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Abstract

Reversibly switchable fluorescent proteins (RSFPs) switch between a highly and weakly fluorescent
state upon photoexcitation. This switching is known to be driven by reversible photoisomerisation and
a change in protonation state of the chromophore. However, the exact sequence of events after optical
excitation is unclear. In this thesis, time-resolved crystallography and vibrational spectroscopy are used

to study the ultrafast dynamics of a new RSFP.

Time-resolved serial femtosecond crystallography (TR-SFX) is used to probe the trans/cis reaction
and reveals ultrafast sub-Angstrom motions of the chromophore and surrounding hydrogen bonding
network. The addition of a stokes pulse (shown to dump the excited state population) increases these
displacements and allows assignment of the light-induced signals to a vibrationally excited electronic
ground state structure instead of an excited state structure. Temperature analysis of the steady-state
switching rates resolves an intermediate ground-state structure using conventional crystallography
which supports the TR-SFX assignments. Ultrafast pump-probe vibrational spectroscopy confirms that
excited state photoisomerisation occurs (~70 ps), proceeded by rearrangement of a nearby arginine
residue (~7 ps) with deprotonation (trans-neutral/cis-anion) occurring between 2 ns — 1 ms. An
additional dump pulse is then shown to repress product formation and reforms the ground state, further
supporting the structural observations of the pump-dump-probe crystallography measurements. These
results improve our understanding of photoswitching in RSFPs and have important implications for

structural assignments in future TR-SFX experiments.

Time-resolved serial synchrotron crystallography (TR-SSX) is an accessible and emerging technique for
studying protein dynamics on millisecond timescales. Here, the trans/cis isomerisation of an RSFP
is probed at 10 ms with a range of pump intensities to demonstrate precise control of the cis-state
formation yields. The population transfer is resolved crystallographically using quantitative analysis
of the occupancy, showing excellent agreement with optical flash-photolysis measurements. The issue
of X-ray induced heating, which leads to partial thermal recovery, is also addressed. A temperature
increase of 82-112 K is extracted for the fixed-target sample delivery used, which should be accounted

for in all future TR-SSX experiments.

Finally, the effect of pH on the protonation step is investigated by studying a RSFP mutant with
a destabilised ground state conformation. Structural and spectroscopic evidence is presented for a
new class of reaction at low pH, involving a cis-neutral /trans-cation isomerisation, in contrasts to the
typical cis-anion/trans-neutral reaction at neutral pH. These steady-state observations expand our

understanding of acid/base equilibria in the photoreactions of RSFPs.
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1 Introduction

This chapter provides a general introduction to modern X-ray sources and their use in optically pumped,
time-resolved crystallographic studies. This is followed by a review of current data analysis practises
for the determination of light-induced structural differences in protein crystallography. The details
of ultrafast pump-probe transient absorption spectroscopy are then introduced along with the data

analysis framework of global fitting.

1.1 Motivation and Aims

Observing the structure and dynamics of biological molecules is key to understanding the complexity and
diversity that makes up living organisms. Proteins are large molecules assembled from peptide-linked
amino acids. X-ray crystallography has long been the most successful method for protein-structure
determination. With the increasing brightness of modern X-ray sources it is becoming possible to make
time-resolved crystallography measurements with high spatial and temporal resolution. Here, work
will focus on method and sample development for studying the dynamics of a reversibly switchable

fluorescent protein (RSFP) using X-ray crystallography and spectroscopy.

500 nm

400 nm

Fluorescent (On) Non-Fluorescent (Off)
Cis Anion Trans Neutral

Figure 1.1: The on (50OQE green [1]) and off (50QA cyan [1]) structures of the reversibly switchable fluorescent
protein Skylan-NS [2]. Illumination with 500/400 nm switches from on-to-off/off-to-on.

RSFPs are molecules that can be switched between a highly-fluorescent ‘on’ and weakly-fluorescent
‘off” state with photoexcitation (figure 1.1). In the class of RSFPs studied in this thesis (introduced in

chapter 2) the on-state corresponds to an anionic-cis chromophore conformer, and the off-state to a
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neutral-trans [3]. Switching is generally driven with excitation around 500 nm (on to off) or 400 nm
(off to on) although there are many variants with different excitation schemes [4]. Currently, the exact
sequence of events that leads to photoisomerisation and fluorescence switching in these proteins is not
clear due to conflicting spectroscopic assignments [5-8| (chapter 6). In this thesis, these assignments
will be addressed using ultrafast multi-pulse spectroscopy experiments and multi-pulse time-resolved
crystallography experiments. The broad aim of this thesis is to improve our understanding of switching

mechanisms in RSFPs and improve the methodology used to study these reactions and other proteins.

Improving our understanding of the switching mechanisms in RSFPs is deemed interesting and worth-
while for three main reasons. Firstly, photoisomerisation and subsequent macromolecular motions
play key roles in photoreceptor biological function across plants [9-11], vision [12-14] and even in
bioelectronics [15-17]. The photoswitching behaviour of RSFPs is therefore an opportunity to gain
insight into these fundamental motions, which has implications for understanding a wide array of protein
motions throughout biology [18]. Secondly, RSFPs are used across several super-resolution microscopy
techniques [19-24|. Improved understanding of the switching mechanism in these proteins may lead
to improved engineering of these proteins, which could improve the resolution of super-resolution
microscopy measurements [25]. Thirdly, the development of X-ray free electron lasers and improvements
in the brightness of synchrotron X-ray sources is driving a new era for studying the dynamics of proteins
in their crystalline form [26-28|. It is important to properly understand the fundamental limitations of
these measurement techniques, in particular, the effects of intense X-ray and optical pulses on protein
systems during time-resolved X-ray crystallography experiments. Reactions in RSFPs are kinetically
simple compared to more complex, multistep, enzyme reactions which means they are ideal model

systems for these types of fundamental experiments.

1.2 Modern X-ray Sources for Crystallography

X-ray crystallography relies on the diffraction of hard X-rays (keV photon energies) by a periodic array
of molecules to obtain structural information. The brightness, spot-size and stability of the X-ray source
can dictate the range of possible experiments and the quality of the measured diffraction data. The first
dedicated synchrotron X-ray sources were built in the 1980s [29] as replacements for previously used
cathode-ray sources [30]. Synchrotron sources drove an explosion in the development of macromolecular
crystallography (MX) [31], which is now responsible for around 130,000 protein structures deposited in
the protein data bank (PDB) [32]. Access to these brighter X-ray beams also led to the evolution of
time-resolved (or kinetic, or dynamic) crystallography [33] which was originally limited in time resolution
to around 30 minutes [34]. As synchrotron technology has matured [28] and with the development of
extremely bright X-ray free electron lasers (XFELs) [35] dynamic crystallography experiments with up

to femtosecond time-resolution have become possible [36].
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The two types of X-ray photon sources that are relevant for studying biomolecular dynamics are
synchrotron storage rings and X-ray free electron lasers (XFELs). Both sources generate bright and
spatially coherent X-rays by accelerating electron beams at GeV energies through undulators to induce
synchrotron emission. Synchrotron is emitted spontaneously when charged particles are accelerated by
an external force such as a magnetic field. To evaluate the differences between XFELs and synchrotron
X-ray sources, several metrics which describe the characteristics of the source can be defined. The size
of an X-ray source, X, , is determined by the size of the creating electron beam, o, , and effects of the

radiation generation process itself, o,.

_ [ 2 2
Yoy =\ Oiy 07

The divergence of the X-rays, 3,/ ,» depends on the divergence of creating electron beam, o,/ ,» and

radiation-generating process, o,-. Both these quantities can be expressed mathematically as:

Exlyy/ = 4 /0'320,71/ + 0';2

These equations show how the divergence and size of an X-ray beam is directly related by the size
of the generating electron beam. If the electron beamsize and the divergence is small compared to
the radiation generating effect (044 ., < 0y,v) an X-ray source is said to be diffraction limited [37].
Typically, the divergence and size on each axis are expressed as the product: €, = 0440, known as
emittance. Spectral brightness is the most useful metric, especially for cross-comparison of sources.
Brightness is defined as [38]:

d .
B = LS, at 0.1 % energy bandwidth (1.1)

Where & is the spectra flux, the number of photons per second at the chosen bandwidth. Coherence is
an important property of any X-ray light source. Temporal/longitudinal coherence describes the extent
to which a wave maintains phase between two points in time. Often it is specified as a coherence-time
after which temporal coherence is said to be ‘lost’ [37]. Transverse/spatial coherence is defined as the

distance across the wavefront of a beam over which there is total dephasing between the two points [39].

