which is important for
preventing lipid oxidation in the food. This makes them suitable for anaerobic crystallography experiments,
where samples can be prepared in an anaerobic glovebox, and need to remain anaerobic for the approximate
20 min duration of the experiment, including aligning the chip on the beamline and collecting the data. An
oxygen-releasing photocage exists (Ludovici et al., 2002), which will enable time-resolved crystallography with
proteins that bind oxygen, such as myoglobin (Barends et al., 2015; Copeland et al., 2006), or that use oxygen
as a reaction substrate, such as formylglycine-generating enzyme (FGE), a copper-dependent oxidase
(Miarzlou et al., 2019). Controlling reaction initiation with oxygen is a challenge due to its abundance in air,
but an oxygen-releasing photocage is convenient as light easily passes through a sealed oxygen-impermeable

thin film barrier around the sample, to release oxygen within only one crystal at a time.

3.10 Time-efficient collection of long and short timepoints

Although fixed targets are capable of collecting short timepoints of reactions occurring in crystals, their main

advantage is in collecting long timepoints that are unreachable by liquid jet and viscous extruder sample
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delivery methods (Owen et al., 2017; Schulz et al., 2018; Sierra et al., 2018; Pearson and Mehrabi, 2020), as
described in §1.4. Unlike liquid jets and extruders, fixed targets have the advantage of being able to stop the
motion of the sample in the beam. With the fixed target chips at 124, data is collected for short timepoints, up
to a few hundred milliseconds, by bringing a well of the chip into the interaction region and performing both
pumping and probing before moving onto the next position and a new crystal. That means a cycle consisting
of moving position; laser flashing (pumping); waiting a delay period; collecting diffraction data (probing); and
moving position again to repeat. This process is directed by the Geobrick LV-IMS-II motion controller
(DeltaTau) responsible for the stage that repositions the sample (Sherrell et al., 2015). When the motion
controller indicates the stage has reached the correct position, a Zebra timing controller (Quantum Detectors,
developed at Diamond) initiates the laser flash by sending a TTL signal to the laser. After the requested delay
period, the Zebra sends a signal to the X-ray detector to initiate data collection for a given exposure time.
Delay times and laser exposure duration are set by entering values in a GUI described in §2.6. With this mode
of time-resolved data collection, the time to collect data from all 25 600 positions on a chip is only extended
compared to static (non-time resolved) data collection by the delay time multiplied by the number of
positions, for example a 20 ms timepoint would take 512 s (8.5 min) longer than the usual approximately eight-

minute collection time.

Figure 3.7: The excite and visit again method for collecting longer timepoints from reactions within crystals in
fixed target chips. The arrow represents the position of the chip in the interaction region over time. The first
visit, where the crystal is pumped via a visible or UV laser, is show in blue, followed by the probe visit to the
same wells for diffraction data collection, shown in red.
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For longer timepoints of >200 ms, waiting at each position on the chip for the whole duration of the delay
time would be prohibitively time-consuming, taking several hours per chip. Instead, the ability of fixed targets
to repeatably locate the same crystal and bring it to the interaction region multiple times is used. This
approach is known as “hit and return” (Mehrabi et al., 2020; Schulz et al., 2018) or “excite and visit again”
(Horrell et al., 2021). With this method, several successive crystals on an even number of rows on a chip can
be brought to the interaction region for light initiation, shown in blue in Figure 3.7, then the same positions
returned for the probe X-ray pulse and diffraction data collection, shown in red. By altering the number of
rows visited for pumping before returning to probe the crystals, the delay time can be adjusted. Because the
delay time for one crystal is spent visiting other positions to either pump or probe them, rather than waiting
with the fixed target stationary in one position, the total data collection time is not impacted by changes in

the timepoint being studied.

Another method of time-resolved data collection at 124 takes advantage of the almost continuous X-ray beam
at the synchrotron by collecting a series of several timepoints from one chip. This works similarly to the data
collection method for short timepoints, but the detector is triggered multiple times in succession on the same
position, to capture several closely spaced timepoints. It is based on dose series data collection using MSS,
described in §1.6.6, just with the addition of the laser illumination. Data collection occurs immediately before
reaction initiation (green in Figure 3.8), to get a resting state structure, then every 10 ms during and after laser

Laser initiation

I Structure 1 =10 ms

Structure 10

80 ms
w Crystal 1 & Crystal 2 & Crystal 3 v Crystal n
/ / .
100 ms 100 ms 100 ms 100 ms

ms

Figure 3.8: Schematic of the timeseries data collection mode using fixed target chips. For each crystal, one
image is collected 10 ms before laser initiation (green), then another (yellow) is collected during the laser
exposure (blue), followed by eight more images up to 80 ms (red). The images from all crystals are binned into
timepoints to solve 10 structures. Data collection takes 100 ms per crystal, plus approximately 9 ms to move
between positions. Adapted from Ebrahim et al. (2019a) with permission of the IUCr.
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initiation (blue), for 100 ms total (yellow and red), with nominal timepoints of 10 to +80 ms. The resting state
structure, although it should not contain any laser-induced effects, is collected from crystals that contain- any
photocage used. This means that in successful experiments, it can be used as a negative control, showing that
any changes seen in the structure compared to the resting state are due to the laser activation, and not the
presence of the photocage. This timeseries method collects several timepoints in a very time and sample
efficient manner, although the data is linked by both reaction timepoint and increasing dose, which could
affect assignment of the mechanism involved for any changes in structure over time. This method of data
collection has been tested unsuccessfully with NO binding. Unfortunately, this data shows presence of NO in
the first timepoint, which is before the laser exposure that is meant to initiate binding, and the NO occupancy
remains steady throughout the experiment, indicated by the flat line in Figure 3.9. Further explanation of

possible reasons for the unsuccessful experiment is included in §5.2.2 and §5.3.2.

3.11 Monitoring of data collection and number of crystals

Due to the nature of serial data collection with still images, rather than rotation series, data collection does

not just require collecting diffraction from a sufficient space group-dependent angular range from a crystal (or
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Figure 3.9: A graph of NO occupancy in dye-type peroxidase B over time before and after NO release from a
photocage via UV laser exposure. The NO occupancy is flat over all timepoints, indicating NO release from the
photocage occurred prior to laser exposure.
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crystals). As described in §1.1, because only partial reflections are captured, integration of stills involves
measuring each reflection with sufficient multiplicity (>10) to get an accurate value for the intensity. This
requires having enough diffraction patterns to sample each reflection sufficiently (Winter et al., 2018).
Although ligands can be identified in datasets with lower numbers of images (Moreno-Chicano et al., 2019), a
minimum of 5000 images per dataset was aimed for in these experiments. This is demonstrated with imidazole
binding in the distal haem pocket of DtpAa (Ebrahim, 2020) in Figure 3.10. The number of images required to
accurately determine the structure is dependent on space group of the crystals, with higher symmetry groups
requiring fewer crystals, as there are fewer unique reflections to sample. For the lower symmetry
orthorhombic space group P2:2:2,, in which DtpB crystallises, datasets of 5000 or more indexed crystals
provide confidence when comparing NO binding geometry between structures and estimating occupancies

for the bound ligand in the laser-initiated structures (Gorel et al., 2021).

To monitor the number of diffracting crystals present, called hit finding, use was made of the real-time
processing scripts available for SSX at 124. These scripts use DIALS algorithms (Winter et al., 2022) to perform
basic spot finding and indexing on the compute cluster at Diamond. The number of spots on each image is
plotted as a graph against image number (0-25 599), which updates dynamically as data collection and real-
time analysis progress, shown with data from the resting state McCP-B SSX structure in Figure 3.11a. A
threshold of 15 spots is used to classify an image as a hit (blue horizontal line), from which a hit rate as a
percentage is calculated (Horrell et al., 2021). Clicking on a datapoint opens the relevant image in
dials.image_viewer for manual inspection. In addition to the number of spots, the indexing results are used to
plot graphs of unit cell parameters (c), including scatterplots comparing cell axis lengths, and histograms of all
six parameters. Indexing results allow validation that the spots being identified are Bragg peaks, and that they
come from the expected crystal form as determined by previous experiments. In some cases, the automatic
spot finding used to generate the hit rate can identify noise as spots. This can lead to a false assumption about
the true hit rate, which is why obtaining a count of indexed crystals is also important. In a small number of
crystal systems, unit cell changes occur in response to reactions within the protein molecules. This means that

with sufficient previous characterisation of the crystals, it becomes possible to identify reaction initiation from
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indexing, without inspection of electron density maps. A heatmap of spot counts (b) can also be generated

and used to judge crystal loading across the chip (see §1.4.3 and §2.6).

For basic resting state structures, a hit rate and indexing count are sufficient to monitor the data being
collected, including to determine when enough diffraction patterns have been collected to sufficiently solve
the structure. Further processing, including optimising parameters, can then be performed after the
beamtime. However, for the more complex time-resolved experiments, it is important to have close to real-
time feedback on the structure of the protein with electron density maps. This allows monitoring of whether
the reaction has been initiated in the crystal. Therefore, excluding the few cases where unit cell changes
indicate reaction initiation, automated processing needs to include integration, and once enough diffraction

patterns have been collected to produce an interpretable electron density map, scaling and merging should

Figure 3.10: Comparison of F,,s — F.4; difference maps with imidazole omitted, contoured at 3o, for
imidazole binding to DtpAa. The maps are from the same serial dataset, but with different numbers of merged
crystals. Although presence of the ligand in the haem distal pocket can be identified in the maps with low
numbers of images, the positioning of the imidazole is not clear in the maps generated from fewer than 5000
images. Reproduced from Moreno-Chicano et al. (2019) with permission from the IUCr.
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be performed. Interpretation of the structure, especially F,,s — F.q;c difference map features, provides
feedback for the next experiments during the same beamtime shift, where parameters such as timepoint,

laser power, and soaking times can be altered.
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Figure 3.11: Real-time monitoring plots available for SSX at 124, showing data from the resting state McCP-f
SSX structure (§4.2.1). (a) A graph of spot counts against image number in a data collection from a chip (25 600
images), as seen during the data collection when only 10 000 images have been collected and processed.
Clicking on a datapoint opens the image for manual inspection. Hits are classed as having 15 or more spots
(blue line). An updating hit rate as a percentage is given, along with the number of indexable images. (b) A
heatmap of spot counts, showing distribution of crystals on the chip. (c) Unit cell parameters from indexed
patterns. The top row shows scatterplots comparing pairs of cell axis lengths. The middle and lower rows show
histograms of cell lengths and angles (which are constrained to 90° by the specified space group).
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3.12 Discussion

By combining a photocage that releases NO upon UV excitation, a fixed-target sample holder with considered
choice of thin film, a system for coordinated motion control and event triggering, and a laser system with
mirrors to deliver light to the sample position, a protocol has been developed for performing time-resolved
serial crystallography on beamline 124 at Diamond Light Source. The system can be used with both DECTRIS
detectors available at the beamline, a PILATUS3 6M and an EIGER2 X CdTe 9M. As described in §4-5, this
method has been demonstrated with two proteins that bind NO in the active site, which acts as a basis for
studying other protein systems and reactions. Simple changes in laser wavelength make it possible to initiate
other reactions using photocages, including using oxygen as a substrate (Ludovici et al., 2002). The system has
also been used to initiate changes in naturally light sensitive proteins, including human y-D-crystallin, which is
destabilised in the presence of UV light, leading to cataract formation in the eyes (Hill et al., 2024).
Investigation into reversibly switchable fluorescent proteins has also been performed at 124, using two smaller

laser sources combined with a dichroic mirror (Baxter et al., 2022).

As well as being installed for use at 124 at Diamond, the same fixed target chip system has been transported
to the SACLA XFEL in Japan, and successfully used for time-resolved SFX experiments (Sherrell et al., 2015).
The portable endstation allows the same sample environment to be used to collect both long and short
timepoints in a reaction, using the similar pump laser available at SACLA (Togashi et al., 2020). At 124, the
motion controller reports correct stage positioning, and the UV-Vis pump laser and X-ray detector are then
triggered. At SACLA, the X-ray source is pulsed at 30 Hz and provides the master control for the timing. The
pump laser is triggered in advance of the X-ray probe pulse, with the time gap set according to the reaction
timepoint being studied. The movement of the sample stage between apertures occurs directly after each
X-ray pulse, so it is ready for the next pump pulse. The detector readout is synchronised to the X-ray pulse,

although the 10 fs pulse length controls the exposure time.

This chapter shows development of TR-SSX capabilities at 124 from the first unsuccessful experiments, through

iterative improvements that have improved the capabilities and increased reliability. Despite this, there are
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still improvements that can be made as part of future development of the beamline. For these experiments,
the beamline did not feature a fast X-ray shutter which could open and close in sync with serial data collection,
at the command of the motion control and timing system. The slow shutter that was available is set to open
at the beginning of the data collection and not close until data collection is finished. Therefore, the shutter
remains open and exposing crystals for the whole experiment. For shorter timepoints, this means that a crystal
is being exposed to the beam for the duration of the delay period from triggering the reaction, and therefore
has already received some X-ray dose prior to detector triggering and diffraction data collection. For longer
timepoints, via the excite and visit again mode of data collection, each crystal is exposed to the X-ray beam
while it is visited for laser pumping, then again for diffraction data collection. However, the crystal is still only
used for one image, so dose does not accumulate throughout the whole data collection for the chip. To
improve this and reduce the dose that the crystals are exposed to, a fast solenoid shutter can be installed, set
to remain open only when the detector is triggered. At the time of writing, such a shutter has been fabricated

and installed, but is yet to be tested or used in any experiments.

To improve the laser alignment and remove the parallax between the X-ray and laser beams, a new on-axis
viewer has been installed on 124, allowing the laser (and other pump light sources) to illuminate the sample
through the viewer using a system of mirrors and an optical fibre. A CAD drawing is shown in Figure 3.12, with
the important new parts being the fibre connection, and the two new mirrors in black 45° holders. One of the
mirrors is semi-transparent and allows the photoexcitation light (cyan) to be merged with the viewing
microscope (magenta), then go through the final drilled mirror (not shown) and lens, onto the X-ray beam axis
(red). This eliminates the effect of sample Z axis positioning on the laser alignment and should simplify laser
alignment to make it more stable, saving precious beamtime. Early testing with the laser being brought to the
sample position via the new OAV has had problems with focusing of the photoexcitation light to a small enough
spot size, as the light must pass through some of the same lenses as the sample viewing light on the X-ray

beam axis. Additionally, the scatter guard in front of the lens interacts with the laser light.
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Figure 3.12: Upgraded on-axis viewer for beamline 124. Via a series of mirrors, UV-Vis photoexcitation (cyan)
from an external source can be directed to the sample position on the same axis as the X-ray beam (red) along
with the sample viewing microscope (magenta). A mirror (not visible) and lenses with a central drilled hole for
the X-ray beam to pass through bring both illumination and viewing onto the X-ray beam axis. This enables
simple alighment of the X-ray and laser beams with the sample.

In addition to using light, the same chip system at 124 has been used with substrate mixing to initiate reactions
in crystals. The same chip stage and timing control is used, but the laser and photocage is replaced with a
piezoelectric ejector (microdrop Technologies), which can reliably fire picolitre sized drops of ligand solution
into the interaction region and hit a specific well of the chip. In this setup, the thin film on one side of the chip
is replaced by a humidified local atmosphere to allow ligand drops to reach the crystal, while still preventing

crystal dehydration (Shilova et al., 2022; Glerup, 2022).
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4. Nitric oxide binding to McCP-3

4.1 Introduction

Cytochromes ¢ are haem proteins containing a c-type haem group, and featuring a conserved CXXCH motif
that covalently binds the haem to the peptide component (Bowman and Bren, 2008). Cyts ¢’ specifically have
pentacoordinate haem iron in their resting state and are found in the periplasm of gram-negative bacteria.
The majority of cyts ¢’ characterised have been alpha-helical (Choi et al., 2005; Fuijii et al., 2017; Kekilli, 2015),
forming four helix bundles, although a smaller number of examples have been found with primarily beta-sheet
structures, termed cytochromes c’B (Elmore et al., 2007; Adams et al., 2019). These have been identified in
methanotrophic (Bergmann et al., 2000) and ammonia oxidising (Abendroth et al., 2022; Liew et al., 2019)
bacteria, and are homologous to cytochrome P460 proteins, often found in the same organisms, see Figure
1.11. However, cyts P460 have a haem-Lys crosslink which is absent in cyts ¢'B (Adams et al., 2019). This
crosslink provides the protein with the ability to catalyse conversion of hydroxylamine (NH,OH) to nitrous
oxide (N;0) via nitric oxide (NO). As cyts ¢'B lack the crosslink, their function is different from P460s, resembling

that of cyts c'a, and are known to bind NO. A more detailed overview of cytochromes is found in §1.7.

4.1.1 Cytochrome c'-B from Methylococcus capsulatus (Bath)

A cyt ¢'B has been identified- in the obligate methanotroph Methylococcus capsulatus (Bath) and has been
characterised spectroscopically and crystallographically (Adams et al., 2023; Adams et al., 2019). It is
abbreviated as McCP-B. This protein is of interest because of its potential role in the global nitrogen cycle, and
because few cyts ¢’-f have yet been characterised. This chapter describes the acquisition of the first crystal
structures of McCP-f3 at room temperature. This includes a damage-free structure from serial femtosecond
crystallography (SFX) and investigation of the binding of NO to the haem site using time-resolved serial
synchrotron crystallography (TR-SSX). A crystal structure collected at room temperature is more likely to
reflect the state of the protein, including bound ligands, at physiologically relevant temperatures, than one
collected under cryogenic conditions (Sharma et al., 2023; Fischer et al., 2015). X-ray photoreduction of metal

centres is also important as these are where catalytic and ligand binding activities take place (Bowman et al.,
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2016). Radiation damage and serial crystallography techniques are described furtherin §1.2 and §1.6.1-1.6.2.
Room temperature data collection also allows investigation of protein dynamics with time-resolved

crystallography, as described in §1.6.4 and §3.

Reaction initiation is an important part of time-resolved crystallography, as a reaction needs to be started in
a whole crystal at the same time, as described in §1.6.5. To do this, use has been made of a photocage, an
organic molecule which releases a NO by photolysis with UV radiation, described in §1.6.4-1.6.5.
Cytochromes ¢’ make suitable targets for developing time-resolved crystallography, as NO binds to the haem
via a vacant distal site (Winter et al., 2022; Barty et al., 2014), in contrast to many other haem proteins, which
bind small gas molecules via displacement of a water molecule. The NO binding in the dry pocket provides an
obvious change in electron density, as two non-hydrogen atoms bind in place of none, whereas NO displacing
water involves the more subtle change of one non-hydrogen atom to two. The obvious electron density change
can be used to quickly identify successful NO binding, when real-time processing is required to provide fast
feedback on the outcome of an experiment, so as to inform subsequent experiments following in the same

beamtime shift and so aid in the development of time-resolved crystallography methods using photocages.