1.2.1 Storage Ring/Synchrotron X-ray Sources

Over the past few decades, synchrotrons (also known as storage rings) have come to replace home
sources as the primary way of producing X-ray photons to solve protein crystal structures. Currently,
there are over fifty synchrotron facilities internationally that are used for macromolecular structure
determination by protein crystallography [40]. Modern, 3¢ generation, synchrotron facilities generate
X-rays from long-lived (hours) electron bunches which are kept at relativistic energies (MeV-GeV) in
a storage ring. Whilst in the storage ring, bending and focusing magnets are used to maintain the

electron-bunch size and spread. The lifetime of each bunch is limited by collisions with residual gas and
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so is topped up periodically to maintain the overall current. X-rays are generated by passing electrons
through bending magnets, a wiggler or an undulator. Most modern MX beamlines use undulators
which are a periodic array of dipole-dipole magnets and allow high-energy electron bunches to produce

photon energies in the hard X-ray region which is ideal for crystallography.

In undulators, the magnetic field-strength and dipole separation is chosen to give in-phase oscillation of
the electrons with respect to the emitted radiation. This amplifies the synchrotron radiation in the
direction of the electron beam (z-axis) at the desired energy. The enhancement of harmonics means the
energy spectrum of an undulator has enhanced spikes with a typical width (FWHM) of AE/E ~ 1072
[41]. The exact details of X-ray generation and the angular divergence dependence is beyond the scope
of this thesis. Overall, the total output power (Pry;) of an undulator integrated over the emission
angle is given as [42]:
2mec

Prota = o~ NZoI*K* (1.2)
U

Where A, is the undulator period, N is the number of dipoles, I is the electron current (normally of
the order ~100 mA), v is the Lorentz term and K is the so-called deflection parameter which is a
dimensionless factor that depends on the magnetic field strength and undulator spacing. All other
symbols have their usual meaning. Importantly, this equation shows the undulator output-power
scales directly with the number of undulator dipoles. In most MX experiments, a double crystal
monochromator is used to narrow the bandwidth of the generated radiation to around AE/E ~ 10~%
[43, 44]. The X-ray beam is then focused using Kirkpatrick-Baez (KB) mirrors [45] and compound
refractive lenses (CRLs) which can achieve spot sizes on the order of 10 nm [46]. The spot size and
therefore brightness is primarily limited by the emittance of the electron beam. For the generation of
12 keV X-rays using an undulator, an electron beam emittance of ~ 8 pm rad is required to match the
effects of the radiation generation process (o) [47]. This is well below the current nm rad (horizontal)

specification of most 3'¢ generation synchrotron sources.

Equation 1.1, shows the brightness of a source will increase with higher photon fluxes (achieved with
more electron bunches/higher ring-current) or smaller beam sizes. Decreasing the emittance of the
electron bunch leads to a smaller beam-size which thereby increases the brightness. The degree of spatial
coherence is determined by emittance. Improved emittance leads to a higher level of coherence for
emitted X-rays. The generation of radiation in an undulator can be considered as essentially a Gaussian
spatial laser mode of uncorrelated emitters. This means there is a low level of spatial coherence in
synchrotron X-ray beams [48|. Next-generation synchrotron sources aim to reduce the emittance of
the electron beams [49]. This will be beneficial for techniques that require a high degree of coherence,
such as coherent imaging, and also techniques such as serial crystallography which will benefit from the

higher spectral brightness of smaller spot sizes.
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In this thesis, synchrotron experiments used the P14-2 end station at Petra III (chapter 5), Germany
and i24 end station at Diamond Light Source (chapter 3 and 7). At 124, the undulator period is 21 mm
with 94 periods [50]. To tune the X-ray energy (between 6.4-20 keV), the gap between upper and lower
magnet arrays can be adjusted. This alters the peak magnetic field and hence the photon energies.
The distance between the undulator and the interaction region at the beamline is about 40 m [50].
The smallest spot size is 6x8 pm with a photon flux of around 102 photons/s which gives a spectral

brightness of around 10%° photons/0.1% b.w./mm?/mrad at 10 keV.

The pulse structure of synchrotron X-rays is dictated by the number of electron bunches. The pulse
duration is roughly equivalent to the electron bunch length. Different facilities can support different
specific bunch modes. At Diamond Light Source, the standard operation mode has a filling pattern of
828 bunches 2 ns apart followed by a 72 bunch (144 ns) gap. The electron bunch pulse length is on the
order of 10 mm (FWHM) long which leads to X-ray pulses around 30 ps in length [51]. Specialised bunch
modes have been developed, along with fast shutter mechanisms for time-resolved measurements [52].
However, for the purpose of pump-probe experiments in this thesis, we will consider the synchrotron
beam to be analogous to a CW laser as individual pulses are too weak to collect diffraction information

from (unlike XFEL pulses).

1.2.2 X-ray Free Electron Lasers

Conventional lasers rely on the stimulated emission from atomic or molecular state to amplify light.
This works well for visible light energies (~1 eV) as it corresponds to electronic transitions with lifetimes
which allow population inversion to be achieved with relative ease. To generate hard X-ray photons
(~10 keV) using the same methods would require excitation of inner-shell electron transitions which
decay on serveral-femtosecond time scales [53]. This makes the accumulation of population inversion
impossible at X-ray energies using atomic/molecular energy levels as a gain medium. Instead, free
electron lasers (FELs) use electron bunches as a gain medium and can amplify radiation over a broad
radiation spectrum, from infrared to hard X-rays [54]. The first hard X-ray free electron laser (XFEL)
was the Linac Coherent Light Source (LCLS) which started operation in 2009 [35]. Most obviously,
XFELs differ from synchrotrons as they accelerate electron bunches linearly and generate radiation in a
single pass through a long undulator. This leads to enhanced amplification of X-rays and generates
pulses with very high photon fluxes (~10'? photons/pulse), low emittance (~nm rad) with very short

pulse lengths (~10 fs) [55].

The most common mode of operation in XFELSs is known as self-amplified spontaneous emission (SASE)
mode [56]. In SASE mode, discreet electron bunches are accelerated to relativistic energies (14 GeV at

LCLS [35, 57]) and then passed through a series of undulators (112 m of active undulator length at
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Undulator

Incoherent Emmission Coherent Emmission
Electrons randomly phased Electrons bunched at x-ray wavelength

Figure 1.2: Schematic of the self-amplified spontaneous emission SASE operation mode at an XFEL. An electron
bunch passes through an undulator and is transversely oscillated, initially emitting incoherent, synchrotron,
radiation. As the intensity of this radiation grows it couples with the electrons transverse velocity causing a

gradual split into microbunches which leads to coherent in-phase amplification of X-rays.

LCLS [35, 57]). Moving through the undulator causes the electrons to emit incoherent radiation (as
in storage ring undulators). As the emission builds there is a gradual formation of in-phase-emitting
micro-electron bunches (figure 1.2). This microbunching reduces the available phase-space for photon
emission by each electron compared to the continuous incoherent emission in storage ring insertion
devices. This leads to an exponential amplification in X-ray intensity through the undulator [55]:

Ay

- (13)

P xexp(z/ly) where I,

where z is the distance through the undulator, [, is the gain length, A, is the undulator period and
p is the dimensionless FEL parameter. In SASE operation the amplified wavelength is seeded by
spontaneous emission of electrons in the first section of the accelerator. This emission arises from the
inherent shot-noise of the electron bunch and leads to stochastic behaviour of the X-ray spectrum [58].
The final X-ray pulse has a bandwidth of around AE/E ~ 1073 but shows a spiked spectrum in the
frequency domain [38|. During amplification of the pulse, a majority of the higher-order spatial modes
become filtered out as the micro-bunching encourages the growth of the fundamental laser mode over
others. This means XFELs have low emittance meaning the X-ray spot size can be focused very tightly
[59]. Overall, the exponential amplification and high transverse coherence mean a spectral brightness on

the order of 1032 photons/0.1% b.w./mm? /mrad over a duration of ~ 10 fs can be achieved in the hard

10
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X-ray regime [35]. This is 12 orders-of-magnitude brighter than 3" generation synchrotron sources and
allows single XFEL pulses to be used to collect diffraction data from crystals in a technique known as

serial femtosecond crystallography (SFX) [36, 60, 61].

The pulse structures and energies of XFELs varies between facilities but typically there are around 10!
photons/pulse at 10 keV, giving a pulse energy of between 0.5-1 mJ/pulse depending on the beamline
[38]. The repetition rate at each machine also varies, 120 Hz at LCLS (California, USA) [57], 100
Hz at SwissFEL (Switzerland) [62] 30 Hz at SACLA (Japan) [63] and PAL-XFEL (Korea) [64] whilst
the EuropeanXFEL (Germany) has 370-420 pulses (each separated by 2 ns) per a pulse train each of
which is separated by 100 ms [65]. Experiments in this thesis used XFEL sources at LCLS, SACLA
and PAL-XFEL. Of these three facilities LCLS offers the highest spectral brightness in the hard X-ray
regime (1-3 mJ in a 1-2 pm focus size [35, 57]). The pulse energy densities at XFELs are so high that
protein crystals are destroyed by a Coulombic explosion after the interaction and so must be constantly

replenished for structure determination using SFX.

1.3 Studying Dynamics with X-ray Crystallography

Modern X-ray sources provide the opportunity to probe structure at high resolution, and on ultrafast
time-scales. As mentioned, crystallography is the most successful structure determination technique
in structural biology, making up around 90% of the 155,000 structures in the PDB [66]. Low packing
densities, high solvent content and increased flexibility [67] mean that proteins can still be functionally
active and undergo reactions whilst remaining in crystal form [68, 69]. Time-resolved Laue crystallogra-
phy has been developed to measure changes in electron density from seconds to picoseconds in single
crystals [70-73]. However, stroboscopic pump-probe experiments are limited due to the accumulation of
laser and X-ray induced radiation damage [74|. Wide-angle X-ray scattering (WAXS) has shown that
proteins can undergo conformational changes on the picosecond time scales [75, 76]. But, WAXS signals
are very weak |77], meaning experiments rely on substantial averaging which cannot provide the same
level of spatial resolution as crystallography, although it can be used to observe larger conformational

changes [78].

Time-resolved crystallography measurements at XFELs [36] and synchrotron [79] are made using serial
crystallography. In serial crystallography structures are obtained with data collection from multiple
crystals. The idea was first implemented in the 1970s, when early crystallographers successfully merged
intensities from multiple single-crystal rotation datasets to minimise the effects of damaging radiation
by sharing the dosage [80]. In the late 1990s and early 2000s, third-generation synchrotron sources
with lower emittance led to the development of micro-focus beamlines [81] and microcrystallography

[82, 83]. Smaller X-ray spot sizes lead to enhanced diffraction signal in the small crystals as background

11
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scattering from the solvent and mounting are reduced [84|. However, these smaller crystals also succumb
more quickly to radiation damage. To solve this, in microcrystallography, rotation slices of a few degrees
from multiple crystals can be collected in data-subsets which are then scaled and merged to determine

the full structures.

With the development of XFELs it was clear this rotational method would not be suitable for structure
determination. Not least because it would require the mounting of thousands of tiny crystals, as
the highly intense XFEL pulses almost immediately obliterate samples. Instead, at XFELs, serial
femtosecond crystallography (SFX) involves the collection of stationary (not rotated) diffraction patterns
from the randomly oriented crystals before the onset of disorder due to radiation damage (diffraction
before destruction) [60]. Recently, it has also become possible to make serial synchrotron measurements
(SSX) using the same injection and data analysis methods of SFX [79]. Throughout this work SSX
refers to the collection of stationary diffraction patterns, although partial-rotation datasets (similar to

microcrystallography) techniques are sometimes referred to as SSX in the literature [85].

In general, reactions in crystals can be initiated through the addition of substrates [86, 87|, buffer
exchange [88] or through optical excitation [89]. Even in microcrystals, diffusion rates limit efficient
reaction initiation to milliseconds [90] for all but light-activated reactions [91|. In photoactivated
reactions, the generation of detectable photoproduct concentrations is limited by the primary quantum
yield and photodamage thresholds with ultrafast excitation or a combination of the excited state lifetime,
primary quantum yield as well as photodamage thresholds with laser pulses of longer duration (ns-ms).
Given efficient reaction initiation there are three crystallographic techniques that can be used to resolve
intermediate states: macromolecular cryo-crystallography (cryo-MX), time-resolved serial femtosecond

crystallography (TR-SFX) and time-resolved serial synchrotron crystallography (TR-SSX).

1.3.1 Macromolecular Cryo-Crystallography

Whilst conventional cryogenic macromolecular crystallography (cryo-MX) is usually only used to collect
static structures, ground-state intermediates can be captured by flash freezing crystals after reaction
initiation [92]. The shortest lifetime of these intermediates is normally limited by the cooling rates
for the particular crystal morphology and activation energy barriers involved in the initiated reaction
[93]. Low temperatures can be used to increase lifetimes/decrease reaction rates and to accumulate
or ‘cryo-trap’ an intermediate state (chapter 3). However, cryogenic structure determination methods
can introduce artefacts caused by non-physiological temperatures or alter the reaction pathway [94].
While the vast majority of structures obtained are static/steady-state structures, cryo-MX remains an

important tool for studying dynamics in proteins.

With modern synchrotron sources and detectors cryo-MX involves rotating flash-frozen crystals, mounted

12
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Cryo-Stream

Detector

X-rays _
Mounting

Loop

Figure 1.3: Cryo-macromolecular crystallography data collection. A crystal mounted in a loop is aligned and

rotated. diffraction images are collected on the detector.

in nylon or polyimide loops, through a monochromatic (AE/E ~ 107* [43, 44]) X-ray beam whilst
continuously acquiring images every 0.1-1° of oscillation with around 10 ms of exposure depending on
the X-ray flux and crystal space group/unit cell size (figure 1.3). A cryostream is used to keep the
crystal at 100 K during the measurement to prolong the crystal’s lifetime and minimise the effects of
radiation damage [95, 96]. Constructive interference of X-rays diffracting from the periodic crystal
lattice leads to intense Bragg peaks also known as reflections. The intensity of these peaks is measured
and indexed against possible space groups and unit cell dimensions. Symmetry equivalent intensities
are then scaled and merged to determine the overall intensity of reflections from individual Bragg
planes (hkl). These are converted to structure factors from which the electron density of the protein is
determined from the phased Fourier transform. As the phases of the intensities are not measured they
must be inferred with specific phasing experiments or, more commonly, with molecular replacement
methods [97]. Overall, the time to collect a full dataset using a single crystal cryo-MX is on the order
of a minute. For most reactions, this is far too slow to resolve useful rate dependant information even if

the effects of radiation damage caused by multiple collections can be outrun.

1.3.2 Time-Resolved Serial Femtosecond Crystallography

With the development of hard X-ray FELs, the field of serial femtosecond crystallography (SFX)
has emerged [36, 60]. In SFX, single XFEL pulses are used to obtain stationary (also known as
partial) diffraction patterns from liquid samples containing high densities of randomly oriented mi-

cro/nanocrystals.

The still images acquired in serial crystallography means that for a given miller index (of indices h,k,l)

the full reflection intensity is not measured. This is known as the partiality problem and occurs because

13
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a single X-ray exposure of a stationary crystal can only access a thin slice of the Ewald sphere through
the Bragg condition [98, 99]. The inherent crystal mosaicity contributes to each reflection having a
finite ‘volume’ in reciprocal space [100]. This is dissected when using monochromatic radiation which
means the reflection intensity may be only partially measured. In cryo-MX measurements, rotation of
the crystal avoids this problem and allows for the measurement of full reflection intensities. In serial
crystallography this problem is solved by making highly redundant measurements across large numbers
of crystals. Sample injection randomly orients crystals (following a Poisson distribution) meaning
adequate sampling of each crystal orientation and therefore reflection intensities can be achieved with
the collection of a large enough number of diffraction patterns. A Monte-Carlo approach can then be
used to integrate and merge the final hkl intensities as well as estimating associated errors (section

1.4.1) [101, 102].

In SFX, each X-ray pulse is well beyond the tolerable dose of the sample so each diffraction snapshot
originates from a new crystal. This means the effects of radiation damage are limited to processes
occurring on the ~10 fs time-scale of the XFEL pulses [60]. In conventional crystallography, radiation
damage from X-rays involves the disintegration of crystal structure and specific chemical changes caused
by radicals [103]. As these processes occur on time-scales longer than the XFEL pulse duration, SFX
measurements can essentially outrun most radiation damage effects [104]. However, in proteins with
heavy atoms [105, 106], or when using excessively high X-ray fluxes [107], a significant population of
atoms can be photoisomerised which can lead to specific or global damage on the timescale of the XFEL
pulse [108]. To suppress these effects, either shorter XFEL pulses can be used (ideally shorter than the
Auger decay lifetime of carbon, around 10 fs [109]), and/or the X-ray energy density limited (ideally
to below 102 W /cm? for sub micron focus sizes [108]). Overall, for the study of light-atom proteins
with moderate XFEL beam intensities, SFX can be used to collect essentially damage free structures at

room temperature.

As SFX can generally outrun radiation damage, it is well-suited to determining structures from crystals
much smaller than is possible with cryo-MX (even with the development of microcrystallography [82]).
The intensity of a Bragg peak from a diffracted X-ray beam (Igpet) is approximately proportional to
the product of the X-ray beam intensity (Igeam), crystal volume (Vxrar), magnitude of the structure

factor (|Fpi|) and unit cell volume (Veen) [110]:

Vxrar
ISpot X IBeamVTu?hkl‘
Cell

This means that for small crystals, more intense X-ray beams are necessary to make high signal-to-noise
measurements, especially if the unit cell size is large. However, in cryo-MX, smaller protein crystals
are damaged within fractions of seconds which prevents the collection of usable data [84, 111]. This

problem is especially exacerbated for membrane proteins which often crystallise in multimeric unit
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cells with very large sizes [112|. SFX is therefore one of the only viable methods for determining the

structures of these types of crystals.