4.1.2 Cytochrome c' from Alcaligenes xylosoxidans

The cytochrome ¢’ in Alcaligenes xylosoxidans (AxCP), like that of Methylococcus capsulatus, has the conserved
CXXCH motif for binding c-type haem (Kekilli et al., 2017a), and both dimeric proteins bind NO at the haem
site. Whereas McCP-B has a primarily B-sheet structure, AXCP consists of an antiparallel four a-helix bundle,
with the haem in the centre, shown in Figure 4.1. As well as structural differences, the two proteins have
different NO binding mechanisms. NO binding to McCP-p is discussed above (§4.1.1). In AxCP, NO binding
proceeds via a multi-step process involving two NO molecules in different binding sites, depicted in Figure
1.12. First, NO binds to the distal side of the haem, similarly to in McCP-f. However, in AXCP this causes a
dissociation of the proximal histidine residue (His 120) to a distal five-coordinate iron species, then allowing a
second NO molecule to bind in place of the haem. Finally, the first NO molecule dissociates to leave a five-

coordinate product with NO bound proximally.
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(b)

Figure 4.1: Cryogenic structure of AxCP in its ferrous (reduced, Fe?*) form. (a) Ribbon view of a single
monomer, showing the helical bundle and haem position. (b) The pentacoordinate haem site, including the
three relevant neighbouring residues. The conserved His 120 is shown above the haem on the proximal side.
PDB: 4cda from Kekilli et al. (2014).

Besides its NO binding mechanism, AxCP is also of interest because of the conformational change that occurs
to the haem site arginine residue upon change in the redox state of the haem iron. In its ferric (Fe3*) form, the
guanidino group of the Arg 124 sidechain sits parallel to the plane of the haem (Einsle et al., 2007). In the
reduced ferrous form (Fe?*), the arginine side chain mostly (70 % occupancy) reorients perpendicularly to the
plane of the haem, as shown by the arrow in Figure 4.2. This change is seen in structures that were chemically
reduced prior to cooling, or X-ray photoreduced at 160 K or 180 K, but not the structure photoreduced at

100 K, implying that at 100 K the arginine is cryotrapped (Kekilli et al., 2014). This structural change can be

Ferric

Ferrous -

Figure 4.2: The haem site of AXCP, with the ferric (yellow, PDB: 4cda) and ferrous (blue, PDB: 4cjo) redox states
superimposed. In the ferric form, the guanidino group of Arg 124 sits parallel to the plane of the haem, but in
the reduced form, the residue reorients with 70 % occupancy perpendicular to the haem.
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used to infer the redox state of the iron without more specialised experimental techniques such as X-ray
spectroscopy, resonance Raman spectroscopy (Kekilli et al., 2017a) or online UV-Vis spectroscopy (Hough et
al., 2008), as long as the data collection temperature is greater than 160 K. Redox state determination using
only standard diffraction data allows serial and time-resolved crystallography techniques and sample delivery
to be used more easily (see §1.4). This allows protein dynamics to be accurately investigated in the correct
validated redox states, and also provides a convenient way of measuring photoreduction as a symptom of

specific X-ray damage to the sample (see §1.6.6).

4.2 Results

4.2.1 Room temperature structures of McCP-

McCP-B was expressed and purified as described in §2.1. Crystallisation conditions have already been
optimised for growing large single crystals (~100 um), published in Adams et al. (2019). The large crystals,
grown with vapour diffusion, used a protein concentration of 15 mg-mL™", and polyethylene glycol 550
concentration of 35 % (v/v). To adapt this condition for growing microcrystals, on the order of 20 um in each
dimension, the concentrations of precipitant and protein were increased, and the crystallisation method was
changed. Microcrystal conditions were trialled with batch crystallisation, mixing protein and precipitant
directly in a tube. This allows the mixture to start in the nucleation zone of the crystallisation phase diagram
(see §1.5 and Figure 1.7), so thousands of nucleation events occur soon after mixing, rather than nucleation
occurring only upon reaching the nucleation zone by vapour diffusion. Optimisation of the conditions was
performed to have sufficient nucleation for thousands of crystals to grow, without being overconcentrated
and forming non-crystalline precipitates. Crystallisation trials with 20 pyL volume were performed in PCR tubes,
before scaling up to 400 pL batches in 1.5 mL microcentrifuge tubes. Test batches were examined under a
microscope after 24 h, and their dimensions measured. Knowing crystal dimensions is important for preparing
fixed target chips, so that a chip with the correct aperture size is selected to avoid crystals passing through the
apertures and being lost. Crystal size is also important for reaction initiation because of the limited penetration

depth of the laser light. A haemocytometer was used to measure the concentration of crystals within the

98



Serial and time-resolved crystallography of metalloproteins — Peter Smyth

sample. To increase crystal concentration, crystals were sedimented over time or by gentle centrifugation,
and a volume of the mother liquor supernatant removed. The ideal concentration of crystals for loading a fixed
target chip is approximately 107 crystals-mL™. Final conditions were reached with 68-70 % (v/v) PEG 550, and
40 mg-mL™ protein, as described in §2.2. The crystallisation was found to be variable between batches of
purified protein, so separate trials were conducted for each. Figure 2.2a shows crystals of McCP- in mother

liguor, with approximate dimensions of 30 x 30 x 30 um.

An SFX structure of McCP-B was collected at the Spring-8 Angstrom Compact Free Electron Laser (SACLA,
Japan) by other members of the research group, using the fixed-target chip system described above (§1.4.3
and §2.5). Data from four chips was merged and the structure was solved to 1.80 A by molecular replacement
(Vagin and Teplyakov, 2010), using a conventional structure collected at 100 K (PDB: 6hih) as a search model
(Adams et al., 2019). This SFX model shows the structure of the protein with zero X-ray dose and at room
temperature. An SSX structure was also collected at beamline 124 at Diamond Light Source, using the same
method. This was solved to 2.15 A resolution. Data processing and refinement statistics for the structures are

listed in Table 4.1.

Data processing methods for serial crystallography are less mature than for conventional rotation
crystallography, and the nature of collecting still images with partial reflections makes processing more
complex (Kirian et al., 2010; Brewster et al.). Obtaining the best quality data requires optimisation of spot
finding and indexing parameters and ensuring that an accurate description of the detector geometry is
provided. For these serial structures, interactive examination of images was required to obtain the best quality
maps for solving accurate protein structures. For each beamtime, the data from the first chip collected was
used to refine the detector geometry, specifying the precise detector distance and where on the detector the
beam centre lies. This provided a geometry file which could be used for all datasets from the beamtime.
Spotfinding and indexing results from a subset of the data were compared against each other during iterative
optimisation, to find the best parameters to apply to the whole dataset. To evaluate processing parameters,

the number of indexed images from the dataset was compared, as including more images improves data
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Figure 4.1: Data quality for the resting state SSX structure of McCP-B to 2.15 A resolution, plotted against
resolution, for data processing in xia2.ssx (Winter et al., 2022).

quality, especially the completeness and multiplicity. Examples of data processing statistics plotted against
resolution, taken from the log files of xia2.ssx, are shown in Figure 4.3. Most data processing was performed
using DIALS (Waterman et al., 2013; Winter et al., 2018; Winter et al., 2022), except for the SFX structure of
McCP-B, which was processed using CrystFEL (White et al., 2012; White et al., 2016). See §2.9 for more details

on data processing and structure refinement.

The B-sheet homodimeric structure can be seen in Figure 4.4, which is a superposition of the 100 K (yellow),
SFX (blue), and SSX (coral) structures. A ribbon view of the protein dimer (a) shows differences for some
B-strands between the zero dose SFX structure and the two synchrotron structures, especially in the residue
ranges 15-21 in chain A and 73-81 in chain B. Viewing these regions more closely (b—c) reveals these
differences extend only to side chain positioning. Met 20 in chain A has a shared conformation in the SFX and
100 K structures, and two conformations that are unique to the SFX and SSX structures. In chain B, Val 74 has

a second conformation only seen in the SFX structure, and Lys 79 occupies a different conformer at room
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temperature compared to 100 K. The B-factor for the Ce atom toward the end of the sidechain is much higher

(42.85 A?) in the SSX structure compared to the SFX structure (22.99 A2 and 25.75 A?) and the 100 K structure

(36.73 A?), so the difference seen in the SSX structure may be an artefact of the disorder in this residue and

resolution of the structure, and not a true different conformation. Looking at the B-factors for the whole

structures, shown with the ribbons view in Figure 4.6, there is higher disorder in the terminal regions and

loops, which are to be expected. This is seen especially in the region with the residue range 24-30, labelled in

chain B in (a), potentially explained by the separation of the region from the main B-sheets allowing more

Dataset Resting state Resting state 1600 W laser 160 W laser PROLI Dark negative
SFX SSX excitation excitation NONOate control
soak
Resolution (&) 33.89-1.90 75.82-2.15 37.90-2.00 43.79-2.00 37.94-1.95 75.88-2.20
(1.93-1.90) (2.19-2.15) (2.03-2.00) (2.03-2.00) (1.98-1.95) (2.24-2.20)
Space group P2:3 P2:3 P2:3 P2:3 P2:3 P2:3
Unit cell (&), 106.7 107.2 107.2 107.3 107.3 107.3
a=b=c
Merged 14394 6692 18976 19929 12517 4368
crystals
Unique 61896 (3121) 22647 (1156) 27994 (1378) 28056 (1395) 30288(1487) 21205 (1049)
reflections

Completeness
(%)
Multiplicity
CCia

Rsplit

Mean |

I/ol

Nobs

Rwork

Rfree

RMSD bond
length (A)
RMSD bond
angles (°)
Ramachandra
n favoured
(%)

100.0 (100.0)

233.7 (159.9)
0.938 (0.639)
0.204 (0.492)
284 (1.92)
4.0 (2.1)

14 465 627
(498 904)
0.185

0.213

0.0115

2.178

95.91

100.0 (100.0)

69.9 (58.1)
0.984 (0.279)
0.188 (1.017)
28.0(7.9)
7.7 (1.2)
1583 238
(67 218)
0.184

0.227

0.0131

2.623

95.91

100.0 (100.0)

159.8 (19.0)
0.986 (0.489)
0.118 (0.561)
21.9 (4.5)
12.9 (8.6)
4473 881
(26 237)
0.175

0.218

0.0170

2.678

92.91

100.0 (100.0)

223.4 (18.0)
0.983 (0.488)
0.133 (0.572)
15.5 (4.2)
13.3(8.3)
6267 430
(25 124)
0.193

0.223

0.0151

2.830

95.90

100.0 (100.0)

140.9 (16.5)
0.981 (0.459)
0.129 (0.660)
38.7 (5.6)
1.39 (0.46)
4267720
(24 491)
0.183

0.222

0.0233

2.790

94.03

100.0 (100.0)

40.0 (34.0)
0.974 (0.373)
0.184 (0.753)
44.1(3.3)
9.0 (1.7)

848 796

(35 661)
0.185

0.241

0.0131

2.793

96.28

Table 4.1: Data processing and refinement statistics for McCP-B structures, including resting states collected
at SACLA and 124, time-resolved NO-bound structures collected using a photocage, and an NO-bound structure
soaked with PROLI NONOQate. Values in parentheses refer to the outermost resolution shell.
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Figure 4.2: Superposition of three McCP-B structures. (a) Ribbon view of the dimer, showing some differences
between the B-strands of the SFX structure (blue, 1.90 A resolution) compared to the 100 K (yellow, 1.61 A,
PDB: 6hih) and SSX (coral, 2.15 A) structures. Residues (b) 1521 of chain A and (c) residues 73-81 of chain B
show that differences between structures are confined to sidechain conformations, including Met20 in
chain A, and Val 74 and Lys 79 in chain B.
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flexibility. The B-factors are also higher than average in the Phe 32 residue in all structures, indicating the

flexibility to move further from the haem upon NO binding (see below).

The c-type pentacoordinate haem is shown in Figure 4.5, and lacks the lysine crosslink that is found in McP460
and other proteins with the P460 fold (see §1.7.1). The haem site includes His 123 on the proximal side, which
is conserved in many cytochromes (Bowman and Bren, 2008). The histidine is hydrogen-bonded to the
backbone of Tyr 131. The distal side of the haem contains residues Phe 32 and 61, which form a hydrophobic

pocket for ligand binding. The Phe 32 sidechain occupies a different position, further from the haem in the

(a)

Figure 4.3: Superposition of the haem sites of three McCP-f structures, showing chains A and B. Displacement
of Phe 32 away from the haem is visible in both room temperature structures. The colours are the same as
Figure 4.4: SFX; blue, 1.90 A resolution, 100 K; yellow, 1.61 A, PDB: 6hih, and SSX; coral, 2.15 A.
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100 K (PDB: 6hih), (b) SFX, (c) SSX. Orange indicates low B-factor, increasing through green to blue.

)

Figure 4.4: McCP-B structures coloured by B-factor. (a
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room temperature structures compared to the 100 K structure. The CT atom of the phenylalanine benzyl ring
is displaced by 1.13 A and 0.99 A in chains A and B respectively in the SFX structure. The water-free (dry) distal
pocket of the haem in the 5-coordinate resting state is useful for developing time-resolved methods for
initiating ligand binding, as the ligand binds in an empty space, rather than displacing a water molecule, so the
change in electron density is more obvious, especially with potentially suboptimal parameters used in initial

processing during the beamtime.

Prior to the laser-initiated NO binding experiments described below (§4.2.2), a positive control was collected
in the form of a structure from crystals soaked with an excess of NO, collected to 1.95 A resolution, with data
processing and refinement statistics given in Table 4.1 above. The NO was supplied from PROLI NONOate, a
pH-dependent donor compound (Saavedra et al., 1996), which releases NO in response to the pH change that
occurs when mixed with the crystal slurry, described in §2.6. This structure showed a difference density
feature in the distal pocket into which NO was modelled, shown in Figure 4.10d, consistent with the NO-bound
structure collected from a ferrous crystal at 100 K (PDB: 7zps), published in Adams et al. (2023). Also consistent
with the cryogenic structure is the lack of a five-coordinate species formed by dissociation of the proximal
histidine residue, which is seen in solution at low pH, revealed by UV-Vis, resonance Raman, and EPR
spectroscopies (Adams et al., 2023). The Fe-His bond length does not increase upon binding of NO either
(decreases by 0.03 A), also indicating-His bond length does not increase upon binding of NO either (decreases

by 0.03 A), also indicating no dissociation of the proximal His 120.

The two NO-bound crystal structures were compared to reveal any changes in binding associated with the
temperature or redox state differences (see §1.6.1). Figure 4.7 is a superimposition of the structures, showing
the whole dimer (a) and the haem sites in both chains (b—c). In the high-resolution cryogenic structure, solved
to 1.56 A resolution, two binding conformations can be seen for the NO in chain B (c), with equal occupancies.
The first conformer is common across both chains, although with a 0.12 A and 13° variation in Fe—N bond
lengths and Fe—NO bond angles between chains, and the second conformation is unique to chain B. The bond

length of the first conformer is similar to the Fe—N bond length in AxCP at 100 K (Kekilli et al., 2014), although
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\
\
\\
His 123 )
Tyr 131
o N
a

Figure 4.5: Superimposed structures of McCP- bound to NO, collected at 100 K (red, PDB: 7zps), from Adams
et al. (2019) and from TR-SSX at room temperature (grey). A ribbon view of the homodimer (a) is shown, and
details of the haem sites of chain A (b), and chain B (c). Positioning of the NO within the distal pocket varies
between structures and chains.
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no room temperature structure of NO-bound AxCP exists to compare with the serial structures of McCP-8
collected here. In the room temperature structure of McCP-B, no alternate conformers are seen for the NO.
An Fe—N bond length of 1.99 A is seen in both chains, matching the bond length of the conformer seen in only
chain B of the 100 K structure. The Fe—NO bond angles for the structures vary -considerably between- chains
and laser energies (listed in Table 4.2). Despite the variation between room temperature structures, the angle
is consistently greater in chain A, averaging 144° across all room temperature structures, compared to 114° in
chain B. Comparing the distal pockets of the two chains in Figure 4.8 shows significant differences in the
positioning of both phenylalanine cap residues. The positioning of Phe 32 especially changes the available
space above the NO, which is likely responsible for the differing NO angles between chains. As NO is
coordinated to the haem iron by the nitrogen atom, its position within the binding site is more constrained
than the oxygen, which lacks this coordination. This is demonstrated by the B-factor of the oxygen atom being
higher in most (9 of 12) NO molecules in the six RT NO-bound structures collected, on average 6.81 A2 higher.
This implies flexibility in the oxygen location in the unit cell, and hence the Fe—NO bond angle, so interpretation
of the variation of the angles between the models must be done with caution. The low NO occupancy in some

of the structures (as low as 30 %) means the electron density for the NO is weaker, also making the modelled

bond angles less reliable. Additionally, the room temperature structure was collected from ferric crystals,

Figure 4.6: Comparison between chains A (blue) and B (gold) for an NO-bound McCP-B structure at room
temperature. The surface view (a) shows changes in space occupied by the Phe residues, potentially causing
the flatter positioning of the NO (smaller Fe~NO bond angle) in chain B.
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rather than the ferrous redox state of the cryogenic structure, therefore any changes seen between the two
structures could be due to either differing temperature or redox state. Furthermore, no validation of redox
state was performed for the room temperature structure, meaning that the crystals which were ferric before
data collection may have been partially reduced by the beam during the experiment. Besides the haem sites,

no significant differences can be seen in the haem site or elsewhere in the structures (RMSD 0.29 A).

Fe—N bond length (A Fe—NO bond angle (°) B-factor (A?)
Laser energy (W) | A B Mean SD A B Mean SD N 0]
1600 | 1.94 1.97 1.96 0.02 138 96 117 21 56.54 58.08
160 | 2.03 2.01 2.02 0.01 134 91 110 19 25.15 28.40
9.5(1.91 1.93 1.92 0.01 150 109 129 20 46.31 67.46
0.95]1.98 2.01 2.00 0.01 173 140 157 16 42.69 52.33
0.19(1.88 1.99 1.94 0.06 152 146 149 2.9 44,12 50.22
PROLI NO (RT) | 1.99 1.99 1.99 0.00 120 104 112 8.1 25.83 25.01
Mean (all RT) | 1.96 1.98 1.97 0.04 144 114 129 24 40.10 46.91
PROLI NO (100 K) | 1.77 1.89 1.86 0.09 123 135 130 7.4 27.47 33.35
1.99 139

Table 4.2: Bond lengths and angles for NO bound in the haem sites of McCP-B, in structures with different
laser energies, as well as structures soaked with PROLI NONOate collected at different temperatures. Mean
values are shown for each structure, and for all room temperature structures. SD; standard deviation. The two
values for chain B at 100 K represent multiple conformations. The mean B-factors for each atom type in the
NO is also shown.