Dynamics can be studied using time-resolved SFX (TR-SFX) where measurements can be made
analogously to flash photolysis [113], using optical excitation as a ‘pump’ followed the hard X-ray
diffraction as a probe. By varying the delay between the pump laser and the XFEL, structural snapshots
at different time-points can be collected to build up a ‘molecular movie’ of the reaction being studied. A
range of time-delays can be collected at XFELs. For sub 1 ps measurements, there is an inherent jitter
between the synchronised optical laser and X-rays which limits the temporal resolution. This is due to
the stochastic nature of the SASE operation mode. Depending on the facility, this jitter can have a
bandwidth between 0.1 - 2 ps [57, 64, 114], much longer than the ~100 fs optical pump pulses [115]
and ~30 fs XFEL pulse [114]. Delays are corrected using a timing tool which measures the relative
arrival time for each pulse and allows binning of diffraction patterns into sub-datasets (summarised in
section 4.2.4). Longer delays from 1 ps - 1 ns can be set using optical delay stages but do not require
binning using the timing tool. Delays from ns - s are not practical to achieve using a delay stages so
are normally obtained by offsetting the phase of the laser synchronisation signal [115]. Delays beyond
the repetition rate of the XFEL (8.3 ps at LCLS) require highly controlled injection rates so samples

can be illuminated before they have transited into the interaction region [116].

Sample Delivery Methods in Serial Femtosecond Crystallography

Sample delivery remains the largest bottle-neck in SFX experiments. Crystals need to be deliv-
ered at a rapid exchange rate with high stability, to maximise hit-rate whilst minimising sample
wastage/consumption. A majority of early SFX experiments used liquid jets, in part because this was
one of the only methods which is compatible for injection into the vacuum chambers which is necessary
at the CXI end station as the detector only operates in vacuum [117, 118]. Rayleigh liquid jet injection
involves the flow of a dense crystal suspension (~107 crystals/ml) through a thin (50-200 pm inner
diameter) glass capillary at high flow rates (10-200 plmin~!). This forms thin focus with diameter
20-50 pm [119]. The gas dynamic virtual nozzle (GDVN) improved on the Rayleigh jet by using a
flow of Helium around the internal capillary to focus the sample to around 10 pm [120]. This better
matches the XFEL beam size, lowering background scatter and sample consumption rates. Further
developments of liquid jets include double flow-focusing nozzles (DFFNs) which adds a second external
sheaf of ethanol between the sample and helium. This further focuses the sample jet, improves stability
and can reduce sample consumption by up to an order of magnitude compared to GDVN [121]. Jet
methods typically cannot be used for delays beyond 100 ps as the flow rate has to be constantly adjusted

to maintain stability meaning the pump laser must be aligned at the interaction region.

Droplet injectors are similar to jet methods in terms of sample densities but they have much lower
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Figure 1.4: Droplet and jet injector methods typically used at SACLA and LCLS for time resolved serial

femtosecond crystallography experiments.

sample consumption rates. Instead of a continuous stream of the sample, droplet injectors use acoustic
actuators to eject single droplets in time with the arrival of the XFEL pulses [122, 123]. The properties
of the droplets can be varied by changing the amplitude of the acoustic wave which propagates through
the sample that forms the droplet. This can be used to change the droplet shape/thickness for optimised
hit rates/minimised background scatter. The lower sample consumption rates mean that samples with

lower expression yields become viable targets.

More recently, fixed target sample injection systems have been developed for use in SFX measurements.
These delivery systems use a ‘fixed’ medium which is loaded with crystals and translated through
the XFEL beam using stages. There are several variants [124-126], but here we will focus on the
one developed by Owen et al. [127]. In this fixed target system, a dense (~10% crystals/ml) crystal
suspension is spread over a silicon chip with lithographed openings around 10x10 pm in dimension.
Removal of crystal mother liquor traps the microcrystal in the holes while a stepper motor is used to
probe each opening. This method has a much lower sample consumption rate than liquid jet injection
and can achieve up to 100 % hit rates with spectral mapping of successfully loaded wells prior to
injection [128]. Additionally, a hit-and-return method has been developed which allows excitation in a

pump ‘run’ and followed by return to probe at set delays [129, 130].

Viscous jet methods involve re-suspension (or growth) of microcrystals in a lipidic cubic phase (LCP)
such as monoolein [119]. For membrane proteins, LCP can be the only stable medium for crystalli-
sation/injection [131]. The high viscosity of the LCP suspension can be loaded into a syringe for

sample delivery. This allows much slower extrusion speeds than similar liquid-jetting methods which
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significantly reduces sample consumption. Overall, sample consumption per structure can be very
high in SFX experiments. Per a structure, liquid jet methods typically require tens of mg of protein
samples, whilst fixed target and viscous injection require sub-mg [132]. Droplet injectors lie in between
- requiring close to 1 mg of protein per structure [122]. However, currently, only liquid jet methods are
suitable for high vacuum environments (such as those at the LCLS CXI end-station) and use at MHz

repetition rates such as those at the EuropeanXFEL.

1.3.3 Time-Resolved Serial Synchrotron Crystallography

Improving synchrotron technology with higher spectral-brightness [51] and faster-frame rate detectors
[133] have meant it is possible to make time-resolved serial synchrotron crystallography (TR-SSX)
measurements using broadly the same methodology as TR-SFX: the collection of X-ray diffraction
snapshots before the rapid onset of disorder and radiation damage [36, 104]. Serial crystallography
experiments at synchrotrons can use the injection methods established at XFELs for sample delivery
[44, 79, 129, 134, 135], although generally liquid jets are not used as the transit times through the X-ray
focus is too quick and sample consumption rates are too high to justify. Although TR-SSX requires
much larger quantities of crystals compared to cryo-MX/conventional crystallography it allows room
temperature and therefore dynamic measurements in addition to lowering the radiation dosage per

crystal which is useful for damage sensitive samples [136].

Single synchrotron pulses are not intense enough to give measurable diffraction patterns when using
undulator /monochromator combination installed at most MX beamlines. Instead, detectors are normally
electronically gated over nanosecond time-scales at millisecond repetition periods for data collection
and the synchrotron beam is considered essentially a CW X-ray source. This limits the time-resolution
of TR-SSX measurements to the millisecond domain. Initially, it was thought that much higher
multiplicity would be required compared to SFX measurements as the energy bandwidth is lower at
synchrotron beamlines (AE/E ~ 10~%) compared to XFEL (AE/E ~ 1073) [79]. It was thought this
may increase the partiality problem meaning SSX would require much higher multiplicity compared to
SFX [137]. However, the first SSX experiments have shown this is not the case, potentially as crystals
can translate/rotate over the longer exposure times [138|. This means statistics typically converge with
around 10,000 indexed images, as with SFX. Laue beamlines that produce polychromatic X-ray beams
can achieve higher time resolutions (up to 100 ps [44, 139, 140]) and require fewer indexed patterns for
convergence [44], but are not as widely available as monochromatic beamlines. One of the attractions
of TR-SSX is the ease at which traditional crystallography beamlines could be retrofitted with fixed
target systems for TR-SSX experiments.

Typically, a protein crystal will absorb around 2% of X-rays photons primarily through the photoelectric
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effect (1.5%) and Compton scattering (0.15 %) [141]. This absorbed energy leads to stronger thermal
vibrations as well as chemical reactions caused by the generation of radical species which propagate
further through the crystal lattice at higher temperatures [142, 143]. In TR-SSX measurements, crystals
are singly exposed to the X-ray beam for around 10-20 ms. This short exposure reduces the overall
radiation dosage required to collect a structure by around an order of magnitude compared to cryo-MX
or multi-crystal averaging techniques (the combination of partial rotation datasets) [85]. However, at
room temperature, crystals have significantly lower tolerable dose limits (around two orders of magnitude
lower) than crystal at 100 K [141, 142|. As TR-SSX is a relatively new technique, understanding the
net effects of this trade off is not clear and is an ongoing research topic. D. Mora et al. [144] recently
suggested that room temperature crystals in SSX measurements should not exceed an average radiation
dosage of 0.2 Gy for damage free data collection. This corresponds to X-ray exposure time of 20-30 ms
for a 3 pm cubic crystal using microfocus beamlines with no X-ray attenuation [43, 51]. As data of
sufficient signal to noise can typically be collected using dosages of around 0.1 Gy, TR-SSX seems like a
viable technique for low-dosage crystallography measurements. The thermal effects of X-ray induced
heating in TR-SSX are currently less well understood. The thermal coupling of crystals to their sample
environment is not as clear and varies for different injection techniques. In chapter 5, the heating
effects of TR-SSX are explicitly investigated and derived from the kinetic behaviour of protein crystals

exposed to X-rays.

1.4 Analysis and Interpretation of Time-Resolved Crystallography
Data

The merging of measured intensities and conversion to structure factors has become essentially automated
for simple cryo-MX experiments. By comparison, the processing of serial crystallography data, is much
more demanding, partially, as the software tools are less mature but also as large volumes of data are
collected (typically ~240 Gb of raw data per a structure). Furthermore, in time-resolved experiments,
analysis is often complicated, due to the heterogeneous populations of intermediate/ground-state
structures that need to be properly analysed. In this section, an overview of the data processing and

analysis techniques used in time-resolved crystallography experiments is presented.

1.4.1 Data Analysis in Serial Crystallography

As only a limited number of frames collected in serial crystallography experiments contain Bragg peaks,
one of the first steps in processing is to perform hit-finding. Ideally, this is done in real-time to provide
feedback for sample optimisation during the experiment. Data-rates in SFX experiments can be as
high as 720 Mb/s (LCLS at 120 Hz) which would make indexing all images very slow/computationally

expensive. As a result, hit-finding can also be used to filter images for indexing which is also useful for
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reducing disk space and required computation time for processing of diffraction patterns. A number of
programs have been designed for hit-finding/pre-processing images (section 4.2.5): Cheetah [145], OnDa
[146], psocake [147] and CASS [148]. As well as hit-finding, these programs can correct for detector

and experiment artefacts with detector masking and background subtraction.

For indexing and integration of the images, there are currently two main software suites: CrystFEL,
developed mainly by T. White and co-workers [102], has a number of options for indexing algorithms:
MOSFLM [149, 150], DIRAX [151], XGANDALF [152], XDS [153], FELIX [154], TakeTwo [155] and
pinkindexer [156]. DIALS, developed mainly by N. Sauter and co-workers [157], is built upon the
computational crystallography toolbox (cctbx) [158] and uses cctbx.spotfinder [159] and specific still
indexing algorithms [157, 160]. Both programs have options for merging with or without post-refinement

of partialities (section 4.2.5).

After pre-processing, the first step in data analysis is indexing. Indexing assigns the crystal orientation
and unit cell size to each image. Ideally, prior knowledge of the space group and approximate unit
cell size is known from cryo-MX measurements which can be used as a starting point. To achieve
reliable indexing, the location of spots on the detectors must be known accurately in 3D space. As SFX
beamlines are highly configurable they often use custom detectors which can change in configuration
between experiments. For example, at the CXI end station at LCLS, the CSPAD detector is made of
32 individual detector panels which are replaced periodically as they are damaged [117]|. As a result,
geometry optimisation of the detector distance, and relative location of each detector panel must be
refined for accurate indexing. Both CrystFEL and DIALS have built-in functions for this purpose
[161-163].

The final step of processing is to integrate/merge the indexed Bragg peaks. As mentioned above, a
Monte Carlo method is used to approximate the solid angle integration. In both CrystFEL and DIALS,
there are also a number of options for post-refinement. Post-refinement involves the re-refinement of
the geometry/unit cell for each image within the context of the final distributions of these indexing
parameters. This can be used to overall improve the final merged data merging statistics [164]. During
this step, data quality metrics are calculated for the overall dataset (detailed in the next section). If
the data quality is sufficient then the structure factors can be calculated and phased. The best method
for analysis light-induced structural differences in time-resolved crystallography data is using Fourier
difference maps (section 1.4.3). In chapter 4, a pipeline for systematic data analysis of TR-SFX data is

presented with exact details of the data analysis steps.
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1.4.2 Metrics for Data Quality Assessment

Macromolecular Cryo-Crystallography

In cryo-MX data collection one of the main indicators of the quality of data is assessment of the
residual, Rierge Parameter (sometimes denoted Rgym) which measures the spread of n independent
measurements over each hkl reflection for each reflection intensity, I;(hkl) around the mean/merged

intensity, (I;(hkl)) [30]:
R _ Dohkt 2oimy Hi(hkD) — (1i(hkD))|
e 2 hkt 2im1 Li(hkL)

More consistent data will have a lower Rierge. However, Rierge may increase with higher redundancy

as each individual reflection influences the overall average intensity. Hence, Diederichs & Karplus [165]

introduced the metric Rineas, which adjusted Ruerge by a factor of y/n/(n — 1) to normalise against

n
Rmeas = Rmerge“ m

Typically, overall values below 0.1 are considered good although it is typical to calculate Rierge /Rineas

multiplicity:

by resolution bin and discard bins above 0.6-0.8 [166]. Another important metric for interpreting
data quality is the signal to noise ratio (SNR). This is calculated as the overall average of the merged
intensity for each reflection divided by the merged error ((o7)):

SNR = < (L) > (1.4)

<01i>

Generally, a signal to noise cut off of around 2.0 is desirable. However there are variations in how values
of oI are estimated which can make comparison of SNR unreliable in cryo-MX [166]. More recently, a
measure known as CC* has been introduced which calculates a Pearson correlation coefficient between

two halves of the data set (CCyp) [166]:

2CC
CCx — | =212
14 CCl/Q

For evaluating the accuracy of refinement, the fit of model coordinates can be assessed with the residual

R factor between the observed (Fops) and calculated (Feaic) structure factors:

R _ it [Fobs (hkl) — Feae(hkD))|
Work/Free thl Fobs (hkjl)

Where work /free refer to sets of structure factors known as the 'working’ - those used in reciprocal space
refinement (normally 90-95% of the entire set) or the ‘free’ - those not used for refinement (normally
5-10% of the set). The use of free structure factors helps reduce model bias. The appropriate values for
Rwork/Free depend on the resolution of the data, but typically below values below 0.25 are considered

good.
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Serial Crystallography

As serial crystallography data is collected and analysed in a very different way to conventional
crystallography data, some of the metrics used to evaluate data quality are no longer appropriate. For
example, Ryjerge depends on the variance of the measured reflection intensities which is naturally large
in serial methods, even for high-quality data. Instead the statistic, Rgpii¢ was introduced by White et al.
[102] as a figure of merit for assessing the merged quality of serial crystallography data. The consistency
of the data is measured by splitting the intensities in two halves with ‘odd’ and ‘even’ reflection indices.

The Rgpiit residual is defined as:

Zﬂ ‘Ieven - Iodd’
Rspir = y_ V2
Split % 321 Teven + Toda)

Which will ideally be close 0. The SNR is also calculated differently in serial data. As only partial
reflections are measured, the SNR for each reflection cannot be calculated based on the standard
deviation of all the measured reflections (as expressed in equation 1.4). Instead the error of each

reflection measurement is calculated from the Monte Carlo integration as: [36]:

2 Lspot (REL) — (I(hkL)))
o =
Npi

Based on the number of reflection observations (Npg;). This is then used to calculate overall SNR
as usual. Given adequate spot intensities (Igpot), but a low number of measurements, the SNR will
strongly depend on the number of reflection observed. Hence, the SNR should be interpreted cautiously

if too few reflections have been measured for a given resolution shell [102].

1.4.3 Fourier Difference Maps

In time-resolved crystallography, the observation of light-induced structural changes are limited by the
population transfer size (the photolysis yields) and the size of the real-space atomic displacement. This
means that differences are small and not easily analysed by directly comparing superposed refined-
structure-coordinates. Isomorphous Fourier differences allow a more sensitive comparison of structures,
especially in the case of partial occupancies. To compare two structures, ideally, it would be possible to
directly calculate the difference electron density (DED) (Ap) of dark (ppaerk) and light-excited (prighs)
species. This is equivalent to taking the differences in the Fourier transform of the complex structure

factors (F):
Ap = FT{F‘Light} - FT{FDark}

Where the complex structure factors (F;) can be expressed in terms of their phases (¢;) and amplitudes(F;):
Fy =| F; | exp (i¢)

However, as the excited-state structure is normally unknown it is difficult to provide accurate phases

for the light-state. If the light-induced structural changes are small in atomic displacement, then the
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Figure 1.5: Complex plane of the structure factor triangle for light induced structural difference calculation.

phases for the dark and the light structures will very close and so are approximated as: ¢park = @rLight-

This gives the equation for finding isomorphous differences as:

AP = FT{(‘ Fobs,Light | - | Fobs,Da’/‘k’ ’) eXp (iqbcalc,Dark)} = FT{AF €Xp (igbcalc,Dark’)} (15)

Where subscript ‘obs’ indicates observed structure factors and ‘calc’ indicates values calculated from
the model coordinates. Given uncorrelated phases between two conditions, the difference structure
factor magnitude (AF = Fps Light — Fobs,Light) Will account for only half the true value [167] (figure
1.5) which means this approximation can underestimate the magnitude of real-space structural changes.
However, as the light and dark structure phases are generally highly correlated, the difference structure
factor magnitude using dark phases should be close to the full magnitude using the difference phases.
There are cases where, in single crystals measurements (cryo-MX), this approximation does not hold.
For example when comparing crystals with large unit cell variations or in proteins which undergo vey
larger conformational changes where the new state may have a significantly different structure and
therefore phases (or unit cell size) [168]. In serial crystallography measurements the merged unit cell
size is calculated from the thousands of crystals so is normally very consistent between conditions.
Additionally, in this thesis, the light-induced structural changes only effect a small number of atoms,

meaning this phase approximation hold (although this is discussed in more detail in section 4.3).