4.2.2 Laser-initiated NO binding

Time-resolved SSX experiments were performed at beamline 124, to investigate NO binding in McCP-B and to
develop methodology for time-resolved SSX. These experiments were repeated on several occasions to
iteratively develop and improve approaches for initiating the NO binding using the photocage and UV laser.
The earliest time-resolved experiments with McCP-B involved collecting structures with two different laser
intensities. The microcrystals were prepared under red light by soaking them in a solution of photocage
dissolved in mother liquor, as described in §2.7. The photocage (Namiki et al., 1997) was prepared at a
concentration of 10 mg-mL™, which corresponds to a final concentration of 19 mM within the unit cell, using
the crystal solvent content of 63.6 % (Kantardjieff and Rupp, 2003). This concentration was chosen to provide

enough NO within the unit cell, while being economical with the supply of photocage, as explained in §3.5.
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The time-resolved structures were collected at a 1.44 s timepoint, using the excite and visit again mode of
data collection (§3.10). The first structure was collected with the 308 nm laser at full power, resulting in
1600 pJ of laser light at 308 nm reaching the sample position over 10 ms, operating pulsed at 50 kHz (3.2 pJ
per pulse). The second structure was collected with the laser attenuated by 10 times, via reduction of the laser
pulse rate down to 5 kHz. A dark structure was also collected as a negative control, where photocage was
soaked into the crystals, but no laser illumination occurred. The electron density maps for the control
structure, shown in Figure 4.9, feature no density for the NO in the distal pocket, like the resting state SFX
structure. This indicates that release of the NO from the photocage is caused by the laser illumination, and not
a result of accidental ambient light exposure or another form of chemical degradation. Figure 4.10 shows the
results of the first laser-initiated binding experiments on 124. An NO-bound structure is superimposed with
the resting state SFX structure (a), showing the outwards movement of the Phe 32 residue upon NO binding,
and slight distortion of the haem, both consistent with the changes seen for NO binding at 100 K (Adams et

al., 2019; Adams et al., 2023). The C{ atom of the benzyl ring is displaced by 0.77 A in chain A, and 0.81 A in
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Figure 4.7: Electron density maps for the haem sites of a dark control structure. For this structure, NO
photocage was soaked into the crystals, but no laser illumination occurred. Chains A and B are shown in (a)
and (b). Density for the NO is not present in the distal haem pockets in this structure, which implies that the
laser is responsible for the appearance of NO in the laser-initiated structures. 2F, ;¢ — F,.4;c map contoured at
1o, F,ps — Frqic map contoured at 30.
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chain B, compared with the room temperature resting state. The variation in NO position between structures
is discussed above in §4.2.1. No density corresponding to the caging group or unlysed photocage is evident in

any of the structures.

As well as providing room temperature structures of NO bound to McCP-B, the laser-initiation experiments
were also an investigation into required laser illumination for photocage activation in the fixed-target chips,
as part of the development of TR-SSX capabilities at 124. The laser illumination of the sample is measured in
microjoules, and referred to here as laser energy, but is not to be confused with the photon energy of the UV
laser, which at 308 nm is equal to 6.45 x 107"° J. The time-resolved structures are shown in Figure 4.10, with
highest laser energy (1600 pJ, blue) having electron density corresponding to 80 % ligand occupancy, and at
the lower laser energy (160 pJ, purple) the occupancy is reduced to 40 %. As a comparison, a difference density
peak corresponding to 100 % occupancy is shown in Figure 4.10d, taken from the PROLI NONOate soak
structure, which had an excess of NO available (§4.2.1). These occupancies were estimated by manually editing
the occupancy in the structures and comparing the B-factors of the ligand atoms with those of the adjacent
haem atoms after a further round of refinement. The relative peaks in the F,,s — F.4;c omit maps were used
to check the estimated values were accurate. These ways of estimating occupancy were used because of the
unreliability of automated occupancy refinement available in Phenix. Further discussion of current methods
of occupancy estimation is included in §5.3.1, and more robust occupancy estimation methods were

investigated and used for later experiments detailed in §5.2.3-5.2.4.

The aim of the first time-resolved experiments with the laser at 124 was simply to achieve NO binding initiated
using the NO photocage. Although this aim was achieved, the high laser energies (1600 W and 160 wJ) required
to initiate NO binding were more than expected, and more than the approximately 40 W used for the
previously published experiments with the photocage (Tosha et al.,, 2017). Using the same calculations
detailed in §3.5, but with the larger beam size of 60 um, the laser energy means 3.8 x 10" photons are
absorbed by the crystal. This can be converted to values of approximately 1200 and 120 photons absorbed

per photocage molecule. Although, as detailed in §3.7 and §3.9, not all expected photons were likely reaching
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(b) y am

His 123

Figure 4.8: (a) Comparison of the haem site in the resting state SFX structure (yellow) with a time-resolved
structure (2.00 A resolution, blue) at 1.44 s after NO release. (b—d) Comparison of electron density for NO in
omit maps (contoured at 30) for structures collected with (b) 1600 wJ (c) 160 p laser energy (2.00 A), and (d)
a PROLI NONOate soaked structure (1.95 A). The NO occupancies in (b—d) are approximately 80 %, 40 %, and
100 %.
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the crystal, this is far from the single photon excitation regime (Griinbein et al., 2020). However, it is not
outside the range of pump laser energies used for some other TR-SX experiments (Brandén and Neutze, 2021,
Suga et al., 2019). From these first experiments, areas of weakness in the methodology were identified, and
developments were made to reduce the laser energy required for reaction initiation. The improvements are

detailed in §3.7-3.9, with the results from further McCP-8 experiments shown in §4.2.3 below.

4.2.3 Improvements in laser excitation

Measurements of the laser power reaching the sample position showed some discrepancy when reducing the
pulse rate from its maximum of 50 kHz, in that the change in power was not proportional to the requested
change in repetition rate. As it is impractical to measure the laser power after every change in repetition rate
between samples, changes in laser power using repetition rate are unreliable. To combat this, attenuation by

insertion of ND filters into the beam was used for in future experiments, described in §3.8.

As well as changing the method of attenuating the laser beam, changes were made to the sample holders to
aid in illumination. In the first experiments with the NO photocage (the structures with 1600 pJ and 160 pJ
laser energy), the chips were sealed using thin films of Mylar® on both sides of the holder, as is standard
practice for chip preparation to prevent crystal dehydration. Unfortunately, Mylar® has a strong UV
absorbance peak centred at 300 nm, so absorbs a significant amount of the laser energy delivered to the
sample position, preventing it from reaching the photocage in the crystals. To reduce the laser intensity
required, in future experiments, the Mylar® film on the upstream side of the chip -was replaced with EVAL™,
an alternative film which lacks the strong 300 nm absorbance peak. Further detail on thin film choice is given

in §3.9.

In addition to changing the film to seal the samples, the way the chips were mounted in the holders was also
changed to aid laser excitation. The tapered aperture design for trapping crystals means that the crystals sit
in wells on one face of the chip, easily accessible from one side, only accessible from the opposite side through
the 7-30 um square apertures (Mueller et al., 2015). In the orientation used for resting state structures, the

50 um laser beam on the upstream side of the chip could only illuminate the crystals through the much smaller
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apertures, so only a fraction of the laser light reaches the crystal. To reduce the laser excitation from the
1600 pJ used in the first experiment, the chips were flipped over, so the laser illuminates the crystals more
directly, described further in §3.7. In addition, as the laser light delivery hardware improved, the laser could
be focused onto the sample position with a reduced spot size by fine positioning of the final focusing lens on
a motorised stage, reducing beamsize from 60 um to 50 um. This means 44 % more energy from the laser

reaches the crystal, rather than being wasted hitting the surrounding area on the edges of the well of the chip.

Using experience gained from collecting the first datasets, further experiments were conducted, involving the
collection of three further time-resolved NO-bound structures with binding initiated by different laser
energies. When measured immediately before the experiments, the laser power at the sample position was
1.2 mW, so a 16 ms laser exposure without additional attenuation, consisting of 80 pulses at 5 kHz, would
impart 19 W into the sample. Three datasets were collected using ND filter combinations that attenuated the
beam to provide 9.5 uJ, 0.95 W, and 0.19 pJ of laser energy at the sample position. These correspond to
approximately 10, 1, and 0.2 photons absorbed per cage molecule, respectively. These structures are shown
superimposed in Figure 4.11, coloured by laser energy, and are consistent (RMSD 0.28). The only significant
difference besides NO occupancy is displacement of the Phe 32 capping residue further from the haem in the
structure with the higher NO occupancy (9.5 p). The CZ atom of the benzyl group is displaced by 0.88 A and
0.65 A in chains A and B respectively. This is consistent with previous NO-bound structures, including the laser-
initiated structure superimposed with the resting state structure in Figure 4.10a above, which shows Phe 32
displacement upon binding. The processing and refinement statistics for the structures with improved laser

initiation are shown in Table 4.3.

The three laser-initiated structures were analysed for NO binding, including estimation of the ligand
occupancies and comparing any differences in active site geometry between room temperature and 100 K. As
with the previous experiments, there was near 100 % occupancy at the higher laser energy used, although this

was much less than the energies used for the first experiments, for the reasons described above. Despite the
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Phe 32

His 123

Tyr 131

Figure 4.9: Superposition of three time-resolved NO-bound structures of McCP-B, collected with laser powers
of 9.5 W (grey), 0.95 W (pink), and 0.19 wJ (green). In chain B (c), the structure with highest laser power shows
the NO in the alternative conformation as seen in the 100 K structure (Adams et al., 2023).
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improvements in technique, at the two lower laser energies, separated by a factor of five, the estimated NO
occupancies do not follow the expected trend of higher laser energy equating to higher occupancy. Occupancy

values are listed in Table 4.4.

Dataset 95w 0.95 W 0.19 W
Resolution (A) 43.81-2.35 43.84-2.15 43.83-2.05
(2.39-2.35) (2.19-2.15) (2.09-2.05)
Space group P2:3 P2:3 P2:3
Unitcell (A),a=b=c= 107.3 107.4 107.4
Merged crystals 9778 7713 17 766
Unique reflections 17 432 (874) 22724 (1123) 26144 (1296)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)

Multiplicity 96.1 (24.3) 77.99 (22.26) 144.54 (36.06)
CCis2 0.962 (54.92) 0.952 (0.644) 0.973 (0.597)
Rsplit 0.171 (0.515) 0.193 (0.487) 0.125 (0.453)
Mean | 25.1(5.1) 32.3(6.4) 455 (5.4)
I/ol 1.56 (0.53) 1.65 (0.61) 2.27 (0.49)
Nobs 1327272 1772245 3778 854
(21 195) (24998) (46 734)
Rwork 0.178 0.190 0.173
Rfree 0.248 0.245 0.221
RMSD bond length (A) 0.0136 0.0155 0.0158
RMSD bond angles (°) 2.479 2.582 2.407
Ramachandran favoured (%) 91.85 95.17 94.42

Table 4.3: Data processing and refinement statistics for time-resolved McCP-B structures with an NO
photocage. Values in parentheses refer to the outermost resolution shell. NO occupancies shown as by manual
estimation.

For these structures, the occupancies were estimated using two different methods based on real space B-
factors and electron density peak heights which are explained in detail in sections §5.2.3 and §5.2.4
respectively. Using the difference map peak heights to estimate occupancy, values 39 %, and 41 % were
obtained for the two lower laser energies. By comparing B-factors for the ligand nitrogen atom with those of
the adjacent haem iron, while changing the occupancy of the NO in the range 0—100 %, occupancy values of
39 % and 63 % were obtained. The B-factor differences from the output from the occupancy refinement
script are displayed in Figure 4.12, with the interpretation of this type of plot explained in §5.2.3. The arrows
indicate the point where the B-factor difference is zero, which is determined to be the true occupancy value.
In Figure 4.13, results from both occupancy estimation methods are plotted against the laser energy. A

general agreement is seen between the methods, with the script that compares B-factors providing

115



Serial and time-resolved crystallography of metalloproteins — Peter Smyth

consistently slightly higher results. Tentative lines of best fit are drawn, although having only three

datapoints severely limits any conclusions that can be drawn, especially with the poor correlation of the

points. Subsequent to the initial submission of this thesis, further analysis has been performed, based on an

approach described by Barends et al. (2024). This analysis is explained in §5.3.1, and uses the F,,s — Feqic

difference map after refinement to determine occupancy. The results of this analysis on the McCP-8

structures are shown as red points labelled ‘refined density’ in Figure 4.13, and show good agreement with

the two methods used originally.

NO occupancy (%)
Laser Peak height comparison Occupancy refinement script Refined difference densities
energy (W) | A B | Mean ‘ SD A B ‘ Mean ‘ SD A ‘ B ‘ Mean | SD
9.5|68 100 84 16 100 100 100 0 100 100 100 0
0.95 | 27 50 39 11 48 28 39 11 38 50 44 6
0.19 |42 40 41 1 68 58 63 5 51 35 43 8

Table 4.4: NO occupancy as a percentage, for time-resolved McCP- structures with binding initiated by with
different laser energies. Values are shown for occupancy estimation by three methods, as described in §5.2.3—

5.2.4,and §5.3.1.
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Figure 4.10: A graph of the difference in B-factors between the NO nitrogen and the adjacent haem iron,
plotted against NO occupancy. Positive values represent the nitrogen B-factor being higher than the iron. The
points at which the curve crosses the X axis, marked with arrows, represent the occupancy values, as described
in §5.2.3. The data represents three different laser excitations and shares a colour scheme with Figure 4.11.
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Figure 4.11: A graph of estimated NO occupancies plotted against laser power for three structures, using
manual examination of omit maps and B-factors, an automated script that compares B-factors of refined
structures, and magnitude of F,,; — F,4;c difference maps after refinement.

4.2.4 Room temperature structures of AxCP

AxCP was expressed and purified as described previously (Barbieri et al., 2008), detailed in §2.3. Previous
crystallisation of the protein was in space group P6s22, producing only large crystals 200—1000 um in length
(Kekilli, 2015; Antonyuk et al., 2011), which are unsuitable for the serial crystallography techniques used here
(see §1.5). AxCP was crystallised in a novel morphology, in space group 1422 (§2.4). Microcrystals measuring
approximately 15 um in each dimension grew within 24 h, shown in Figure 2.2b. Two serial room temperature
structures of AxCP have been collected, using a fixed-target chip at 124, and a zero-dose SFX structure using a
viscous extruder at SACLA (Japan), with methods described in §2.6 and §2.8. These have been collected to
1.75 A and 2.00 A resolution respectively and can be used to evaluate any differences between data collection
methods, although the differences between the sample delivery methods (chip versus extruder) are
convoluted with the differences due to the X-ray source (synchrotron versus XFEL). Data processing and
refinement statistics are shown in Table 4.5. The fact that these are the first serial and room temperature
structures of AxCP is important, as temperature has been shown to affect ligand binding conformations in

AXxCP (Kekilli et al., 2014), and X-ray radiation can photoreduce the iron in the haem centre.
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Figure 4.14 is a superposition of three AxCP structures, including the SSX (coral) and SFX (blue) structures, as
well as a 100 K ferric structure, validated with online spectroscopy (yellow, PDB: 4cda), published in (Kekilli et
al., 2014). Minor differences are seen between the helices in the structures, and in the loops between helices.
The serial structures show close similarity to the 100 K structure, with RMSD values of 0.73 A and 0.77 A for
the SSX and SFX structures compared to the 100 K structure. The two serial structures have an RMSD of 0.18 A,
so more closely match each other than the 100 K structure. The arginine 124 residue close to the haem, which
indicates the redox state of the iron, is in the same conformation in all structures, sitting parallel to the plane

of the haem to indicate ferric iron.

Dataset SSX SFX

Resolution (A) 50.95-1.75 (1.63-1.75) 25.44-2.00 (2.03-2.00)
Space group 1422 1422

Unit cell (A), a=b, c 72.0,94.7 71.9,94.6
Merged crystals 12513 4163

Unique reflections 16 637 (778) 8711 (690)
Completeness (%) 99.8 (95.9) 100.0 (100.0)
Multiplicity 133.2 (68.2) 129.73 (73.70)
CCisz 0.999 (0.819) 0.960 (0.772)
Rsplit 0.041 (0.355) 0.246 (0.475)
Mean | 408.7 (18.6) 435.9 (75.2)

I/ol 48.4 (5.1) 2.22 (0.59)

Nobs 2216 835 (53 096) 788 694 (30 498)
Rwork 0.247 0.253

Rfree 0.270 0.311

RMSD bond length (A) 0.0120 0.0111

RMSD bond angles (°) 2.537 2.353
Ramachandran favoured (%) 97.58 98.39

Table 4.5: Data processing and refinement statistics for AXCP structures. Values in parentheses refer to the
outermost resolution shell.

4.3 Discussion

4.3.1 NO binding to McCP-

These experiments have provided the first room temperature structures of McCP-f, including a zero-dose
serial structure collected at the SACLA XFEL, and low dose synchrotron structures from beamline 124.
Differences between the structure of the protein at room temperature and 100 K are limited to movement of

a few sidechains, including Phe 32 that forms part of the hydrophobic distal pocket. Room temperature NO-
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Figure 4.12: Superposition of three AXCP structures. (a) Ribbon view of chain A, showing that any differences
between the structures are confined to the loops and terminal regions. (b) A close view of the haem site, with.
Yellow: Published 100 K ferric structure (PDB: 4cda) from Kekilli et al. (2014). Blue: SFX; coral: SSX.

bound structures reveal a 6¢ distal species, with NO bound in the distal pocket. Further careful optimisation
of crystallisation conditions, soaking parameters and data collection could obtain higher resolution structures
with increased confidence in ligand conformations. To deconvolute the cause for the different NO
conformations seen in the room temperature structures, and identify temperature or redox state as the cause,
a repeat of the PROLI NONOate SSX data collection could be performed, but by first reducing the crystals with
ascorbic acid in the same manner as the 100 K structure (Adams et al., 2023). As part of collecting a
comprehensive set of McCP-B structures from various conditions, a cryogenic structure of NO-bound ferric
McCP-B could be collected with online UV-Vis spectroscopy to confirm the redox state in the crystal(s), ruling
out photoreduction during data collection (Kekilli et al., 2017a; Owen et al., 2011). This has been performed

previously for AxCP at cryogenic temperatures (Kekilli et al., 2017b).

The time-resolved structures of McCP-B binding NO show that time-resolved SSX in the fixed-target chip
system on beamline 124, including using light initiation with the NO photocage. The first successful experiment
used 1600 pJ of UV laser energy to initiate binding, the most energy that could be delivered in the 10 ms
exposure time. Through iterative development of the methodology, a several hundred-fold reduction in
required laser energy has been demonstrated, down to 9.5 W for a full or near-full occupancy structure, and

approximately half occupancy at 0.19 w. This is a large improvement of four orders of magnitude in required
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laser energy, greatly reducing the chances of adverse effects caused by the laser (Moffat, 1998). The data
collected at different laser energies provides information about required excitation energy to lyse the
photocage in the fixed-target setup. The aim of laser energy optimisation was to provide single photon
excitation to the NO photocage within the crystals. Using the calculations detailed in §3.5, the structure with
0.95 W laser energy provides approximately one photon absorbed per chromophore (photocage molecule),
so single photon absorption has been reached. The concentration of the photocage in the crystals provides
approximately the number of photons required for full NO binding in the crystal. NO is not available in excess,

especially considering the quantum yield of 1.4, rather than the theoretical two NO molecules per cage.

Further experiments with increased NO concentration could provide NO in excess within the crystals, and lead
to structures with confident 100 % occupancy. With increased photocage concentration, care must be taken
with uneven light intensity. As the laser beam passes through a crystal, its intensity is attenuated, therefore
providing uneven illumination from front to back (Griinbein et al., 2020). With the 16.2 % transmission through
the crystals with 10 mg-mL™ photocage, the beam is already six times brighter at the front of the crystal
compared to the rear, and increased absorbance by a more concentrated chromophore would exacerbate the
gradient in light intensity. With this gradient, although the average number of photons per photocage may be
in the single photon regime, the molecules seeing the most intense beam could exhibit multiphoton
absorption. Another issue to consider is the solubility of the photocage. Anecdotal evidence suggests the NO
photocage dissolves easily to 10 mg-mL™" in the PEG concentrations used for crystallisation of McCP-B (§2.2)
and DtpB (Luci¢ et al., 2020b), although is not very soluble in ammonium sulfate-based mother liquors. There
is potential for exchanging grown crystals into solutions more amenable to high photocage concentrations,

but this is another condition to optimise, and an additional barrier to time-resolved crystallography.

Another consideration required with these experiments is the possibility of photolysis of the Fe—NO bond by
the laser. Intense light flashes can be used to trigger photolysis of bonds between the haem iron and its axial
ligands, as extensively demonstrated with the model system of CO bound to myoglobin (Barends et al., 2015;

Barends et al., 2024; Schotte et al., 2004). Flash photolysis of NO has been demonstrated with other haem
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proteins in solution, including mitochondrial cytochrome c (Silkstone et al., 2012), but no crystallographic
studies have yet been performed. Photolysis is possible due to the long laser exposure time (multiple pulses
over 5 ms), allowing NO to be produced, bind to the haem, and then be photodissociated. This is unlikely to
affect the measured data, since both the photolysis and relaxation back to the liganded state are on the order
of nanoseconds, so NO will be fully rebound within the 1.44 s delay time before diffraction data collection.
Additionally, the optimal wavelength for flash photolysis is likely to be greater than 400 nm, far from the
308 nm used here. Further work with McCP-B could involve intentional flash photolysis of the bound NO and
capturing the structure of the dissociated state. This would require a very short timepoint, and very short
exposure times, currently out of reach of 124 due to limited flux (Owen et al., 2012) and count rate limits of
the detectors (Donath et al., 2023; Loeliger et al., 2012). The experiments could be performed at an XFEL with
TR-SFX, employing the fixed-target sample delivery system used for the data in this thesis. NO could be added
into crystals (in the form of PROLI NONOate) prior to loading to form the Fe—NO state. A laser pulse could be

used to trigger photolysis picoseconds before a femtosecond X-ray pulse used to collect diffraction data.

Further work on reaction initiation could investigate the effects of laser exposure time on the samples, while
changing flux to keep the total energy the same. This could be of interest in how it affects laser heating of the
samples (Grinbein et al., 2020; Miller et al., 2020; Moffat, 1998). Repeated high-quality datasets could
potentially show effects of high temperatures in the crystals on the conformations of sidechains in the protein.
McCP-B has provided a suitable test case for developing the method, as it provides robust and relatively

plentiful microcrystals.

4.3.2 AxCP as a future TR-SSX target

For the AxCP structures collected, the positioning of the Arg 124 residue on the proximal side of the haem can
be used to indicate the redox state of the iron. In the reduced, ferrous state, the arginine reorients
perpendicular to the haem, which is not seen here. The ferric state is expected in the SFX structure (2.0 A
resolution), as data collection from the 10fs X-ray pulses occurs on a shorter timescale than the

photoreduction and subsequent reorientation of the arginine. In the SSX structure (1.75 A), the arginine
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positioning also indicates the ferric redox state. AXCP can also be used as a model system for further
development of time-resolved methods at 124 as well-diffracting microcrystals can be made, and the binding
has been well-characterised in solution (Kekilli et al., 2017b; Kekilli, 2015; Barbieri et al., 2008). When moving
beyond capturing a single endpoint, as has been demonstrated with NO binding in McCP-B and DtpB (see §5),
AXCP is a logical next step, as the information gained on laser energy for triggering photolysis of the NO
photocage is directly applicable, and would involve minimal changes to data collection. Short timepoints of
AXCP could hopefully capture intermediate steps in the distal to proximal conversion at the haem site, as
described in §1.7.1. Very short timepoints, less than one millisecond, would need to be collected with SFX, as
the longer X-ray exposure times required when using synchrotron radiation would be unable to capture the
shortest-lived transient states in a reaction, which may only be present for tens of microseconds. Longer
exposure times required at synchrotrons would result in a mixture of states being captured, which would be
very difficult to interpret (Mehrabi and Schulz, 2023). Having structural information for the intermediate steps
involved in NO binding of AxCP would be valuable in elucidating the function of the protein and its role within
Alcaligenes xylosoxidans and the wider nitrogen cycle (Kim and Shoda, 1999; Bordeleau and Bartha, 1972;
Hargreaves et al., 1992). The proximal to distal conversion upon NO binding is also seen in mammalian
mitochondrial cyt ¢, where NO is involved in apoptosis (Silkstone et al., 2010), so structural studies of this

mechanism can lead to better understanding of human biology.
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5. Nitric oxide binding to DtpB

5.1 Introduction

The dye-decolourising peroxidase (DyP) family is named due to their ability to degrade synthetic dyes (Luci¢
et al., 2020b; Rozman, 2022), and is described in §1.7.2. The peroxidase activity of the type B DyP from the
bacterium Streptomyces lividans (DtpB) has been studied, including solving the resting state ferric structure
via SFX (see §1.6.2), and a structure of Compound |, generated following addition of hydrogen peroxide to the
haem state to form an Fe**=0 haem species carrying a porphyrin cation radical (Luéi¢ et al., 2020b; RoZman,
2022). Importantly for developing time-resolved serial crystallography methods using a nitric oxide photocage,
as well as the peroxidase activity, the ferric protein also binds NO. This is illustrated in the UV-Vis absorbance
spectra in Figure 5.1, provided by Dr Marina RoZman, which were collected from protein in solution at 20 uM
with 20 mM phosphate pH 7, 150 mM NaCl, at 20 °C, using a Cary 60 spectrophotometer (Agilent). The resting
state ferric spectrum is shown in blue. Upon addition of 10 uL PROLI NONOate, a pH-dependent NO donor
compound (Saavedra et al., 1996), the spectrum (red) features a redshift of the Soret peak from 401 nm to

419 nm, and the Q band splits into multiple peaks. These changes, which are similar to those in McCP-p (Adams
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Figure 5.1: Solution UV-Vis absorption spectra, provided by Dr Marina RoZman, for DtpB in its ferric resting
state (blue) and after the addition of 10 uL PROLI NONOate (red). Note the redshift of the Soret peak from
401 nm to 419 nm, and the splitting of the Q band into multiple peaks.
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et al., 2023), indicate NO binding to the haem. Unusually for a DyP, the distal pocket in the resting state is dry,
that is free from water (Luci¢ et al., 2020b), so the presence of an NO ligand bound to the haem would be easy
to identify in an electron density map. The protein is also hexameric, so provides six haem sites per structure

in which to analyse the modes of NO binding.

5.2 Results

Using the methodology described in §3, time-resolved SSX structures of DtpB with NO bound have been
collected to 2.40 A resolution at beamline 124, Diamond Light Source, using crystals provided by Dr Marina
RoZman. DtpB structures were solved by molecular replacement, using for a search model a previously
published (Luci¢ et al., 2020b) SFX structure (PDB: 6yrj), which was collected to 1.85 A resolution at SACLA
using the same fixed target chip system (Sherrell et al., 2015). A resting state SSX structure was also collected,

limited to 2.75 A resolution due to the quality of the batch of crystals used. Data processing and refinement

Figure 5.2: Ribbon view of a time-resolved SSX structure of DtpB illustrating its hexameric structure. Chains
A—F are shown in yellow, coral, blue, grey, pink, and green respectively. The structure was collected with 32 pJ
of laser energy. Chain A is also shown separately.
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statistics for the structures are shown in Table 5.1. A ribbon view of a typical TR-SSX structure with NO bound
is shown in Figure 5.2, demonstrating the homohexamer in the asymmetric unit. Figure 5.3 is a superposition
of chain A from the published resting state SFX structure (blue, 1.85 A resolution), the resting state SSX
structure (coral, 2.75 A), and a TR-SSX structure with 32 p laser energy (yellow, 2.4 A). NO is confirmed to
bind in the distal haem pocket, forming a six-coordinate iron species coordinated via the nitrogen atom, shown
in Figure 5.3b and for all chains in Figure 5.5. The largest difference in the haem sites between structures is
Arg 243 being displaced away from the distal pocket upon NO binding. The arginine residue has increased
B-factor, indicating its flexibility to allow the NO to bind. Figure 5.3a shows that differences outside the haem

sites are limited to the flexible loops and terminal regions.

Examining B-factors in Figure 5.4 shows that the loop regions, where differences between structures can be
seen, are more disordered (blue-green) than the rest of the protein, indicating the differences between
structures in the loops are a result of disorder, not of significant conformational changes. Quantitative
comparison of the structures was performed using secondary-structure matching (Krissinel and Henrick,

2004), comparing each chain individually. The average RMSD values for all combinations of the structures were

Figure 5.3: Superposition of three DtpB structures. (a) Ribbon view of chain A, showing that any differences
between the structures are confined to the loops and terminal regions. (b) A close view of the haem site from
that chain, with displacement of Arg 243 visible upon NO binding. Blue: SFX (PDB: 6yrj); coral: resting state
SSX; yellow: NO-bound TR-SSX with 32 pJ laser energy.
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similar (0.33 A comparing a single chain between structures), showing there are no obvious differences
between the X-ray source used (XFEL or synchrotron) or the presence of NO. This implies that the low dose
SSX structures do not feature X-ray damage that can be identified in the structure at this resolution, although

photoreduction of the haem iron would not be visible in the electron density (see §1.6.2).

Dataset 64.4 ) 322 16.1 wJ* 8.05 W* 0.81 W Resting state

Resolution (A) 79.75-2.40 76.87-2.40 79.71-2.40 79.66-2.40 79.71-2.40 103.66-2.75
(2.44-2.40) (2.44-2.40) (2.44-2.40) (2.44-2.40) (2.44-2.40) (2.80-2.75)

Space group P2:2:2, P2:1242, P2:242, P2:242, P2:2:2, P2:2:2,

Unit cell (&), 87.2,123.2, 86.7,121.4, 87.1,123.0, 87.1,122.9, 8731,122.9, 86.4,121.4,

a,b,c 195.5 198.2 195.4 195.0 195.6 199.3

Merged crystals 6870 5536 3612 3109 5003 5895

Unique reflections 82992 82434 82823 82535 82827 55276
(4087) (4038) (4084) (4074) (4089) (2716)

Completeness (%) 100.0 (100.0) 100.0(100.0) 100.0(100.0) 100.0(100.0) 100.0(100.0) 100.0(100.0)

Multiplicity 39.3(30.2) 34.1 (25.3) 23.3(17.4) 20.6 (15.2) 28.7 (22.1) 22.2(19.2)

CCi/2 0.976 (0.346) 0.968 (0.585) 0.958 (0.311) 0.958(0.379) 0.971(0.343) 0.916(0.297)

Rspiit 0.214 (1.332) 0.170(0.589) 0.234(1.157) 0.197(0.819) 0.192(0.878) 0.303(1.018)

Mean | 27.6 (3.3) 60.0 (9.5) 37.7 (5.7) 73.2(10.9) 40.7 (6.2) 36.4 (7.9)

/ol 6.4 (0.9) 12.0 (2.4) 7.7 (1.4) 10.1(1.9) 8.2 (1.5) 5.1(1.3)

Nobs 3257619 2814 455 1926 745 1701745 2374 546 1225800
(123 533) (102 057) (70 886) (62 075) (90 252) (52 176)

Rwork 0.159 0.147 0.155 0.146 0.147 0.179

Rfree 0.236 0.225 0.233 0.222 0.224 0.260

RMSD bond lengths  0.0149 0.0152 0.0150 0.0158 0.0147 0.0167

(A)

RMSD bond angles (°) 2.413 2.309 2.383 2.443 2.282 2.591

Ramachandran 95.12 94.85 95.56 96.16 95.83 92.38

favoured (%)

NO occupancy from 84 58 65 50 39 0

B-factors (%)

NO occupancy from 77 56 56 41 34 0

peak heights (%)
Table 5.1: Data processing and refinement statistics for time-resolved DtpB structures with different laser
energies. Values in parentheses refer to the outermost resolution shell. *Structures at 16.1 w and 8.05 W are
less reliable due to the low numbers of crystals merged in the datasets (see §3.11).

5.2.1 Data collection with different laser energies

As well as determining the NO-bound structure of DtpB, systematic experiments were performed to quantify
the energy needed to release the NO by lysis of the photocage within the crystals. For these experiments, five
NO-bound datasets were collected, with deposited laser energy as measured at the sample position in the

range 0.81-64 . This data was collected during beamtime on two consecutive days, with no intervening
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Figure 5.4: DtpB structures coloured by B-factor. (a) SFX (PDB: 6yrj), (b) resting state SSX, (c) NO-bound TR-SSX with 32 W laser energy. Orange indicates low
B-factor, increasing through green to blue.
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changes to the beamline configuration. Laser initiation occurred with 250 pulses over a 5 ms window while
operating at 50 kHz, with intensity being changed by addition of UV reflective neutral density (ND) filters into
the beam. This used the excite and visit again mode of the fixed target stages (see §3.10), where each position
on the chip was visited once to initiate NO release from the photocage, then again to collect diffraction data
after a delay. The delay time was 1240 ms, corresponding to visiting 80 positions (four rows of the chip) before
returning, with each position including a 10 ms dwell time (during which the 5 ms laser exposure occurred)

and 5.5 ms to move between positions.

All NO-bound structures were refined to 2.40 A resolution, although two structures, at 16 pJ and 8.1 pJ, are

less reliable due to lower hit rates in the chips, and therefore data being merged from a lower number (<5000)

Asn245

Figure 5.5: NO bound in haem sites of chains A—F of DtpB, from structures collected with different laser
energies. Yellow: 64.4 pJ; coral: 32.2 J; blue: 16.1 wJ; grey: 8.05 wJ; pink: 0.81 pJ.
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of diffraction crystals (§3.11), see the “merged crystals” line in Table 5.1. All structures in the laser energy
series show NO bound in all six haem sites, with a consistent Fe—N distance averaging 2.0 A with a standard
deviation (SD) of 0.03 A. The Fe—NO angle is significantly non-linear, varying between chains and structures in
the range 70-160°, and featuring no clear trend between chains or laser energies, shown in Table 5.2. The
orientation of the NO around the His—Fe—N axis varies between chains and structures, as shown by
superpositions for each chain of structures with different laser energies in Figure 5.5. It is possible that the
modelled positions of the NO are sampling different alternate conformers that both exist in the same chains
across the crystal, as seen in a high resolution (1.56 A) structure of McCP-B collected at 100 K (Adams et al.,
2023), but at the limited resolution of the structures (2.40 A), it is more likely that the NO position cannot be
accurately determined. The acute (<90°) bond angles identified in some chains are likely also artefacts of the
low resolution of the structures. The distal NO-bound structures of McCP show a similar Fe—N bond length,
averaging 2.0 A at room temperature, compared to the 2.1 A seen in DtpB. The Fe—NO bond angle averaging
120° for DtpB is also similar for McCP-B (130°), although both have large uncertainties (SD 23° and 24°). In the
NO bound to the proximal face of the haem in ferrous AXxCP, measured at 100 K, the bond length and angle
are 1.8 A and 140°. This bond length in AXCP is the same as that observed in McCP-B at 100 K (1.8 A), so at
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Figure 5.6: NO occupancies as estimated from comparing F,,s — F.q; difference map peak heights from DtpB
structures with different laser energies. Data from less reliable structures is indicated with squares (*).
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room temperature the bond lengths in all three proteins may also be the same as each other. The Fe—N bond
lengths observed in McCP and DtpB imply that the local environment or redox state of the iron do not play a
significant role bond length, but temperature does. The Fe—NO bond angle in AXCP is larger than those seen
in the McCP-B and DtpB structures, likely an effect of the different environment in the proximal pocket

compared to the distal pockets of the other proteins.

The occupancy of the NO within each site has been estimated via two methods B-factor analysis and electron
density peak height, which are described in sections §5.2.3 and §5.2.4 respectively. Results from the B-factor
analysis for each structure are shown in Figure 5.7. The resting state structure is also included to demonstrate
the B-factor differences when NO is modelled despite the true occupancy being zero. The oscillation in B-factor
difference seen in the range 50-80 % occupancy for the resting state structure is due to noise in the data,
causing values for the NO B-factors at each occupancy to refine to one of two values. This behaviour is only
seen in the resting state data (Figure 5.7 and Figure 5.16), so is likely an artefact of modelling in a ligand that
is not present in the active site. Occupancy varies with laser energy (Table 5.3), in an approximately linear
trend from 39 % occupancy with 0.81 W laser energy, up to 84 % at 64 J, illustrated in Figure 5.8. The graph
illustrates that occupancies obtained from both B-factor and electron density peak height analysis are in broad
agreement but have a consistent 5 % difference between values. The datapoints from the less reliable

structures (indicated with squares) are excluded from the trendlines.

Using similar calculations to those described for McCP-B in §3.5, the number of photons available per
photocage molecule could be determined. For these experiments, the laser focal spot was measured at 50 um
(FWHM), and the crystals were approximately 10 x 10 x 10 um in size, with a solvent content of 53 %. The final
concentration of photocage in the crystals was calculated to be 16 mM, providing 20 photocage molecules per
unit cell. In space group P2:2424, there are four asymmetric units per unit cell. As the asymmetric unit contains
a DtpB hexamer with one haem group per monomer, there are 24 haem groups per unit cell. With a 10 um
crystal depth, the absorbance is 0.22, equating to approximately 40 % of the light being absorbed in the crystal.

The 10 pum crystal occupies 5.1 % of the beam FWHM area, so 2.9 % of the laser energy hits the crystal, and
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Fe—N bond length (A) Fe—NO bond angle (°)

Laser energy (W) | A B C D E F Mean SD A B C D E F Mean SD
64.4|1.96 1.95 1.98 2.02 2.00 2.00 1.99 0.02 109 110 111 97 75 150 109 22

32.211.99 2.02 1.99 2.01 2.01 2.02 2.01 0.01 101 96 133 110 141 124 117 16

16.1|2.01 1.99 2.01 2.01 2.01 2.01 2.01 0.01 145 131 135 112 99 147 128 17

8.05(2.03 2.02 2.03 2.04 2.02 20.7 2.04 0.02 156 150 142 130 117 163 143 16

0.81]1.97 1.98 2.00 2.03 1.98 2.05 2.00 0.03 105 104 101 94 74 138 103 19

Mean | 1.99 1.99 2.00 2.02 2.00 20.3 2.01 0.03 123 118 124 109 101 144 120 23

Table 5.2: Bond lengths and angles for NO bound in the haem sites of DtpB, in structures with different laser energies.