Scaling

Structure factor differences occur due to real atomic displacements but also due to systematic (local),
random and overall (global) discrepancies. In cryo-MX this can be due to different quality /sizes of
crystals as well as differences in experimental setup such as X-ray intensity or detector defects. In serial
crystallography analysis (using CrystFEL), different data conditions are merged and scaled separately

which can lead to different relative scales for reflection intensities, particularly if the redundancy differs
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across the datasets being compared. Therefore, to calculate accurate structural differences, scaling
must be applied to account for these variations [169, 170]. Global scaling ensures that the intensities
of both datasets are being projected onto the same overall intensity scale and involves fitting a linear
scale factor using the method of least squares [168, 169] or Wilson scaling [171, 172]. In general global
scaling follows normal probability analysis [169] to calculate a scaling factor, K, which minimises the

sum over reflections ¢ and j:

Z (F.0bs,Dark — K Fj.0bs,Light)

(1.6)
\/02 (Fi,Obs,Dark) + KQUQ(Fj7Obs,Light)

i)j

Where o2 represents the variance over the individual (i and j) structure factors.

Local scaling can account for different sensitivities in detector regions and variation in experimental
set-up between beamlines. Generally, local scaling calculates a scale factor, for individual subsets of
reflections, again minimising the sum in equation 1.6. As local scaling is based on smaller subsets
of reflections it is statically more prone to error. The decision to apply local scaling to a particular
reflection and area Fourier space is made by comparing the average systematic variation in local
scale-factors ((AK)) with the overall average random error for a dataset (6(K)). Specifically, when
(AK) > §(K) local scaling is applied [168].

Q-Weighting of Difference Structure Factors

Sources of noise in electron density are predominately due to poor quality phases as X-ray exposure
times/intensities are chosen to give accurate structure factor measurements [167]. However, there are
cases where statistical /random noise becomes significant and degrades the accuracy of structure factor
measurements. This can be due to bad segments on a detector (which are hopefully already masked
out) or from the reduction in structure factor intensities in the highest resolution shells. To account for
these errors, in conventional difference density maps, the largest AF values, beyond a set threshold are
discarded. In Q-weighted maps, given the determination of reliable o; (and corresponding o) values,
prior knowledge of the structure factor distribution [173| and error distribution [174] can be used to

improve the reliability of calculated difference structure factors.

This was first implemented by Ursby et. al [174, 175] who used the interpretation of Baye’s theorem
by French and Wilson [172] to improve the estimation of difference structure factor amplitudes
between two data sets. They assumed a Gaussian distribution of errors for each structure factor

and calculated a weight, w which should be applied to each individual (i) structure factor difference

(AF; = F Light — Fi Dark):
1
e 1.7
ws ) N AF,L-Q UQAFi ( )
(IAF])? ([Aoar])?

Where oaF, is the variance of the structure factors difference and (X) represent the mean values of
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a variable. The variance of a structure factor difference is calculated as mean of the light and dark

structure factor variance: O'QA = O'%_ Lions T 0%_ Dark’
(3 1,Light v, Dar

This weight is applied as wAF for each structure factor difference. This type of weighting is known
as Q-weighting. To produce the final DED maps the Fourier transform is taken over all calculated
structure factors. Q-weighting does not reduce the error due to poor quality phases, however, it is
particularly useful for the interpretation of small structural displacements at high resolution. It is

therefore the most effective was of resolving light-induced structural differences in crystallographic data.

Extrapolated Structure Factors

To relate difference density signals back to structural /chemical changes in the protein, extrapolated
structure factors and corresponding real space maps can be generated. A model can then be refined
to the real space map to give the best representation of the light-induced structure. To generate this
extrapolated map the difference structure factors, AF are added in a linear combination in multiples of
Ngxt to the calculated dark structure ,Fpg.x, to generate extrapolated structure factors, Fgx7. The
negative electron density around areas of interest in the protein is then integrated and extrapolated to
find the characteristic Ngxp value. The population transfer (PT) can then be approximated from the

NEXT value as PT = 2/NEXT'

1.4.4 Summary

Throughout this thesis, light-induced structural differences from a reversibly switchable fluorescent
protein are studied. CrystFEL is used to process serial crystallography data after and pipeline resulting
in the calculation of Q-weighted DED is developed for the analysis of TR-SFX data (section 4.3).
Q-weighted maps are used throughout for analysis of crystallographic data with custom-written scripts
invoking PHENIX [176] and CCP4i [177] modules for the calculation of structure factors, scaling and
the final DED generation. For the final interpretation of DED extrapolated structure factors and

density is generated to allow the modelling of light-state coordinates (section 4.3).

1.5 Ultrafast Spectroscopy

Some of the earliest ultrafast spectroscopy studies focused on biological processes. In particular,
the cis/trans isomerisation of the retinal chromophore was one of the first ultrafast spectroscopic
measurements made in the 1970s [14]. A picosecond component of the isolated chromophore was
measured and later related to the mechanism which drives vision in the protein bacteriorhodopsin in the
late 1980s [12]. Through the 1990s, commercially available lasers capable of generating ultrashort pulses
drove the development of ultrafast spectroscopy [113]. In particular, the technique of femtosecond

transient absorption (TA) is one of the most commonly used methods to investigate photolysis reactions
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on ultrafast timescales [178].

1.5.1 Infrared Transient Absorption Spectroscopy

Vibrational spectroscopy of proteins, in particular the interpretation of difference spectra can be used
to assign localised changes in chemical structure (conformation, redox state, bond angles, properties of
surrounding amino acids, hydrogen bonding environment) in proteins [179]. Steady-state vibrational
spectra are normally acquired using Fourier transform infrared (FTIR) spectroscopy while transient

spectra can be studied infrared transient absorption spectroscopy (IRTA).

In TRTA measurements, a small volume of sample is excited using an optical pump pulse to a higher
energy optical /vibronic excited state. A weaker, probe pulse, overlapped with this volume is then
used to measure changes in absorbance (AA) as a function of delay (T) and wavelength (\). Usually,
the pump pulse is chopped to half the frequency of the probe pulse and the absorbance changes are
recorded as the difference:

AANT) = ANT) — AN

TA measurements therefore yield an absorbance difference measurement as a function of wavelength
and delay which contains spectral information of the molecular processes occurring. Normally, the data
are fitted using global or target analysis to reduce the wealth of information into assignable spectral

components (section 1.5.3).

Signals measured in TA experiments can be characterised as a ground state bleach (GSB), stimulated
emission (SE) or excited state absorption (ESA) [180]. GSB signals are negative changes in absorption
relative to the ground state spectrum. Physically, they represent a reduction in the population of the
ground state species after it has been excited. SE are signals negative in AA that generally follow the
fluorescence spectrum and do not correspond to the ground state absorption (although the GSB and SE
bands can overlap). The origin of SE signals can be understood from Einstein’s treatment of a two-level
electronic system. The coefficients for spontaneous absorption/emission (Bj2/Bg1) are derived to be
equally probable. This means an excited system can emit a photon given the presence of a resonant
pulse (probe). This is observed as an increase in the probe intensity and therefore a negative A A signal.
ESA is observed from optically allowed transitions of the excited state species which were created by
the pump pulse. In cases where the GSB overlaps with the ESA, the excited state spectrum will not

resemble components of the steady-state spectrum.

After the excitation of a photochemical system, reactions can occur which lead to the formation of
photoproduct species. This will be normally be observed as a long-lived spectral component that
may be assigned to a corresponding ground /steady-state difference spectrum. In biological systems,

conformational changes are often driven by ultrafast dynamics [18], but the final product state may
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evolve more slowly (potentially on ms timescales). It is therefore important to characterise the evolution
of spectral components over the broadest delays possible to observe the product sate formation. The
time-bandwidth product (AtAv = 2in(2)/m ~ 0.44) for a Gaussian laser pulse limits the spectral and
temporal selectivity of pump/probe pulses in TA experiments. In the case of a 400 nm pump pulse of
80 fs duration, the transform-limited bandwidth would be around ~3 nm. This is more than reasonable
for investigating most ultrafast reactions and means that pulse lengths/bandwidths are not typically

the limiting factor in spectroscopy experiments.