NO occupancy from B-factors (%) NO occupancy from peak heights (%) Method
Laser energy (W) | A B C D E F Mean |SD A B C D E F Mean |SD difference
64.4| 68 86 75 100 77 100 84 12 81 84 75 67 72 85 77 6 7
32.2|58 71 69 60 51 40 58 11 48 58 73 58 54 44 56 9 2
16.1 |51 67 71 58 61 79 65 9 54 72 58 47 48 59 56 8 8
8.05 | 46 57 60 45 37 53 50 8 33 49 48 34 32 47 41 7 9
0.81(33 43 43 41 26 50 39 8 33 40 35 26 32 40 34 5 5

Table 5.3: NO occupancy as a percentage, for NO bound in the haem sites of DtpB, in structures with different laser energies. Occupancy was estimated in
two ways; by analysing B-factors, and by comparing electron density peaks. The differences between the two methods for each structure is shown in the final
column, with the occupancy estimated from B-factors being higher for all structures.
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Figure 5.7: Graphs of B-factor difference, comparing the haem iron and the NO nitrogen, against NO occupancy
in a DtpB structure. Positive values represent the nitrogen B-factor being higher than the iron. Data is from
TR-SSX structures with different laser energies, and a resting state structure.
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1.2 % of the total laser energy is absorbed. This equates to 1.8 x 10'° photons being absorbed per microjoule
of laser energy provided, or 38 photons per unit cell. This value is a factor of two greater than the number of
photocage molecules per cell, so is at or very near single photon absorption. As there are 20 photocage
molecules per unit cell, and the quantum vyield of the photocage is 1.4, with sufficient photons NO becomes
available in a slight excess of approximately 29 molecules to the 24 haem groups in the unit cell unit. The slight
excess of photocage in the DtpB crystals allows for less than full photolysis of the photocage while still

achieving high NO occupancy in the structures.

5.2.2 Timeseries data collection

To investigate changes in NO occupancy over time (but also increasing X-ray dose) in a manner that is very
efficient on sample consumption, a timeseries experiment was performed, where consecutive structures were
collected from the same crystals (as described in §3.10). This data was collected from two chips, using a laser

energy of 16 W, in the middle of the range used for the previous experiments. Structures were collected using

100 %

80 %

60 % °

NO occupancy
[ |

40 %

20%

0%
0 10 20 30 40 50 60 70
Laser energy (W)

@ B-factors Peak heights M Poor data

Figure 5.8 : Comparison of the two methods of estimating NO occupancy for DtpB, averaged from chains A—F.
The less reliable datapoints (*) are excluded from the trendlines.
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245

His 225

Figure 5.9: Ten DtpB structures at 1.95 A resolution from a timeseries data collection superposed. No
significant differences are visible between the structures, including the position of the NO within the haem
pocket. Arg 243, which moves away from the haem upon NO binding, is stationary here, also indicating no
change in NO presence across the timeseries.

ten consecutive images with 10 ms exposure time during a single long X-ray exposure. These were at intervals
corresponding to 10 ms before laser initiation, during initiation, and up to 80 ms after initiation. The structure
of DtpB at the first timepoint (-10 ms) was solved by molecular replacement, again using the SFX structure
(PDB: 6yrj) as a search model (Luci¢ et al., 2020b), and all subsequent structures were solved by refinement of
the same model. All structures were solved to 1.95 A resolution using a CCy/» cutoff of 0.3 and multiplicity of

greater than 10 (see §2.9). Data processing and refinement statistics are shown in Table 5.5.

Unexpectedly, NO was shown bound in the haem site in all structures, including the structure collected before
the laser exposure that was intended to release NO from the photocage. Figure 5.9 shows no significant
changes in the protein structure occurring during the data collection, including in the haem sites. The same
occupancy estimation by analysing B-factors (see §5.2.3) was performed as with the structures with different
laser energies, shown in Figure 5.10 and Table 5.4. The occupancies are plotted on a graph against time in
Figure 5.11, showing occupancy does not change over time, staying at approximately 36 % across all
timepoints. Interestingly, the occupancy is significantly lower in chain E compared to the rest of the chains
(16 % against 39°%). The Fe—N bond lengths and Fe—NO bond angles are listed in Table 5.6, and plotted in

Figure 5.12 and Figure 5.13. The bond lengths in all chains of all structures are not significantly different,
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averaging 2.1 A (SD 0.0 A), and the bond angles, averaging 150° (SD 12°), do not show any association with
either chain or timepoint. The bond angles show less variation than in the structures collected at different

laser energies (SD 23°), likely due to the higher resolution of this data more precisely showing the position of

the NO.
NO occupancy (%)
Timepoint (ms) A B C D E F Mean
-10 23 40 44 35 10 35 31
0 37 45 36 39 10 46 36
10 32 38 37 52 22 42 37
20 43 35 47 41 20 45 39
30 23 44 31 48 33 43 37
40 35 29 55 44 10 44 36
50 35 45 48 45 12 46 39
60 25 38 43 43 10 41 33
70 28 35 36 43 10 40 32
80 37 39 41 38 15 49 37
Mean 33 39 42 44 16 44 36
SD 6 5 7 5 7 4 11

Table 5.4: NO occupancy as a percentage for DtpB structures in a timeseries dataset collected before and after
laser exposure. Occupancy was estimated by analysing B-factors. Values shown are for each chain, and a mean
for each chain and each structure.
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Timepoint (ms) -10 0 10 20 30 40 50 60 70 80
Resolution (A) 71.25-1.95 71.26-1.95 71.25-1.95 71.25-1.95 71.26-1.95 71.26-1.95 71.26-1.95 71.26-1.95 71.26-1.95 71.26-1.95
(1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95) (1.98-1.95)
Space group P2:242, P2:242, P2:12424 P2:12424 P2:12424 P2:1242, P2:242, P2:242, P2:242, P2:242,
Unit cell (A), 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1, 87.2,123.1,
a,b,c 195.6 195.6 195.6 195.6 195.7 195.7 195.7 195.7 195.7 195.7
Merged crystals 20298 20409 21164 21164 21262 21506 21569 21676 21618 21572
Unique reflections 153 563 153635 153 585 153 598 153620 153630 153663 153663 153 665 153675
(7634) (7653) (7640) (7643) (7653) (7648) (7653) (7653) (7649) (7647)
Completeness (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
(100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0)
Multiplicity 93.9(78.1) 97.3(80.1) 98.1(81.4) 98.2(81.4) 100.2(83.1) 99.2(82.2) 99.5(82.2) 100.1(82.6) 99.7(82.3)  99.6(82.2)
CCi2 0.995 0.995 0.996 0.996 0.996 0.996 0.996 0.996 0.996 0.996
(0.335) (0.323) (0.326) (0.349) (0.332) (0.343) (0.346) (0.336) (0.334) (0.312)
Rsplit 0.110 0.110 0.106 0.105 0.104 0.104 0.104 0.104 0.104 0.104
(1.273) (1.324) (1.249) (1.207) (1.241) (1.231) (1.277) (1.293) (1.322) (1.312)
Mean | 26.8 (1.4) 26.6 (1.4) 27.3(1.4) 27.5(1.4) 27.4 (1.4) 27.6 (1.4) 27.6 (1.3) 27.4(1.3) 27.3(1.3) 27.4(1.3)
/ol 10.8 (0.9) 10.9 (0.8) 11.3 (0.9) 11.4 (0.9) 11.5 (0.9) 11.5 (0.9) 11.6 (0.9) 11.5 (0.8) 11.5 (0.8) 11.5 (0.8)
Nobs 14 414 248 14944 441 15069 349 15083 037 15399 659 15237 157 15 289 695 15374 259 15326 353 15302978
(596 091) (612 975) (622 012) (621 809) (635 847) (628 373) (629 342) (632 310) (629 611) (628 839)
Rwork 0.155 0.155 0.153 0.153 0.153 0.153 0.152 0.153 0.154 0.153
Rfree 0.206 0.203 0.202 0.201 0.203 0.203 0.202 0.202 0.203 0.202
RMSD bond 0.0145 0.0146 0.0143 0.0142 0.0143 0.0144 0.0145 0.0144 0.0144 0.0146
lengths (A)
RMSD bond 2.182 2.171 2.042 2.164 2.153 2.131 2.163 2.155 2.137 2.151
angles (°)
Ramachandran 95.94 96.00 96.11 96.38 96.11 96.33 96.00 96.55 96.27 96.60
favoured (%)
Mean NO 31 36 37 39 37 36 39 33 32 37

occupancy (%)

Table 5.5: Data processing and refinement statistics for NO-bound DtpB structures collected in a timeseries before and after laser exposure. Values in

parentheses refer to the outermost resolution shell.
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LET

Fe—N bond length (A)

Fe—NO bond angle (°)

Timepoint (ms) | A B C D E F Mean SD A B C D E F Mean |SD
-10(2.05 205 204 206 203 206 |2.05 0.01 160 169 157 149 134 150 153 11
0[2.07 2.03 204 205 202 204 |2.04 0.02 151 172 141 160 171 160 159 11
10/2.08 2.06 2.06 2.06 205 203 |2.06 0.01 146 171 137 151 127 154 148 14
2012.07 2.03 2.04 205 206 204 |2.05 0.01 148 163 154 145 143 154 151 7
30(2.06 2.06 204 2.05 2.05 2.06 |2.05 0.01 158 177 135 150 162 146 155 13
40(2.06 2.02 2.07 205 2.04 203 (205 0.02 144 155 140 145 143 156 147
50(2.05 2.06 205 2.04 2.04 2.05 |2.05 0.01 153 158 142 151 160 149 152
0(2.06 204 205 205 2,04 204 |2.05 0.01 152 159 135 143 154 161 150
701205 2.03 204 206 2.03 2.04 |2.04 0.01 153 150 137 147 118 167 145 15
80(2.04 204 204 205 204 206 |2.05 0.01 169 172 144 155 171 160 162 10
Mean |2.06 2.04 2.05 2.05 2.04 2.05 |2.05 0.01 153 165 142 150 148 156 152 12

Table 5.6: Bond lengths and angles for NO bound in the haem sites of DtpB, for different points in a timeseries.
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Figure 5.10: B-factor differences between the haem iron and the NO nitrogen plotted against NO occupancy.
Averaged across chains A-F for a timeseries of photocaged NO binding to DtpB. This indicates an NO
occupancy of approximately 36 % across all timepoints, where the curves cross the X axis.
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Figure 5.11: NO occupancy of DtpB structures over time, from 10 ms before to 80 ms after 16 W laser
illumination (at 0 ms). The occupancy averages 36 % (SD 11 %) across all timepoints.
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Figure 5.12: Fe-N bond lengths of NO-bound DtpB structures over time, from 10 ms before to 80 ms after 16
laser illumination. The average bond length across the structures is 2.05 A (SD 0.01 A).
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Figure 5.13: Fe-N-O bond angle of NO-bound DtpB structures over time, from 10 ms before to 80 ms after
16 W laser illumination. The average bond angle across the structures is 152° (SD 12°).
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5.2.3 Estimating occupancy by analysing B-factors

To best estimate the occupancy of the bound NO ligand in the distal pocket of both McCP-B and DtpB
structures, two different approaches were used. Analysis with the occupancy refinement within Phenix was
found to be unreliable when used on these datasets, reflecting the incomplete understanding of the best
method of occupancy estimation. The current approaches of tackling this problem, and their limitations, are
discussed in detail in §5.3.1. The first analysis performed uses comparison of atomic B-factors between the
haem iron and the nitrogen atom of the bound NO. By refining a model of the protein and bound ligand with
the occupancy of the ligand set to different, fixed, values, systematic variation in the real space B-factors
between the independent refinement runs can be used to estimate the correct occupancy of the ligand in the
dataset. Both occupancy and B-factor are included as fields in ATOM and HETATM (heterogen atom, for any
non-peptide atoms) records in the text based PDB file format, so analysis can be carried out in an automated
manner using basic text manipulation tools in Bash, alongside crystallographic refinement software. For the
results presented here, a script was written to automate analysis of the data collected from the proteins
McCP-B and DtpB. The script takes an input PDB file, modifies the NO occupancy, runs REFMACS5 for
refinement (Murshudov et al., 2011), and tabulates the relevant B-factor values from the refined models into

a comma-separated values (CSV) file.

The script, included as Appendix 1, takes as input: a PDB file for the model (including the NO ligand); the
experimental electron density map as MTZ file; and a REFMACS ligand dictionary from previous refinement
(Vagin et al., 2004). Copies of the input PDB file are made for each occupancy in the range 0.00-1.00 in 0.01
increments, and the occupancy of the atoms in all NO molecules are set by searching for the HETATM records
and replacing the values in the corresponding occupancy columns. REFMACS jobs with 10 cycles are run in
parallel for each of these 101 models, in batches of 10 to prevent system crashes. After refinement, the
B-factors for the haem iron and the NO nitrogen in each chain are taken from the REFMACS output structures
and saved to a CSV file along with the NO occupancy values. This CSV file can be imported into a spreadsheet
for comparing B-factors and identifying the ligand occupancy. As well as the CSV file, the modified copies of

the input model, and the REFMACS log and output files, the script saves a basic log file, an example of which
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from analysis of a DtpB structure is included as Appendix 2. For a DtpB model containing six chains, the script

takes approximately 30 min to run on a workstation PC, primarily due to the duration of the refinement steps.

The output from the script shows that the B-factor of the haem iron stays consistent at close to 27 A% across
the complete range of occupancies for the NO, whereas the B-factor for the NO nitrogen changes as a function
of occupancy. This is demonstrated with a line graph of data from chain A in the 32 wJ laser energy DtpB
structure, in Figure 5.14. The difference (green, right-hand axis) between the B-factors for the iron (orange)
and the nitrogen (blue) in each chain are a function of variable B-factor for the NO nitrogen, referenced to the
stable value for the iron. The B-factor difference is clearly dependent on occupancy, as can be seen from the
data forming a smooth curve. To the right of the point where the two B-factors are equal (a), and the right-
hand X axis is crossed, at 58 % occupancy, the B-factor difference increases linearly as NO occupancy increases
towards 100 %, representing increasing B-factor of the nitrogen. This indicates disorder of the modelled ligand
to compensate for the excessive occupancy as it strays further above the value suggested by the experimental
data. Immediately to the left of the point where the X axis is crossed, the B-factor for the nitrogen decreases
with decreasing occupancy. This point where the occupancies are equal is taken to be the actual occupancy of

the NO in the crystal.
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Figure 5.14: A graph of B-factor for the haem iron (orange) and the NO nitrogen (blue) against NO occupancy
of a DtpB structure refined with different ligand occupancies. The difference between the two values (green)
is plotted on the right-hand axis. Data represents chain A of the TR-SSX structure with 32. pJ of laser energy.
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As occupancy decreases further, below 25 % occupancy, this trend reverses, returning to the B-factors being
equal (on the X axis) at 1 % occupancy (b). These models and derived B-factor differences at low occupancy,
in the grey area of the graph, are unreliable due to the difficulty of modelling ligands with occupancy below
20 %. Where the NO is modelled but completely absent from the structure, at 0 % occupancy, the ligand is not
refined, so the nitrogen B-factor remains at its starting value of 45 A2 (c), from when the ligand was added and
refined with 100 % occupancy. This makes the ligand B-factors for the 0 % occupancy model very close to those
for the 100 % occupancy model at the opposite end of the graph. Therefore, the point for 0 % occupancy has
not been plotted on the graphs shown here, except for the example in Figure 5.14. The B-factor difference is
plotted for all chains in the 32 W structure, along with the mean value (dark blue) in Figure 5.15. For each
chain in the model, the line crosses the X axis, indicating the B-factors of the nitrogen and the iron are equal,
at a point in the NO occupancy range 40-71 %, averaging 58 % with SD of 11 %. Equivalent graphs for each

laser energy are included earlier as Figure 5.7.

In Figure 5.16, the average B-factor differences across chains for all structures are plotted on one graph.
Besides 16 and 32 pJ, the lines cross the X axis in order of laser energy. For demonstration purposes, NO has

also been modelled into the resting state structure, despite it not being present in the crystals or evidenced
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Figure 5.15: Difference in B-factors, comparing the haem iron and the NO nitrogen, plotted against NO
occupancy in a DtpB structure. Positive values represent the nitrogen B-factor being higher than the iron. Data
represents the TR-SSX structure with 32 pJ of laser energy.
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Figure 5.16: Difference in B-factors between haem iron and NO nitrogen, plotted against NO occupancy, for
DtpB structures with different laser energies. A resting state structure with NO modelled is also shown.

in the electron density maps. The refinement of NO in the resting state structure shows the B-factor for the
nitrogen being equal to the iron at very low occupancy (3 %, purple trace), expectedly indicating that modelling

its presence is incorrect.

5.2.4 Estimation of occupancy from electron density peaks

Providing fast feedback on experimental results during complex data collection such as time-resolved
experiments is vital for making efficient use of beamtime and getting the best results. The script described
above, written for using B-factors to analyse NO binding to McCP-8 and DtpB, takes up to 30 minto runon a
workstation PC or the Diamond compute cluster, and requires a refined structure with the ligand modelled.
The proteins studied are not especially large proteins (Research Collaboratory for Structural Bioinformatics,
2023b), so other structures could take much longer to process. To solve this, an alternative simpler method
was sought for estimating occupancies in the NO-bound structures. Getting the same occupancy estimates by
a different means also provides validation for the B-factor analysis. To this end, the relative occupancies of the
NO in structures were compared using the electron density peaks corresponding to the ligands, in units of

RMSD (o), which can be converted to electrons per cubic dngstrom (e-A-3).
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To compare the density peaks, structures were solved with molecular replacement (Vagin and Teplyakov,
2010) using a resting state structure collected previously, and the models were refined without the NO
(Murshudov et al., 2011). The heights of the positive difference peaks corresponding to NO in the F,ps — Foq1c
maps, shown in Figure 5.17a were then recorded using the difference map peak analysis feature in Coot
(Emsley et al., 2010). These values from each chain (A—F in DtpB) were collected from structures with different
laser energies, shown in Table 5.7. All the datasets were collected under the same conditions, including using
crystals from the same batch, during the same beamtime shift, and with the same data collection and
processing parameters. This means the electron densities can be reliably compared with each other. Although
the F,,s — F.qic peak height does not provide an absolute occupancy, It does provide relative values for
occupancies in the different structures, since the comparison is between the same atom types and the ligands
are likely to display similar amounts of disorder. Plotting these peak heights on a graph against laser energy in

Figure 5.18, along with the mean values from the chains of each structure, shows an approximately linear

Figure 5.17: Omit maps of a haem site in an NO-bound DtpB structure. (a) Positive difference density for
unmodelled NO bound in the distal pocket. (b) Positive difference density for the N§'=Ce" atoms deleted from
the proximal histidine residue. Atoms missing in the omit maps are indicated in grey. Omit maps are contoured
to 30. Data taken from the structure with 32 W of laser energy.
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trend, conforming with expected results from changing laser energy. Data from less reliable structures

(explained in §3.11) is indicated with square datapoints (=).

Peak heights (o)

Laser energy (W) | A B C D E F Mean |SD
64.4|10.35 10.26 839 9.20 8.65 11.06 |9.65 |0.97

32.2|7.68 6.95 8.90 8.62 7.73 6.51 7.73 0.84
16.1|7.89 7.84 7.68 7.38 6.40 7.20 7.40 0.51
8.05|5.79 6.87 6.24 5.69 4.08 6.65 5.89 0.91
0.81]4.74 5.43 4.84 4.46 4.09 5.96 4.92 0.62

Table 5.7: Peak heights in RMSD (o) corresponding to NO in the F,,q — F,.4; difference map from DtpB
structures with different laser energies.