1.5.2 Implementation of Ultrafast Infrared Transient Absorption

Modern-day TA setups can be broadly divided into two main categories depending on the repetition
rate of the fundamental laser pulse. High repetition rate systems generate low energy pulses (0.5 - 10
nJ at the sample) at rates in the range of 40-250 kHz [178]. Alternatively, low repetition rate systems
produce higher pulse energies (~100 nJ at the sample) as rates between 1-5 kHz [178]. In this thesis
(chapter 6), a 1 kHz Ti:Sapphire laser system was used to generate infrared probe light and visible
pump pulses. As a result, low repetition rate systems and vibrational spectroscopy will be the focus of

the following section.

In chapter 6, a Spectra Physics Spitfire Pro laser system is used to generate 70 fs 800 nm pulses. The
system generates the final 1 kHz, 4 mJ pulses through regenerative amplification of the pulses. Firstly,
a Maitai broadband oscillator (Spectra Physics) is used to generate a ~30 fs duration, 800 nm, 80
MHz pulse-train one of which is gated into the main cavity by a Pockel cell at 1 kHz as a seed pulse.
The seed pulses are too weak for performing spectroscopic TA measurements so needs to be amplified.
Efficient amplification is only possible using a technique known as chirped pulse amplification (CPA)
due to the extremely high instantaneous powers reached with femtosecond pulses [181]. The seed pulse
is stretched to ~100 ps duration before being focused into the Ti:Sapphire gain medium. Population
inversion is created in the Ti:Sapphire crystal by pumping with a 532 nm nanosecond Q-switched
Nd:YLF (yttrium lithium fluoride) Empower (Spectra Physics) laser. As the stretched seed pulse travels
through the rod it induces stimulated emission which reaches saturation after 10 passes. The pulse is
then re-compressed using a grating compressor to the final pulse length (70 fs) at a 1 kHz repetition
rate with 4 mJ of energy at 800 nm. Visible pump pulses can be generated from the harmonics of the
fundamental (400/200 nm) and/or from the output of an OPA (240-2600 nm). The mid-IR probe beam
(2-10 pm) in this system is generated from difference frequency generation (DFG) of the signal and
idler beams from an optical parametric amplifier (OPA) which are driven by the fundamental beam.

The exact details of the experimental setup are detailed in section 6.2.3.

The pump and probe pulses are focused and overlapped temporally and spatially in the sample. The
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pump energy is chosen to excite between 2-20 % of molecules to ensure a linear response to the pump.
The single measured pump-on/pump-off change in absorption (AA) is generally not of high-enough
signal to noise quality in IRTA. This is due to fluctuations in the pump and probe intestines and caused
by imperfections in the sample as it is translated during the measurement [182]. To increase the signal
to noise of the overall measurement, typically, a few thousand absorption difference measurements
are made for each time-point and averaged. Normally, around 100 pump-probe delays are collected
between from negative pump-probe delays to nanosecond delays. The final measurement output of a
TA experiment is a 3-dimensional vector of delay, wavelength and averaged change in absorption. As
the first step, a background subtraction is made using the earliest negative time point. This corrects
for signals caused by accumulative averaging [183] and long-lived photoproducts caused by pump
scatter /overlap with the previous pulse. A dispersion correction (usually a polynomial of 2nd degree)
is applied to correct for temporal chirp the probe. In IRTA measurements the probe pulse normally
requires very little chirp correction (first-order correction around 0.1 psnm~!). The temporal resolution
of an experiment is limited by the convolution of the pump and probe pulses which is known as the
instrument response function (IRF). The IRF is modelled as a Gaussian function and is fitted for each

wavelength, as described in section 1.5.3

1.5.3 Data Analysis

Global fitting of spectroscopy data provides a convenient way to reduce the dimensionality of spectroscopy
data into time-dependent components as a function of wavelength [184, 185]. Van Wilderen et al.
developed the ultrafast fitting toolbox [186] for analysing spectroscopy data. The toolbox has options
to perform chirped pulse (dispersion) corrections, fitting of the IRF, global /target analysis and singular

value decomposition of spectroscopy data.

Chirp correction for the central arrival time (u) is fitted using a polynomial to the n'" order with

coefficients (p;), around time-zero (f9) and a central wavelength (A.)[186]:

p=to+ (M)

After chirp correction, the IRF can be fitted around the central pump arrival time. This is fitted

assuming the Gaussian pump pulse induces a response of exponential decay|186]:

IRF = %GXP (k(u+%6t —t)) <1+erf<t_(\/}2—gtk(5tz)>>

Where 0; is the 1/e? of the IRF, k is the relaxation rate. Normally this is fitted around the signal at

time-zero which is referred to as the coherent artefact, coherent spike or cross-phase modulation [187].

In chapter 6, a sequential non-branched model is invoked to globally fit the ESA and GSB evolution of

visible-pump IR probe TA. This meant data was fitted with a single connectivity assumption where
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one species evolved into another (i.e. A— B —C — ...) which was appropriate given the unimolecular

reaction of chromophore isomerisation being studied.

A sequential model involves the fitting of n components to make an idealised description of the entire
dataset as a function of wavelength and delay (WU(A,T)) [186]:

TOLT) =3 A(A) exp <_(t_“1)> (1.8)
=0

Ti

Where the A; is the amplitude and 7; is the lifetime (reciprocal rate constant) for each evolution-
associated difference spectra (EADS). The number of components required to describe a dataset is best

chosen by evaluation of singular value decomposition (SVD).
M =UzV'

Where M is the nxm matrix of time dependent data, 3 is diagonalised matrix orthogonal to U and
V, which are the left and right singular vectors on the time and spectral domains of dimensions nxm
and mxn respectively. Generally, the number of SVD components is increased until the left and right

singular vectors start to show noise and/or loose physically relevant structure.

1.5.4 Multi-Pulse Experiments

In some cases, pump-probe experiments are not definitive in determining the dynamics of a system.
This can be due to complicated connectivity schemes which occur when a system has multiple decay
pathways. In these cases, additional pulses can be included in the pump-probe scheme to help assign
the pathway between states [186, 188]. In this thesis (chapter 6), a pump-dump-probe (PDP) scheme,
sometimes referred to as stimulated emission pumping, is used to obtain a kinetic trace which assigns
the excited state behaviour of a reversibly switchable fluorescent protein. In PDP TA, an additional
dump pulse is introduced at a chosen delay (7) relative to the pump pulse pulse. The dump wavelength
is chosen to induce stimulated emission from the excited state (i.e. dump the population) whilst,
ideally, being non-resonant with the ground-state [189]. In this case a double-difference spectrum can
be calculated:

AAANT,7) = Appp(\, T, 7) — AApp(\,T) (1.9)

From the measured changes in absorption of the pump-probe (AApp) and pump-dump-probe (AAppp)
respectively. The double-difference absorption represents the response of the system to the dump
pulse. It can be globally-fitted equivalently to pump-probe TA and the resulting spectral components

interpreted.
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1.6 Thesis Outline

In this thesis, reversible switchable fluorescent proteins are studied using TR-SFX, TR-SSX, cryo-MX,
UV /Vis spectroscopy, FTIR spectroscopy and IRTA spectroscopy. In chapter 2 existing RSFPs are
engineered to improve their steady-state visible spectral behaviour and crystal stability to create a
favourable sample for study with ultrafast spectroscopic/crystallographic techniques. Two proteins
named rsKiiro and JvT75 are brought forward. Chapter 3, investigates the steady-state structures of the
rsKiiro using cryo-MX methods which directly supports the work of chapter 4 where ultrafast TR-SFX
measurements using a multi-pulse excitation scheme (pump-probe and pump-dump-probe) investigate
the ultrafast response and structural assignment of excited state proteins in ultrafast crystallography.
In chapter 5, a 10 ms pump-probe delay is collected using TR-SSX. The effects of X-ray induced
heating are then investigated by comparing population transfer measured in the crystal structures
with flash-photolysis spectroscopy yields. In chapter 6, ultrafast vibrational spectroscopy is used to
determine the early steps in isomerisation events of rsKiiro. Finally, chapter 7 investigates ground state

conformations of the protein JvT'75 using steady-state FTIR spectroscopy and TR-SSX.
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2 Development of Reversibly Switchable
Fluorescent Proteins for Ultrafast Spec-
troscopy and Crystallography Experi-

ments

Reversibly switchable fluorescent proteins are a subset of fluorescent proteins which have been engi-
neered to allow reversible photoconversion between a strong and weakly fluorescent state. Targeted
mutations to wild-type fluorescent proteins can alter photochemical behaviour and affect a range of
characteristics from folding efficiency and crystalline stability to expression yields in E. coli. Mutage-
nesis is, therefore, a tool that can be used to control the attributes of fluorescent proteins to permit
ultrafast crystallography (and spectroscopy) experiments. The aim of this chapter is to introduce
the reversibly switchable fluorescent proteins studied in this thesis and show the development of
new proteins with suitable characteristics for time-resolved crystallography experiments. A range of
mutations was introduced to the fluorescent proteins Skylan-NS [2], Thermal Green Protein [190],
rsTagRFP [191] and rsEGFP2 [192] to improve their photoconversion rates, crystallographic resolution
and expression yields. Two mutants of Skylan-NS were found to show the highest switching rates

in combination with excellent crystallography and were selected as ideal systems for further experiments.