To convert these relative occupancies to absolute values in the range 0—100 %, peak heights can be compared
to electron density from similar atoms with known occupancy. The protein from which the crystals are formed
is present in 100 % occupancy, although some parts of the molecule have a weak or missing electron density
and are therefore not modelled to full occupancy. These can include flexible or disordered regions, such as
terminal residues or poorly defined sidechains, or atoms likely to exhibit X-ray damage, such as carboxyl
groups on aspartate or glutamate sidechains. A suitable comparison for comparing densities of the NO ligand
in McCP-B and DtpB is the proximal histidine residue on the opposite side of the haem. This residue is close to
the haem and the NO site, so shares the same local environment, and is ordered within the structures. As the
proximal histidine is conserved across many haem proteins, it would also be applicable to ligand binding in

other proteins.

To compare the difference density peak for the NO with those of the proximal histidine, the N&6'=Ce' atom pair
was deleted from the sidechain, and an omit map (F,,s — Fqic difference map) was generated, shown in
Figure 5.17b. The peak heights for the positive difference density for each chain were recorded in the same
way as those for the NO. By taking the NO density peak height as a proportion of the histidine N§'=Ce' density
peak height for each chain, values could be obtained for the occupancies of the NO, shown in Table 5.3 and
plotted in Figure 5.6, including mean values for each laser energy. To validate the two methods for occupancy
estimation, this data was compared with the values from analysing B-factors by plotting them together on the

same graph, shown in Figure 5.8. As can be seen from the graph, the two methods provide very similar results,
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Figure 5.18: Peak heights in RMSD (o) corresponding to NO in the F,p,g — F.q; difference map from DtpB

structure with different laser energies. Data shown for chains A-F and the mean. Data from less reliable
structures is indicated with squares (=).

with the occupancies derived from B-factor analysis being on average 5 % higher than those from the density
peak heights, and the linear trendlines of both methods are almost parallel (slope of 1.14 for B-factor method

versus 1.09 for the peak height method).

5.3 Discussion

The structures collected here provide information on the binding of NO to the peroxidase DtpB. The Arg 243
residue that is seen to move upon NO binding is known to be involved in the catalytic cycle. It has access to
bulk solvent via a hydrogen bonding network, facilitating proton transfer to the haem site, shown in Figure
5.19. This solvent accessibility is likely the cause of its shift in respect to the resting state structures, as it lies
in the access channel to the haem site. Although binding of NO is not involved in the peroxidase catalytic cycle
of the enzyme, NO is known to have signalling and regulatory roles in Streptomyces species via an endogenous
NO cycle (Chater, 2016). NO has been shown to control the activity of two haem-based proteins, DevS and
DevR, in Streptomyces coelicolor, which regulate genes involved in secondary metabolism (Honma et al.,
2021). Therefore, NO binding to DtpB could modulate the peroxidase activity of the enzyme. This could be

investigated with assays of peroxidase activity in the presence of NO but is outside the scope of this thesis.
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The binding of NO also is interesting in the context of bond lengths between ligands and the haem iron. Fe=0
bond lengths have previously been studied in DtpB in its Compound | state, including changes associated with
increasing X-ray dose (RoZman, 2022). This involved collecting a zero-dose SFX structure and an SSX dose
series. The Fe=0 bond lengths have an average of 1.8 A (SD 0.1 A) in the SFX structure, with the length being
considerably less in chain A (1.7 A). These bond lengths increase with dose, up to the point where the oxygen
dissociates, which varies between chains. Oxygen in chain B dissociates at a dose less than 145 kGy, but in
chain C it remains bound at 387 kGy. Dose-dependent migration of a bound water molecule away from the
haem iron is also seen in the resting state of dye-type peroxidase Aa (DtpAa), also from Streptomyces lividans,
from 2.4 A to 3.8 A (Ebrahim et al., 2019b). As the NO-bound timeseries data presented here (§5.2.2) is also
convoluted with dose, it is interesting that no changes are seen across the structures over time. The Fe—N
bond lengths presented here are consistent across all chains and timepoints in a small range, 2.0-2.1 A (Figure
5.12), and no correlation with chain or timepoint is seen between Fe—NO bond angles either (Figure 5.13). The
only difference in the structures is the NO occupancy in chain E, which is consistently lower than the other
chains, at 16 % compared to 40 %. This is possibly explained by lower solvent accessibility of chain E within the
crystal, preventing access of NO after laser initiation. The previous work with DtpB featured no analysis of
oxygen occupancy since the Compound | state was generated by an excess of hydrogen peroxide, so is likely

at or near full occupancy.

Collecting several structures of NO bound to DtpB has provided another case for demonstrating laser initiation
for TR-SSX at 124. These hexameric structures each feature six haem sites with NO bound, providing more
datapoints to base estimates of ligand occupancy on compared to McCP-B. By collecting a series of five
structures with different laser energies used to lyse the NO photocage, a clear linear relationship is shown
between laser energy and ligand occupancy in the active site of the enzyme. This data can be used to guide
illumination for future time-resolved studies at 124 and elsewhere. The theoretical energy required to provide
single photon excitation and initiate full NO binding in DtpB is only 0.5 pJ, but, in part due to the slight excess

of photocage, experimental results suggest approximately 60 W is required to get 80 % NO occupancy.
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Although this is much higher than predicted, a moderate occupancy of 40 % is still seen near 1 W, which is

more safely within the single excitation regime.

The required energy to initiate a reaction is greatly dependent on the system being studied and any photocage
being used, however an approximate starting energy of 50 W is suggested, which is high enough for 75 %
ligand occupancy in this system, while remaining low to avoid beam damage. As well, this data demonstrates
a methodology for determining the correct laser energy to use for sufficient reaction initiation and occupancy
of the ligand in the active site. As was performed during the experiments with McCP-B, starting with a higher
laser energy to confirm successful reaction is advisable, after which lower laser energies can be used for repeat
experiments, including collecting multiple timepoints as required for capturing the relevant reaction in the
crystals. As NO occupancy of approximately 40 % is seen in DtpB even at 1 W, then there is latitude to be far
below the optimal energy, while still seeing evidence of the ligand to indicate successful reaction initiation.
This suggested starting energy agrees with the energy used in the previously published TR-SFX experiments
with the NO photocage, which used a pump energy of approximately 40 W to illuminate the crystals (Tosha et
al., 2017). Even for different photoactive systems, illumination energies of a similar order of magnitude have

been used, for example 200 W pump illumination for 100 % photodissociation of carbon monoxide from

bulk
solvent

Figure 5.19: The haem site of DtpB in its compound | state (oxygen shown as red sphere), showing the
hydrogen-bonded water network (pale blue) connecting Arg 243 (yellow) to the bulk solvent. Reproduced with
permission from Luci¢ et al. (2020b).
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cytochrome c oxidase (Shimada et al., 2017), or 15 pJ for initiating a reaction photocycle of photoactive yellow

protein (Tenboer et al., 2014).

For these experiments, the light-sensitive component is a separate photocage molecule soaked into the
crystals, not the protein itself. As such, the precise amount of light, in microjoules, used to initiate ligand
binding is not vitally important, since excess light does not affect the protein directly. There are two main
constraints to laser energy, proving upper and lower limits. The first constraint is having enough light to release
the ligand in sufficient concentration within the crystals and reach a high occupancy in the active sites. At
lower occupancies, elucidation of ligand binding modes may be harder, as the electron density for them is
weaker. For reactions with transient intermediates, having the ligand present at higher concentrations ensures
the intermediates are present in higher occupancies. Higher ligand concentrations may also aid in initiating
the reaction faster once the ligand is released, thereby increasing the time resolution possible. The second
upper bound on laser energy is prevention of an intense beam from damaging the crystals due to heating of
the sample. The laser used for these experiments, given longer exposure times, can melt the thin films used
to seal the chips, so also has potential to heat the samples themselves (Hasenaka et al., 2009; Kiefersauer et
al., 2014; Moffat, 1998). With proteins that contain a light-sensitive cofactor, such as photosystems (Kupitz et
al., 2014a) or rhodopsins (Weinert et al., 2019), controlling the laser energy used to initiate reactions is more
important. Most light-sensitive protein reactions in their native environments occur with the absorption of a
single photon per chromophore, so that is the ideal amount of light to provide to the sample. With excess
light, so-called two photon processes can occur, including alternative side reactions, which can prevent a

proper understanding of the protein function (Griinbein et al., 2020).

Optimisation of light intensity is complicated by the optical density of the crystal, which means the intensity
seen by different parts of the crystal varies. The front side of the crystal where the laser light enters receives
full intensity, but as light is absorbed on its path through the crystal, the intensity at the far side of the crystal
is greatly reduced (Monteiro et al., 2021; Griinbein et al., 2020). This problem can be reduced with crystals

(including soaked photocages) that have lower optical density at the excitation wavelength. The required
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illumination intensity would be higher, but proportionally less of the beam would be absorbed from front to
back within the crystal. Reduced crystal size would also provide more even illumination, as the light path
through the crystal to reach the rearmost unit cells would be shorter. Both measures for providing more even
illumination are seen when comparing DtpB and McCP-B. The smaller crystals (10 um compared to 20 um) and
slightly lower photocage concentration (16 mM compared to 19 mM) in DtpB mean that the transmission
through the crystal is much greater (60 % compared to 16 %), and more even illumination results. Light
absorption in the crystal can also be combatted by illuminating it from multiple directions, as was
implemented in the previous NO photocage experiments with a viscous extruder, where a split beam
illuminated the extrusion from two angles 160° apart (Tosha et al., 2017). This would be complicated to
execute with fixed-target chips at 124, since side-on illumination at 90° to the X-ray beam is not possible, and
any optical components on the downstream side of the chip are likely to block part of the cone of diffracted
X-rays from reaching the detector. Additionally, as described in §3.7, illumination is much more effective from

one side of the chip than the other, because of how the crystals sit in tapered apertures.

5.3.1 Occupancy estimation

With the same structures, two methods of occupancy estimation have been demonstrated; comparing
B-factors after refining at several fixed occupancies; and looking at the difference electron density peak
heights of maps omitting the ligand. Because these methods are different, they can be used to cross validate
each other for accuracy. The first method is more automated, relying on several rounds of structural
refinement of the B-factors of the ligand atoms, which can then be compared to those of the surrounding
protein. This method is useful for analysis of many datasets during model building but takes an extended time,
approximately 30 minutes, to run. The second method uses the electron density peak heights corresponding
to the ligand to gauge relative occupancies of ligands in several datasets. This requires more manual
intervention for examining each ligand site but can quickly be performed on a dataset during beamtime, when
feedback is required as to the success of an experiment and to guide the following experiments. The two
methods of occupancy estimation presented here show agreement on NO occupancies for the structures with

different laser energies (Figure 5.8), demonstrating consistency.
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As well as providing a demonstration of the physical ability to initiate ligand binding in a crystal using light,
these DtpB structures have provided data for investigation of methods for estimating occupancy of partial
states within crystallography datasets. Here work has focused on a ligand-bound state but is also of relevance
to other partially occupied triggered states, including activated conformations of light-sensitive proteins.

Despite much work being undertaken, accurate determination of occupancies is still an open question.

One approach involves generation of difference electron density maps between observed structure factor

Ftrig _ Fref

amplitudes from a reference and a triggered state, F; . " bs 7

which highlights structural changes between
the reference and triggered states. This method is used by the program Xtrapol8 (De Zitter et al., 2022), which

also produces a set of extrapolated structure factor amplitudes that represent full occupancy of the triggered

state. This extrapolation is repeated in parallel for several assumed occupancy values of the observed triggered

Fre f

calc

Fref

data. The extracted amplitudes are then used to generate 2F,,;, — " alc

and Foyr — maps, into which a
model for the pure triggered state (rather than the a mixed population of states present in the crystals) is
optionally built and refined. The first method that Xtrapol8 uses to estimate occupancy involves examining
peaks of the extrapolated difference maps and choosing a set of significant peaks that indicate differences
between reference and triggered states. With the extrapolated difference maps from different assumed
occupancies, these peaks change in height relative to the noise level of the map. The occupancy value with
the highest signal to noise ratio is taken as the correct occupancy of the triggered state in the observed data.
In the case that the preferred method fails, Xtrapol8 can also determine occupancy by comparing distances
between pairs of atoms in the structure which have adjacent difference map peaks. Upon refinement of the
triggered structure against the extrapolated maps at different assumed occupancies, the interatomic distances

change compared to the reference model. The true occupancy is determined as the average point where the

changes in interatomic distances have reached to 99 % of their maximum values.

Another method for occupancy estimation involves setting the occupancy of the triggered states to a range of

. _ . trig trig trig trig
fixed values and refining the models against the 2F,, * — F_,,/and F,; © — F,,~ maps at each occupancy.

The Fotgsig - Fgff difference map after refinement can be examined to determine occupancy. Where the
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magnitude of difference density is lowest, the occupancy of the refined model most closely matches that of
the observed data. This method is known as multicopy refinement since both the reference and triggered

states exist and are refined in one model.

In work published after the original submission of this thesis Barends et al. (2024) used and compared several
methods of occupancy estimation while examining time-resolved structures of the photodissociation of CO
from myoglobin at femtosecond timescales and studying the effect of laser power on photolysis yield. The
data shows movement of CO from its position as an axial ligand in the distal haem site, to a photodissociated
position further from the haem. As well as analysing their experimental data, they used simulated data from
mixtures of the two states to validate occupancy determination methods. Their extensive analysis includes
extrapolation of structure factors for full occupancy of the photodissociated (triggered) state, similar to that
used by Xtrapol8 and described above, but did not use it for occupancy determination because it produced
unrealistic structures for the extrapolated triggered state, and consistently underestimated the occupancy of

the simulated data. Final occupancy estimation in the paper was performed by two methods. The first involved

Ftrig _ Fref

b " alc ©Mit maps that were

taking the peak height for the CO in its photodissociated position from
generated without any CO modelled, and then dividing that by the sum of the peak heights for both CO
positions. The second method was the multicopy approach described above, where the triggered copy of
myoglobin was refined with CO in the dissociated position, while the dark state with bound CO was left

unaltered. This was found to be consistent with the true occupancy for the simulated datasets, as well as with

the omit map method, so was used for the final values presented in the paper.

Although the reaction Barends et al. (2024) were investigating involves a ligand moving between two
positions, corresponding to the CO axially ligated to the haem and further from the haem in its
photodissociated state, their results are relevant to the NO binding studied here, where triggering results in
the ligand appearing in one position. Following the publication of the myoglobin study, additional analysis of
the McCP-B and DtpB structures presented here has been performed. The process of refining structures at

fixed occupancies, which was used for estimation of occupancy by comparing B-factors (see §5.2.3), is
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comparable to the multi-copy refinement endorsed by Barends et al. The main difference between the two

procedures was the way occupancy was determined after refinement. Considering this, Fot;;g — F:ﬂf maps
from the NO-bound structures refined with different occupancies were examined, and the magnitude of the
difference density at the NO position was recorded. As expected, magnitude decreased with increasing
occupancy in the model, from a positive value at low occupancy, to a negative value above at occupancies
above the true occupancy in the observed data. The point at which there is magnitude at the NO position is
zero can be taken as the true occupancy, which is where the lines plotted in Figure 5.20 cross the X axis. This
is similar to the B-factor analysis performed previously (§5.2.3), where the occupancy was chosen where the
magnitude of the difference between B-factors was minimised (illustrated in Figure 5.14). As with the original
refinement at multiple occupancies, retrieval of the difference densities was automated using Bash script. The
script, included as Appendix 3, invokes Coot for each structure to analyse, and provides it with a Python script
with the positions of the NO nitrogen. An example of a Python script for Coot for the 64 u dataset is provided

as Appendix 4, and the output CSV file is shown in an abbreviated form in Appendix 5. The script was also used

for the resting state structure as a comparison (purple line).
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Figure 5.20: Magnitude of the Fot;;g - FCZZ‘Cg difference density maps at the NO nitrogen position, plotted
against occupancy of NO in the refined models, for TR-SSX structures with different laser energies and a resting

state structure. The true occupancy is taken as the point where the lin crossed the X axis.
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The occupancies determined from this method are shown in Table 5.8 and Figure 5.21, displayed alongside
the mean values determined previously with the methods described in §5.2.3 and §5.2.4. The new occupancies
are comparable with the previously determined values and also agree with expected results. The values are
on average 13 % lower than for the B-factor comparison method, and 6 % lower than those from examining
the omit map peaks (Table 5.3). The same analysis was also performed on the second set of NO-bound McCP-8
structures and added to the graph in Figure 4.13. There, the data also shows agreement with the other

methods, but to a lesser degree than with the DtpB data.

NO occupancy (%)
Peak
Laser energy (W) | A B C D E F Mean | SD B-factors | heights

64.4 | 78 70 57 62 71 86 71 10 84 77

32.2 | 55 44 65 100 56 38 60 20 58 56

16.1 | 61 47 47 45 38 46 47 7 65 56

8.05 | 29 33 24 32 27 27 29 3 50 41

0.81 | 29 29 16 22 17 37 25 7 39 34
Table 5.8: NO occupancies of DtpB structures at different laser energies, determined by analysis of Fotgsig -
Fczlif difference densities after refinement at fixed occupancies. The mean values for two other methods are

shown.

The correlation between the three methods for estimating occupancies provides further confidence in the
validity of the methods as a way of making relative comparisons between datasets, and for providing
approximate absolute occupancy values. Unfortunately, the discrepancy between the three methods prevents
use of them for absolute occupancy determination to a high level of precision. Further work could simulate a
series of structures at differing occupancies, which could be used to further test the methods in the same way
as Barends et al. The three methods could also be tested with data featuring larger organic ligands such as
chromophores in photoactive protein complex, or drug candidates, to see how applicable they are in other

time-resolved studies and ligand binding studies, including with larger changes between states.

5.3.2 Timeseries data collection

The timeseries dataset consisting of 10 structures at different timepoints was intended to demonstrate the
ability to collect several timepoints in a reaction in a time and sample efficient manner. As well as timepoints

after reaction initiation with a laser, the first structure was supposed to capture a “dark” state of the protein,
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Figure 5.21: Comparison of the three methods for estimating NO occupancy for DtpB, averaged for chains A—
F. The new method is shown in red. The less reliable datapoints () are excluded from the trendlines.

where the crystals contain the photocage but NO has not been released and as such the haem sites remain
empty. This was not the case, and NO appears in the electron density map for even the first structure. The
process of NO release from the photocage, and binding at haem sites within the crystal, is expected to be very
fast, taking less than 10 ms. Therefore, with a successful experiment, NO is expected to be present in the 10 ms
timepoint (third structure), with occupancy remaining present across the 10—-80 ms timepoints. NO may also
be present in the 0 ms timepoint (second structure), as the 5 ms laser exposure occurs during the first half of
this 10 ms X-ray exposure. However, the intended results would not have shown any NO present at the -10 ms

timepoint, which is before the laser initiation.

There are several possible explanations for NO being present in the first structure of the timeseries. One of
these is the possibility of the loaded chip containing the crystals and photocage being exposed to light prior
to data collection. This could occur while transporting the chip in a box from the darkroom where it is loaded
under red light to the beamline for data collection. Although ambient light is much weaker than the laser
illumination intended to initiate caged substrate photolysis (especially at 308 nm), prolonged exposure (longer
than the 5 ms laser exposure) could cause NO release. Effort is made to keep the beamline dark in regards to

wavelengths <400 nm that the NO photocage is sensitive to (described in §1.6.4 and §3.2), including by
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constructing an opaque shield to partially surround the sample position. Despite this, guaranteeing samples
remain free from light contamination is hard, in part because of the personnel safety system that illuminates
the experimental hutch during the search procedure, to ensure that the hutch is free from people before beam

is taken.

Another cause of the accidental light exposure could have been contamination from illumination elsewhere
on the chip. As the positions on one chip are visited one at a time, most crystals have at least one adjacent
position (125 um away) that has been exposed to light. If there is a discrepancy with laser alignment to the
sample position where the X-rays are focused, or the laser beam is not adequately focused onto the plane the
sample sits on, then light from one exposure could illuminate adjacent positions prematurely. With NO
binding, this would not be detected from the datasets consisting of a single timepoint after laser exposure, as
the binding is a single step process to a stable endpoint, and there are no intermediate steps. This means that
there is no difference between the correct timepoint and a crystal that has been exposed to light previously,
so only the dark exposure from a timeseries would allow such a light exposure error to be detected. It is
possible that a mirror or focusing lens that directs the beam to the sample was shifted slightly from its correct

position while changing the ND filters in the beam to adjust laser power reaching the sample.

Another possibility for unexpected presence of NO in the first timepoint is diffusion from adjacent wells.
Despite the excess mother liquor being removed by suction through the apertures in the chips, a small amount
of it remains around the crystals in the tapered wells. If there is enough liquid remaining to bridge the gap
between wells (125 um on centres), then NO released in solution from illumination of one well could
potentially bind a crystal in an adjacent well. With wells in adjacent rows of the same block, the time delay
between reaction initiation in the two wells can be up to 4.2's, depending on their position in the row,
providing time for diffusion of between wells. Diffusion of NO through the gas phase in the small space
between the crystals and the sealing film is also a possibility, but this is unlikely due to the small amount of

NO released, and its poor solubility hindering entry into the mother liquor surrounding the adjacent crystals.
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As has been performed with McCP-B, a simple “dark” structure of DtpB could be collected, where the crystals
have photocage added, but there is no laser exposure. If this remains free from NO, then ambient light
exposure is not responsible for the presence of NO prior to the laser exposure in the timeseries. After this,
careful repetition of the timeseries experiment may be informative as to why light was present in the first
timepoint. If with careful checking of laser focus and alignment, the first timepoint remains free from NO, then
an alignment issue was the likely cause. This underscores the importance of checking the laser beam position

regularly during a beamtime shift, especially when adjusting the power.
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6. Summary

In this thesis, the development of a method for time-resolved serial synchrotron crystallography (TR-SSX) at
beamline 124 at Diamond Light Source has been documented. The time-resolved methodology builds on the
fixed-target chip system previously developed at 124 (Owen et al., 2017; Horrell et al., 2021), which is already
capable of reliable delivery of microcrystals to the X-ray beam, and of holding them there indefinitely. The
chip system enables multiple types of time-resolved data collection, including efficient collection of long
timepoints using the excite and visit again regime (Mehrabi et al., 2020), and collecting a series of timepoints
from one set of crystals via the multiple serial structures (MSS) method, which has been used for studying
X-ray damage to crystals (Ebrahim, 2020; Ebrahim et al., 2019a; RoZman, 2022). The fixed target chip system
is portable (Sherrell et al., 2015), which allows methods developed at 124 to be easily adapted to XFEL data

collection.

Chapter 3 features an explanation of the rationale for using light as the method of reaction initiation (§3.2,
and describes the first time-resolved experiments at 124 (§3.6). The chapter goes on to explore several areas
where suboptimal conditions were identified in the initial experiments, and how improvements have been
made to the methodology. The improvements have mainly focused on optimising the laser energy required
for initiating reactions within the crystals, including consideration of chip orientation (§3.7), the thin film used
to seal the chips (§3.9), and the process of accurately aligning the laser to the sample position. From the initial
experiments, a reduction in required laser energy to get a structure with high (80 %) occupancy has been
achieved. This reduction is greater than three orders of magnitude, from 1600 pJ to 10 W, taking the number
of photons to safely within the single photon regime (Griinbein et al., 2020). The capabilities developed at 124
during this work have been used for investigating other light-sensitive systems, as published by Baxter et al.

(2022) and Hill et al. (2024).

With light initiation of a reaction, light intensity is an important parameter that requires controlling. Too weak
illumination results in not initiating a reaction in all molecules in the crystal, and therefore collecting data from

a mixed population of states, which is harder to interpret when modelling the intermediate state of the protein
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during the reaction. Too strong illumination can cause multiphoton effects, which may initiate alternative
reactions that are not part of the usual pathway (Griinbein et al., 2020; Mehrabi and Schulz, 2023). In addition
to light activation for time-resolved crystallography, parts of the same methodology described here have been
used to develop a method of reaction initiation by mixing. This involves firing droplets of ligand solution at
individual wells of the chip (with one side without sealing film), following the same timing scheme as the laser
initiation (Shilova et al., 2022; Glerup, 2022). This has been implemented at 124 and also used for experiments

at PAL-XFEL (South Korea).

In chapters 4 and 5, the time-resolved methods developed for 124 have been demonstrated with the study of
bacterial haem proteins that bind nitric oxide. These have made use of a photocage that releases nitric oxide
upon UV illumination, which was soaked into the crystals prior to the experiments (Namiki et al., 1997; Tosha
et al., 2017). Serial structures have been collected of the cyt ¢’-B from Methylococcus capsulatus (McCP-B) in
its resting and NO-bound states. This provides data on the protein structure at room temperature, which has
been compared to structures collected using conventional crystallography at 100 K (Adams et al., 2019; Adams
et al., 2023). Comparisons have also been made between the resting state structure of the protein as collected
with SSX at 124, and SFX at the SACLA XFEL. The first room temperature structures of the cyt c-a from
Alcaligenes xylosoxidans (AxCP) have also been collected (§4.2.4), although not in an NO-bound state. Another
experiment that could be performed to further investigate NO binding to these haem proteins would flash
photolysis of the Fe—-NO bond using a laser pulse (Silkstone et al., 2012), and capturing the structure of the

resulting dissociated state using TR-SFX, as described in §4.3.1.

Time-resolved experiments have also investigated NO binding in the dye-type peroxidase DtpB from
Streptomyces lividans (Luci¢ et al., 2020b), including confirming NO binding by collecting the first NO-bound
structures. As part of the TR-SSX methods development, a series of NO-bound DtpB structures at different
laser energies have been collected, to help guide choices in laser energy when using illumination for reaction
initiation. The five DtpB structures have also been used in exploration of methods for estimating ligand

occupancy in protein structures. Three methods have been compared, based on difference maps omitting the
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ligand, or refining the structures with ligands at fixed occupancies then either comparing B-factors or residual

difference map density at the ligand sites, and broad agreement has been shown between all methods.

DtpB has been used to test timeseries data collection, where several structures are collected over time, before
and after reaction initiation, in a very sample-efficient manner. Although in this case the experiment was
unsuccessful, this first attempt at timeseries data collection has provided useful experience that will help with
future time-resolved methods development at 124. Future work on the method development at 124 would aim
to collect a successful timeseries, where the first timepoint shows the protein in its resting state, with a light-
induced change shown in the later timepoints. With more sample availability, this could be applied to AxCP,

which has true intermediate states as part of its distal to proximal binding mechanism (Kekilli et al., 2017b).

In summary, a new methodology for time-resolved crystallography at 124 has been developed, involving laser
illumination to initiate reactions. This has been demonstrated with NO binding in two bacterial haem proteins
but opens the door for studying a wide range of protein systems, including both proteins that are naturally

light activated, and with photocages to initiate reactions.
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Appendices

1. Occupancy refinement script

#!/bin/bash
#takes input PDB, MTZ, and restraint cif files, makes 101 copies with NO
occupancies in range 0-1, then runs REFMAC using them

#reports time taken to run
start=$ (date +%s)

#copies stdout and stderr to occ _refine.log
echo "" > occ _refine.log

exec > >(tee -1 occ_refine.log)

exec 2>¢&1

#runs REFMACS5 for 10 cycles with default parameters
#If testing, change $cyc (number of cycles) to 1 for speed, change back to 10 for
actual processing
refmac () {
cyc=10
echo "Refining structure with NO occupancy=$o with S$cyc cycle(s) of
refinement."
refmac5 > "refmac${o}.log" \
XYZIN $xyzin \
HKLIN S$hklin \
XYZOUT S$xyzout \
HKLOUT S$hklout \
<<XXX
MAKE NEWLIGAND CONTINUE
NCYC Scyc
@../$rstin
MONI DIST 100000
END
XXX
echo "Refined structure with NO occupancy = $o"

}

#function for creating directories, modifying occupancies, and running refmac
#makes and enters directory for each occupancy
#edits NO occupancy for all chains and creates new PDB file
#fruns refmac function defined above
process () |
mkdir "occS$So"
cd "occSo"
xyzin="occ${o} S (echo ${pdbin} | sed 's:.*/::")"
hklin=${mtzin}
xyzout="REFMAC ${xyzin}"
hklout="REFMAC occ${o} $(echo ${mtzin} | sed 's:.*/::")"

if [ ! -f "S$Sxyzout" ]

then
sed -E "/HETATM/{/NO/{s/ (*.{56}).{4}/\1S0/;};}" "Spdbin" > "Sxyzin"
refmac

fi

cd
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#function to use instead of process when testing script
test process () {

echo "Running $o"

sleep 0.1

echo "Ran $o"

}

#fwrites column titles to csv result file, then greps B-factors for haem Fe and NO
N in chains A-F for each occupancy structure
#haem code is HEM in dtpb, and HEC in mccp

resultcsv () {
line="So"
for chain in {A..F}
do

line fe="$ (grep HETATM occ$o/REFMAC*.pdb | grep "FE HE[CM] Schain")"
line no="$ (grep HETATM occ$o/REFMAC*.pdb | grep "N NO S$chain")"

# bf fe=${line fe:60:6}
# bf no=${line no:60:6}
# echo $line fe
# echo $line no
bf fe=$(echo ${line fe:60:6} | tr -d '[:space:]")
bf no=$(echo ${line no:60:6} | tr -d '[:space:]")
# echo Sbf fe
# echo S$bf no
line="S$line, $bf fe,Sbf no"
done
echo "$line" | tee -a "Sresultfile"

}

FHEFHFE AR FF A AR RS S
#ACTUALLY STARTS PROCESSING HERE#
FHEFHFH AR F A AR RS A

#specify input files to refine NO occupancies:

#51 must be PDB format, $2 must be MTZ format

#freadlink shows absolute path to files, -s supresses errors
pdbin=$ (readlink -mns $1)

mtzin=$ (readlink -mns $2)

rstin=$ (readlink -mns $3)

#checks input file types, extension is case insensitive:
pdbinlower=${pdbin, , }
mtzinlower=${mtzin,,}

if [ "S$S{pdbinlower: -4}" == ".pdb" ] && [ "S${mtzinlower: -4}" == ".mtz" ]
then

echo "Input PDB file: Spdbin"

echo "Input MTZ file: Smtzin"

echo "Input restraint file: Srstin"
else

echo -e "Error: Please specify input files in PDB and MTZ formats, and a
restrain file. For example \"./occ refine.sh model.pdb map.mtz
restraint dic.txt\"."

exit 1
fi

module load ccp4

#performs processing in parallel, batches of N
N=10
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for o in
{0.00,0.01,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.09,0.10,0.11,0.12,0.13,0.14,0.15,
0.16,0.17,0.18,0.19,0.20,0.21,0.22,0.23,0.24,0.25,0.26,0.27,0.28,0.29,0.30,0.31,0
.32,0.33,0.34,0.35,0.36,0.37,0.38,0.39,0.40,0.41,0.42,0.43,0.44,0.45,0.46,0.47,0.
48,0.49,0.50,0.51,0.52,0.53,0.54,0.55,0.56,0.57,0.58,0.59,0.60,0.61,0.62,0.63,0.6
4,0.65,0.66,0.67,0.68,0.69,0.70,0.71,0.72,0.73,0.74,0.75,0.76,0.77,0.78,0.79,0.80
,0.81,0.82,0.83,0.84,0.85,0.86,0.87,0.88,0.89,0.90,0.91,0.92,0.93,0.94,0.95,0.9¢6,
0.97,0.98,0.99,1.00}
do

((1=1%N))

((i++==0)) && wait
# process does work, test process to test loop
# echo "occ = S$So"

process &
# test process &
done

wait

#If results.csv exists, then saves as results new.csv, results new new.csv, etc
sheet="results"
resultfile="S${sheet}.csv"
until [ ! -f "Sresultfile" ]
do
sheet="§{sheet} new"
resultfile="S${sheet}.csv"
done

#calls resultcsv function to copy data from refmac output to csv file
echo "Tabulating B-factor data to ${resultfile}:"
echo

n

n

echo

"occupancy,A Fe Bfactor,A N Bfactor,B Fe Bfactor,B N Bfactor,C Fe Bfactor,C N Bfa
ctor,D Fe Bfactor,D N Bfactor,E Fe Bfactor,E N Bfactor,F Fe Bfactor,F N Bfactor"
| tee Sresultfile
for o in
{0.00,0.01,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.09,0.10,0.121,0.12,0.13,0.14,0.15,
0.16,0.17,0.18,0.19,0.20,0.21,0.22,0.23,0.24,0.25,0.26,0.27,0.28,0.29,0.30,0.31,0
.32,0.33,0.34,0.35,0.36,0.37,0.38,0.39,0.40,0.41,0.42,0.43,0.44,0.45,0.46,0.47,0.
48,0.49,0.50,0.51,0.52,0.53,0.54,0.55,0.56,0.57,0.58,0.59,0.60,0.61,0.62,0.63,0.06
4,0.65,0.66,0.67,0.68,0.69,0.70,0.71,0.72,0.73,0.74,0.75,0.76,0.77,0.78,0.79,0.80
,0.81,0.82,0.83,0.84,0.85,0.86,0.87,0.88,0.89,0.90,0.91,0.92,0.93,0.94,0.95,0.9¢0,
0.97,0.98,0.99,1.00}
do

resultcsv
done
echo

"

"

#prints final completion message with time taken

echo "Refined $(ls occ*.*/*.log | wc -1) structures with NO occupancy 0.00-1.00
and tabulated B-factors."

echo "Saved REFMAC output to \"occX.XX/\" directories, and B-factor data to
S{resultfile}."

end=$ (date +%s)

echo "Took $(($Send-$start)) seconds to run."
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Input PDB file:
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/dls/mx-scratch/pete/2023-
02 DtpB power titration 2/occ_refine/20percent/9 2023-

02 dtpb 20percent 2 xyzout prosmart refmac.pdb

Input MT

7z file:

/dls/mx-scratch/pete/2023-

02 DtpB power titration 2/occ_refine/20percent/9 2023-
02 dtpb 20percent 2 fphiout prosmart refmac.mtz
/dls/mx-scratch/pete/2023-

Input restraint file:

02 DtpB power titration 2/occ_refine/20percent/9 2023-

02 dtpb 20percent 2 dict prosmart refmac.cif
occupancy=0.
occupancy=0.
occupancy=0.
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Refining
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NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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NO
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NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

occupancy
occupancy
occupancy
occupancy
occupancy
occupancy
occupancy
occupancy
occupancy

occupancy =

occupancy=0.
occupancy=0.
occupancy=0.
occupancy=0.
occupancy=0.
occupancy=0.
occupancy=0.
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occupancy=0.
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occupancy
occupancy
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occupancy
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occupancy=0
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occupancy=0
occupancy=0

O O OO OO OO oo

0
0
0
0
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0
0
0
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.19
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.14
.12
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.28
.20
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Refining structure with NO occupancy=0.26 with 10 cycle(s) of refinement.

Refined structure with NO occupancy = 0.29
Refined structure with NO occupancy = 0.27
Refined structure with NO occupancy = 0.20
Refined structure with NO occupancy = 0.23
Refined structure with NO occupancy = 0.25
Refined structure with NO occupancy = 0.24
Refined structure with NO occupancy = 0.28
Refined structure with NO occupancy = 0.26
Refined structure with NO occupancy = 0.22
Refined structure with NO occupancy = 0.21

Refining structure with NO occupancy=0.36 with 10 cycle

(s) of refinement.
Refining structure with NO occupancy=0.34 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.39 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.33 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.37 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.38 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.30 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.32 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.31 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.35 with 10 cycle(s) of refinement.
Refined structure with NO occupancy = 0.38
Refined structure with NO occupancy = 0.36
Refined structure with NO occupancy = 0.37
Refined structure with NO occupancy = 0.39
Refined structure with NO occupancy = 0.33
Refined structure with NO occupancy = 0.31
Refined structure with NO occupancy = 0.34
Refined structure with NO occupancy = 0.30
Refined structure with NO occupancy = 0.35
Refined structure with NO occupancy = 0.32
Refining structure with NO occupancy=0.49 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.42 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.45 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.43 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.48 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.47 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.41 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.40 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.46 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.44 with 10 cycle(s) of refinement.
Refined structure with NO occupancy = 0.46
Refined structure with NO occupancy = 0.44
Refined structure with NO occupancy = 0.43
Refined structure with NO occupancy = 0.45
Refined structure with NO occupancy = 0.41
Refined structure with NO occupancy = 0.47
Refined structure with NO occupancy = 0.48
Refined structure with NO occupancy = 0.40
Refined structure with NO occupancy = 0.42
Refined structure with NO occupancy = 0.49
Refining structure with NO occupancy=0.56 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.51 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.54 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.53 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.50 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.59 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.57 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.55 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.58 with 10 cycle(s) of refinement.
Refining structure with NO occupancy=0.52 with 10 cycle(s) of refinement.
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Refined structure with NO occupancy = 0.83
Refined structure with NO occupancy = 0.87
Refined structure with NO occupancy = 0.81
Refined structure with NO occupancy = 0.85
Refined structure with NO occupancy = 0.82
Refined structure with NO occupancy = 0.84
Refined structure with NO occupancy = 0.89
Refined structure with NO occupancy = 0.88
Refined structure with NO occupancy = 0.80

of refinement.
of refinement.
of refinement.
of refinement.
of refinement.
of refinement.
of refinement.
of refinement.
of refinement.
of refinement.

Refining structure with NO occupancy=0.90 with 10 cycle
Refining structure with NO occupancy=0.93 with 10 cycle
Refining structure with NO occupancy=0.92 with 10 cycle
Refining structure with NO occupancy=0.99 with 10 cycle
Refining structure with NO occupancy=0.96 with 10 cycle
Refining structure with NO occupancy=0.97 with 10 cycle
Refining structure with NO occupancy=0.94 with 10 cycle
Refining structure with NO occupancy=0.91 with 10 cycle
Refining structure with NO occupancy=0.95 with 10 cycle
Refining structure with NO occupancy=0.98 with 10 cycle

Refined structure with NO occupancy = 0.93
Refined structure with NO occupancy = 0.92
Refined structure with NO occupancy = 0.96
Refined structure with NO occupancy = 0.94
Refined structure with NO occupancy = 0.97
Refined structure with NO occupancy = 0.95
Refined structure with NO occupancy = 0.99
Refined structure with NO occupancy = 0.90
Refined structure with NO occupancy = 0.98
Refined structure with NO occupancy = 0.91

Refining structure with NO occupancy=1.00 with 10 cycle(s) of refinement.
Refined structure with NO occupancy = 1.00
Tabulating B-factor data to results.csv:

occupancy,A Fe Bfactor,A N Bfactor,B Fe Bfactor,B N Bfactor,C Fe Bfactor,C N Bfac
tor,D Fe Bfactor,D N Bfactor,E Fe Bfactor,E N Bfactor,F Fe Bfactor,F N Bfactor
0.00,28.19,45.26,33.88,47.60,30.27,44.40,28.86,40.00,29.15,48.41,32.31,54.93
.01,28.12,27.55,33.81,33.48,30.17,29.83,28.76,29.07,29.09,28.81,32.22,32.20
.02,28.14,26.92,33.75,32.75,30.17,29.03,28.78,28.14,29.09,28.22,32.24,31.82
.03,28.04,26.16,33.69,31.76,30.08,28.58,28.67,27.17,29.03,27.74,32.25,31.44
.04,27.97,25.79,33.57,30.72,30.00,27.92,28.63,26.69,28.95,27.11,32.04,30.69
.05,27.98,25.24,33.59,29.89,29.99,27.21,28.61,26.18,28.94,26.62,32.08,30.33
.06,27.88,24.60,33.47,28.97,29.91,26.57,28.50,25.33,28.83,25.98,31.99,29.99
.07,27.89,24.02,33.46,28.25,29.96,26.03,28.50,24.91,28.90,25.66,32.04,29.53
.08,27.85,23.55,33.40,27.41,29.91,25.49,28.47,24.51,28.84,25.15,32.02,29.20
.09,27.77,22.90,33.28,26.47,29.78,24.92,28.38,23.74,28.74,24.66,31.94,28.80
.10,27.69,22.63,33.19,25.98,29.75,24.37,28.29,23.30,28.65,24.25,31.89,28.50
.11,27.70,22.32,33.17,25.74,29.74,23.98,28.29,23.13,28.65,23.96,31.89,28.27
.12,27.69,21.98,33.18,24.87,29.80,23.65,28.33,22.79,28.70,23.78,31.98,28.06
.13,27.63,21.66,33.13,24.38,29.72,23.21,28.20,22.46,28.67,23.46,31.89,27.74
.14,27.59,21.43,33.09,24.39,29.68,22.86,28.18,22.21,28.64,23.26,31.88,27.66
.15,27.58,21.21,33.00,23.64,29.64,22.49,28.11,21.92,28.64,23.10,31.88,27.54
.16,27.54,21.01,32.97,23.34,29.62,22.24,28.07,21.77,28.54,22.94,31.88,27.48
.17,27.49,20.86,32.88,23.01,29.57,21.97,28.05,21.44,28.58,22.78,31.83,27.36
.18,27.50,20.91,32.87,22.89,29.63,21.81,28.00,21.44,28.55,22.82,31.90,27.38
.19,27.45,20.68,32.81,22.58,29.57,21.63,27.99,21.19,28.56,22.65,31.85,27.31
.20,27.40,20.60,32.78,22.38,29.54,21.36,27.96,21.02,28.54,22.59,31.83,27.41
.21,27.34,20.51,32.73,22.30,29.49,21.20,27.87,20.89,28.47,22.48,31.79,27.35
.22,27.33,20.45,32.68,22.07,29.49,21.08,27.86,20.85,28.44,22.47,31.80,27.34
.23,27.31,20.43,32.62,21.98,29.50,21.06,27.76,20.85,28.39,22.56,31.79,27.47
.24,27.23,20.29,32.56,21.98,29.43,20.98,27.75,20.68,28.38,22.55,31.73,27.56
.25,27.25,20.31,32.55,21.91,29.45,20.92,27.70,20.67,28.42,22.51,31.77,27.73

[eNoNoNoNoNoNoNololoRoNoloNololNololNoloNolNolNelNolNoelNe]
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[cNoNeoNoNoNoNoNoNololoNoloNoBoNololNoloNolNoNoNoNolNoNoNolBoNoBoNoholNololNolNoNoNoNololNoNolBoNoNoNeoloNololNolNolNoNoNolNololololNololNe]

.26,27
.27,27
.28,27.
.29,27.
.30,27.
.31,27.
.32,27.
.33,27.
.34,27.
.35,27.
.36,27.
.37,27.
.38,27.
.39,26.
.40,26.
.41,27.
.42,27.
.43,26.
.44,27.
.45,26.
.46,26.
.47,27.
.48,26.
.49,27.
.50,27.
.51,27.
.52,27.
.53,26.
.54,26.
.55,26.
.56,27.
.57,26.
.58,27.
.59,27.
.60,27.
.61,27.
.62,27.
.63,27.
.64,27.
.65,27.
.66,27.
.67,27.
.68,27.
.69,27.
.70,27.
.71,27.
.72,27.
.73,27.
.74,27.
.75,27.
.76,27.
.77,27.
.78,27.
.79,27.
.80,27.
.81,27.
.82,27.
.83,27
.84,27.
.85,27
.86,27

.23,20.
.22,20.
15,20.
12,20.
14,20.
12,20.
12,20.
11,20.
11,21.
05,21.
.27,32
54,32.
63,32.
82,32.
02,32.
31,32.
41,32.
71,32.
96,32.
.23,32.
47,32.
71,32.
04,32.
31,32.
56,32.
83,32.
09,32.
41,32.
76,32.
06,32.
44,32,
69,32.
92,32.
.28,32.
67,32.
98,32.
34,32.
69,32.
94,32.
.28,32.
66,32.
06,32.
.27,32.
78,32.
98,32.
37,32.
63,32.
98,32.
36,32.
66,32.
05,32.
35,32.
78,32.
96,32.
36,32.
63,32.
13,32.

07,21

04,21.
03,21.
98, 21.
98,22.
02,22.
00,22.
99,22.
02,22.

99,23

99,23.
00,23.
98, 24.
00,24.
00,24.
02,24.
01,25.
98,25.
97,25.
99,26.
04,26.
98,26.
03,26.

00,27

03,27.
03,27.
07,28.
03,28.
02,28.

01,29

04,29.
05,30.

06,30

10, 30.
07,30.
08,31.
08,31.
13,31.
12,32.
14,32.
12,33.
16,33.
14,33.
13,33.
17,34.
17,34.
17,35.
.20,35.
19,35.
.25,36.
.20,36
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34,32.
43,32.
49,32.
42,32.
51,32.
68,32.
76,32.
92,32.

04,32
15,32

32,32
62,32
13,32

.27,32.

52,21.
49,21.
44,21.
37,21.
36,21.
34,21.
30,21.
31,21.
.28,22.
.24,22.
22,22,
18,22.
19,22.
16,22.
14,22.
17,22.
16,23.

11,23

16,23.
13,23.
13,23.
09,24.
08,24.
07,24.
07,24.
09,25.
08,25.
04,25.

04,26

05,26.
10,26.
02,26.
08,27.
03,27.
07,28.
05,28.
09,28.
06,29.
04,29.
03,29.
03, 30.
07, 30.
10, 30.
09,31.
05,31.
09,32.
04,32.
12,32.
12,33.
13,33.
12,33.
15,34.
17,34.
11,34.
17,35.
15,35.
19,36.
.21, 36.
.20,36.
.24,37.
18,37.

84,29.
77,29.
80,29.
73,29.
81,29.
83,29.
83,29.
89,29.
11,29.
12,29.
18,29.
31,29.
42,29,
55,29.
57,29.
84,29.
03,29.
.20,29.
44,29,
63,29.
87,29.
14,29.
37,29.
68,29.
97,29.
19,29.
48,29.
77,29.
.21,29.
45,29.
86,29.
98,29.
48,29.
69,29.
12,29.
38,29.
77,29.
16,29.
43,29.
69,29.
19,29.
60,29.
84,29.
35,29.
59,29.
00,29.
35,29.
62,29.
12,29.
55,29.
85,29.
32,29.
61,29.
96,29.
31,29.
73,29.
04,29.
41,29.
76,29.
17,29.
46,29.

43,20.
42,20.
40, 20.
42,20.
42,20.
37,21.
37,21.
39,21.
37,21
37,21.
34,21.
35,21.
34,21.
30,21.
33,21.
38,22.
36,22
34,22.
40,22.
37,22.
36,23.
40,23.
41,23.
37,23.
41,23.
40,24
38,24.
39,24.
36,24.
40,25
44,25.
37,25.
45,26.
40, 26.
41,26.
42,26.
43,27
40,27.
43,27.
35,28
43,28.
42,28.
42,29.
43,29.
40,29.
44,30.
43,30
44,30.
44,30.
42,31
46,31.
47,31.
46,32.
45,32.
49,32.
49, 33.
52,33.
49,33.
46,33.
56,34.
49, 34.

86,27.
94,27.
84,27.
93,27.
93,27.
01,27.
06,27.
17,27.
.21,27.
36,27.
40,27.
57,27.
69,27.
72,27.
87,27.
07,27.
27,27.
43,27.
68,27.
85,27.
06,27.
30,27.

46,27
67,27
95,27

.24,27.

44,27
68,27
94,27

.20,27

60,27
88,27
08,27
37,27
67,27
94,27

27,27

55,27
93,27

.23,27.

43,27
82,27
11,27
43,27
73,27
07,27

.29,27

60,27
94,27

27,27

45,27
91,27
13,27
43,27

82,27.
13,27.

37,27

73,27.
99,27.
35,27.

66,27
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68,20.
66,20.
54,20.
57,20.
55,20.
51,20.
53,20.
48,21.
47,21.
39,21.
43,21.
37,21.
35,21.
31,21.
30,22.
.22,28.
47,28.
60,28.
91,28.
05,28.
.26,28.
67,28.
90, 28.
15,28.
39,28.
70,28.
92,28.
17,28.
38,28.
76,28.
13,28.
32,28.
62,28.
91,28.
19,28.
51,28.
84,28.
09,28.
38,28.
69,28.
06,28.
41,28.
71,28.
99,28.
32,28.
69,28.
81,28.
.29,28.

36,22

33,22.
31,22.
34,22.
31,23.

30,23

31,23.
.29,23.
.25,24.
.26,24.
31,24.
.28,24.
.27,25.
.23,25.
.22,25.
.28,26.
.22,26.
.27,26.
.23,26.
.25,27.
.26,27.
.26,27.
.24,28.
.27,28.
19,28.
.22,29.
.25,29.
.27,29.
.27,29.
.24,30.
.26,30.
.24,30.
.28,31
.22,31.
.28,31.
.27,32.
.29,32.
.26,33.
.27,33.
32,33.
32,33.
.28,34
34,34.
33,34.
37,35.
.36,35

65,28.
66,28.
80,28.
83,28.
81,28.
87,28.
99,28.
12,28.
32,28.
49,28.
47,28.
73,28.
91, 28.
83,28.

00,28

71,28

75,28.
14,28.
47,28.
04,28.
06,28.
41,28.
68,28.
.24,28.
40,28.
60,28.
18,28.
.29,28.

39,22.
42,22.
35,22.
37,22.
39,22.
37,23.
38,23.
37,23.
34,23.
32,23.
36,23.
34,24.
31,24.
30,24.
.29,24.

36,25

33,25.
34,25.
35,26.
37,26.
35,26.
37,27.
38,27.
37,27.
39,28.
39,28.
41,28.
39,29.
38,29.
41,29.

46,30

43,30.
48, 30.
44,31.
47,31.
49,31.

50,32

48,32.
53,32.
45,33.
46,33.
49,34.
50, 34.
51, 34.

47,35

50, 35.
53,35.
53, 36.
.53,36.
57,37.
54,37.
59,37.
52,38.
56,38.
59, 39.
61,39.
57,39.
62,40.
61,40.
66,40.
61,41.

58,31.
67,31.
87,31.
81,31.
92, 31.
04,31.
19,31.
31,31.
69,31.
89,31.
94, 31.
40,31.
63,31.
62,31.
96, 31.
.28,31.
56,31.
81,31.
16,31.
46,31.
69,31.
08,31.
45,31.
81,31.
03,31.
37,31.
72,31.
07,31.
41,31.
65,31.
.24,31.
48,31.
81,31.
10,31.
52,31.
91, 31.
.26,31.
67,31.
98, 31.
36,31.
70,31.
03,31.
45,31.
90, 32.
.21,31.
64,32.
96, 32.
36,32.
96,32.
04,32.
41,32.
92,32.
42,32.
60,32.
07,32.
43,32.
86,32.
12,32.
41,32.
96,32.
13,32.

73,27.
77,28.
74,28.
70,28.
74,28.
70,28.
72,29.
73,29.
75,29.
73,29.
73,30.
73,30.
76,30.
71,31.
76,31.
80,32.
78,32.
76,32.
85,33.
83,33.
83,34.
85,34.
82,34.
.22

82,35

86,35.
87,36.
87,36.
86,36.
.20

84,37

85,37.
.23

92,38

90, 38.
92,39.
90, 39.
91,40.
95,40.
98,40.
93,41.
95,41.
90,41.
93,42.
96,42.
.27
02,43.
98,44.
01,44.
00,45.
03,45.
07,45.
.24

99,43

03,46

04,46.
05,47.
09,47.
04,47.
.22

07,48

08,48.
13,49.
12,49.
09,49.
16,50.
14,50.

80
08
34
40
75
95
25
59
80
97
39
66
91
22
54
11
30
82
17
59
05
36
84

67
12
57
84

68

51
03
37
03
18
65
11
48
90
27
82

77
03
61
00
38
71

50
01
34
77

64
05
45
82
22
58
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.87,27.23,36.63,32.21,37.86,29.50,34.98,27.35,35.62,28.68,41.64,32.13,50.98
.88,27.25,36.99,32.25,38.11,29.53,35.17,27.34,36.14,28.62,42.19,32.19,51.42
.89,27.27,37.27,32.20,38.51,29.53,35.58,27.38,36.23,28.65,42.38,32.17,51.88
.90,27.24,37.62,32.26,38.87,29.55,35.83,27.33,36.73,28.59,42.96,32.20,52.03
.91,27.23,37.86,32.19,39.16,29.46,36.15,27.33,36.84,28.62,42.98,32.11,52.50
.92,27.30,38.35,32.27,39.53,29.53,36.46,27.37,37.40,28.65,43.53,32.22,52.81
.93,27.27,38.55,32.24,39.74,29.52,36.76,27.41,37.51,28.63,43.72,32.18,53.29
.94,27.28,38.83,32.26,40.12,29.55,37.11,27.40,37.75,28.67,44.05,32.20,53.56
.95,27.22,39.04,32.27,40.50,29.48,37.39,27.40,38.08,28.62,44.43,32.14,53.91
.96,27.33,39.58,32.33,40.89,29.58,37.64,27.41,38.60,28.72,45.11,32.27,54.40
.97,27.27,39.70,32.27,41.20,29.54,38.00,27.42,38.63,28.68,45.27,32.23,54.71
.98,27.28,39.97,32.30,41.65,29.55,38.28,27.41,38.95,28.69,45.58,32.19,55.11
.99,27.37,40.47,32.36,41.79,29.59,38.48,27.42,39.44,28.68,45.98,32.32,55.42
.00,27.33,40.59,32.32,42.24,29.56,38.94,27.44,39.57,28.74,46.32,32.23,55.98

P O O OOOO0OO0O0OOooooo

Refined 101 structures with NO occupancy 0.00-1.00 and tabulated B-factors.
Saved REFMAC output to "occX.XX/" directories, and B-factor data to results.csv.
Took 1953 seconds to run.
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3. Difference density retrieval Bash script

module load ccp4
echo “Analysing difference density at ligand nitrogen position for refined
structures.”
For struc in {40,20,10,05,0p5}
do

echo “structure: ${struc}percent” >> density output.csv

for occ in
{0.00,0.01,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.09,0.10,0.11,0.12,0.13,0.14,0.15,
0.16,0.127,0.18,0.19,0.20,0.21,0.22,0.23,0.24,0.25,0.26,0.27,0.28,0.29,0.30,0.31,0
.32,0.33,0.34,0.35,0.36,0.37,0.38,0.39,0.40,0.41,0.42,0.43,0.44,0.45,0.46,0.47,0.
48,0.49,0.50,0.51,0.52,0.53,0.54,0.55,0.56,0.57,0.58,0.59,0.60,0.61,0.62,0.63,0.6
4,0.65,0.66,0.67,0.68,0.69,0.70,0.71,0.72,0.73,0.74,0.75,0.76,0.77,0.78,0.79,0.80
,0.81,0.82,0.83,0.84,0.85,0.86,0.87,0.88,0.89,0.90,0.91,0.92,0.93,0.94,0.95,0.9¢,
0.97,0.98,0.99,1.00}

do

coot -pdb ../${struc}percent/occ$occ/occ*.pdb -auto
../${struc}percent/occSocc/REFMAC*.mtz -no-graphics -s density ${struc}.py
echo Socc >> density output.csv

done
done
echo “#### Done ####”

4. Difference density retrieval example Python script for Coot, density _40.py

density a = density at point(1,-42.98,-15.11,7.78)

density b = density at point(1,2.06,8.56,38.08)
density ¢ = density at point(1,-39.87,-2.73,48.10)
density d =

(1
(1
(1
density at point(1,-14.10,-30.91,24.15)
density e = density at point(1,-34.17,25.05,24.47)

density f = density at point(1,-3.20,2.88,1.97)

f = open(“density output.csv”, “a”)

f.write(str(density a) + “,” + str(density b) + “,” + str(density c) + “,” +
str(density d) + “,” + str(density e) + “,” + str(density f) + “,”)
f.close ()

exit ()
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5. Difference density retrieval script output (abridged)

structure: 40percent
0.56919926405,0.607405662537,0.478522062302,0.493275702,0.593108892441,0.76141840
2195,0.00
0.559231162071,0.599429428577,0.472777962685,0.575083851814,0.582068502903,0.7499
57442284,0.01
0.552556812763,0.591965734959,0.464419841766,0.568236470222,0.574745416641,0.7403
07629108,0.02

-0.0656774044037,-0.0935266986489,-0.136973619461,-0.140445187688, -
0.07212677598,-0.041556764394,0.99
-0.0757924392819,-0.103534892201,-0.140208020806,-0.14966148138, -
0.0766198337078,-0.0441017821431,1.00

structure: 20percent
0.583626151085,0.53008055687,0.645498037338,0.797028005123,0.550472915173,0.35605
8716774,0.00

structure: 1l0percent
0.39210948348,0.535253882408,0.508890867233,0.420545101166,0.369890153408,0.48885
846138,0.00

structure: 0b5percent
0.316481560469,0.360270768404,0.261154681444,0.316856682301,0.289140999317,0.1945
66071033,0.00

structure: OpbSpercent
0.162947103381,0.284459292889,0.172173559666,0.214752569795,0.170785069466,0.3798
65109921,0.00

structure: static
-0.155969426036,-0.112239286304,0.0320361964405,0.130466103554,0.0942721292377, -
0.0129051264375,0.00

-0.518309831619,-0.491184681654,-0.324650585651,-0.318280816078,-0.338334977627, -
0.350260823965,1.00
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