Note to the reader: In this chapter mutants were designed by J. van Thor. Mutagenesis, transfor-

mation, expression and purification was done by V. Cordon-Preciado and K. Maghlaoui.

2.1 Introduction

Fluorescent proteins (FPs) were first discovered in the form of the green fluorescent protein (avGFP),
from the jellyfish Aequorea Victoria in 1962 [193]. In 1994, avGFP was used as a marker for gene

expression [194] and has since been developed as a non-invasive, in vivo, reporter and biosensor for
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measurements of numerous properties of biological systems [195]. Since its discovery, site-directed
mutagenesis of avGFP has led to an array of variants with different absorption and emission spectra
[196] as well as enhancement of the fluorescence quantum yields for easier detection in bio-functional
expression assays and fluorescent microscopy measurements [197]. Following the isolation of GFP, many
other FPs have been discovered. A majority of these can be split into two families: those originating
from the taxonomic classes of Hydrozoa (jellyfish) or those emanating from Anthozoa (corals and sea
anemone). FPs originating from both families share similar secondary-structure properties, seen in
figure 2.1: an 11-stranded S-barrel with a central a-helix. The chromophore is bonded to the alpha-helix
and is formed during folding from the oxidation of three amino acids, in a process known as maturation
[195]. Most Hydrozoa and Anthozoa proteins are 220-240 residues in length with the chromophore
tripeptide motif occurring close to residue numbers 62-65. Figure 2.2 shows the relative distance of
residue number to the chromophore for two different proteins, Skylan-NS [2] and avGFP [190]. For the
Anthozoa-type proteins studied in this section residues: 58, 61, 65, 66, 72, 89, 91, 105, 142, 173 and 212
all sit within 3 A of the chromophore. Therefore, mutations to these residues are likely to affect the

photochemical switching behaviour.

(a) Green fluorescent protein (1IEMA [198]) (b) Skylan-NS (50QE [1])

Figure 2.1: Chromophore (yellow and blue) and secondary structure (purple and grey) of two fluorescent
proteins from (a) Hydrozoa (GFP) and (b) Anthozoa (Skylan-NS) origin. Both chromophores are in the cis
conformation. The 11 stranded (8 barrel structure of GFP is noticeably wider than the Skylan-NS variant but

otherwise, the structures are very similar with an « helix holding the chromophore in the centre.

FPs that undergo photochemical reactions are broadly known as photo-transformable fluorescent
proteins (PTFPs). PTFPs can be split into classes describing their photo-induced behaviour. Following
the definitions set out by Adam [199] we define three main categories of PTFPs: photoactivatable
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Figure 2.2: Contact map showing distance (shown by the colour bar) of the C,, in each residue (residue number)

to the Ca of the chromophore for Skylan-NS and TGP.

fluorescent proteins (PAFPs), photoconvertible fluorescent proteins (PCFP) and reversibly switchable
fluorescent proteins (RSFP).

Photoactivatable fluorescent proteins (PAFPs) are those which undergo an irreversible transition from
a dark (non-fluorescent /off ) state to a fluorescent state. This transition is normally associated with
the cleavage of a covalent bond which leads to a change in the protonation state of the chromophore
[200]. One of the first examples of a PAFP was photoactivatable-GFP which undergoes a decarboxylate
reaction upon excitation which shifts the equilibrium of the chromophore’s protonation state to an
anionic and highly fluorescent state [201]|. Techniques such as photoactivatable localisation microscopy
(PALM) [19] rely on the irreversible activation of PAFPs to obtain super-resolution images. In PALM,
a small concentration of PAFPs are activated with a weak pump source. Fluorescence imaging of the
activated proteins is then carried out until substantial bleaching has occurred. This process is then
repeated with numerous switching/bleaching cycles to localise single molecules at a resolution beyond

the classical airy disk diffraction limit.

Photoconvertible fluorescent proteins (PCFPs), irreversibly transition from a highly-fluorescent state to
a shifted absorption/emission wavelength. The transition normally involves chemical changes to the
chromophore. For example in EosFP [202], a green-red PCFP, 400 nm excitation leads to autocatalytic
dehydration of the chromophore backbone. This extends the chromophore’s conjugated m-electron
system which leads to an irreversible redshift of around 75 nm of the absorption/emission peaks
[202, 203|. PCFPs have found use in tracking applications. Photoconversion can be localised to one

area of a sample in vivo and images acquired to track the motion/movement through a sample over

time [204].

Reversibly switchable fluorescent proteins (RSFPs) are a broad class of PTFPs where the fluorescence
can reversibly be switched on or off through a photochromatic reaction often involving the cis/trans

isomerisation and protonation state change of the chromophore. In both Anthozoa and Hydrozoa type
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(a) Cis Neutral (b) Trans Neutral

Figure 2.3: Skeletal Structure of the HBDI chromophore in the cis and trans neutral states.

RSFPs the chromophore is formed from an autocatalytic condensation reaction during folding which
creates the 4-hydroxybenzylidene-1,2 dimethylimidazolinone (HBDI) chromophore [195, 205], seen in
figure 2.3. The HBDI chromophore undergoes isomerisation around the carbonyl methyl bridge («
carbon) when switching between the cis and trans isomers. There are two subdivisions of RSFP: most
common are those considered negative-switchers which are most stable in the fluorescent/on-state.
Positive-switchers show inverted behaviour and are most stable in their off/dark-state. Dronpa [206]
was the first discovered RSFP. It was engineered from a wild-type protein found in the Echinophyllia
sp. SC22 (Stony Coral). Dronpa is a negative-switcher meaning it is most stable in the fluorescent
state and switches off under illumination (with 500 nm light). The off-state strongly absorbs at 400 nm,
100 nm blue shift compared to the maximum of the on-state. To date, Dronpa has been utilised in
numerous cell-biology and microscopy experiments due to its high fluorescence yields and monomeric
nature. RSFPs are not limited to emission in the green. Since the discovery of Dronpa, a colour palette
of RSFPs have been identified with emission wavelengths from 500-610 nm with excitation between

460-580 nm [207].

Of the 811 entries in the fluorescent protein database (fpbase [207]) only 32 exhibit RSFP behaviour.
The main use of RSFPs is in super-resolution microscopy techniques. The ability to switch fluorescent
states on and off has led to the development of techniques such as reversible saturable optical fluorescence
transition (RESOLFT) [208] and non-linear structured illumination microscopy (NL-SIM) [209] which
allow localisation of features beyond the classical diffraction limit. The mass-adoption of these microscopy
techniques has accelerated the development of new and improved RSFPs. A majority of super-resolution
microscopy techniques rely on stable photoswitching behaviour in terms of predictable bleach rates,
high contrast-ratios (ratio on to off fluorescence emission intensities) and high fluorescent yields to
maximise the accuracy of localisation. Most RSFPs have therefore been developed with these criteria

in mind [210].

To study RSFP switching mechanisms with TR-SFX on ultrafast timescales, photoproduct yields need

to be large enough for single femtosecond laser pulses to generate observable light-induced structure
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factor differences in photoactive crystals. As mutagenesis of amino acids can drastically alter the
behaviour of a protein it can be used as a tool to generate a target with the specific required properties
for TR-SFX measurements. In particular, existing sequence information from existing FP/RSFPs can
be used to optimise crystallography, photoproduct yields an expression yields. This section follows
the development of new proteins from several known FPs. The aim is to engineer a sample with the

following properties:

e A high primary quantum yield of switching: previous TR-SFX experiments on the protein Skylan-
NS [1] have suggested that a primary quantum yield of at least 10% is necessary to produce

observable changes [211].

e High expression efficiency and stability: sample delivery methods employed in SFX experiments
(section 1.3.2) can use around 0.3 grams of protein per a structure [27|. This can be extremely
resource-intensive to produce. Hence, high expression yields in E. coli are necessary to produce
enough material without a prohibitive amount of purification time for SFX measurements. In
addition, the protein must be stable enough to be stored for long periods and survive shipping
literally across the globe (in our case from London to Japan, California, Korea, Germany or

Oxfordshire).

e High quality and stable crystals with high symmetry: crystals must stable and of suitable
dimensions for injection (pm sized), diffract to high-resolution (ideally better than 2 A) and be
durable enough to withstand the forces exerted during injection. Furthermore, higher symmetry
space groups allow data of higher multiplicity to be collected with less indexed frames which

essentially allows structures to be collected to high completeness using less beamtime.

e High state homogeneity: some RSFPs such as rsEGFP2 [192] have been shown to not fully convert
with illumination [212]. This structural heterogeneity can make crystallographic and spectroscopic

analysis much more complex so is best avoided.

There are many potential target proteins for TR-SFX measurements, the most widely studied is Dronpa.
Extensive spectroscopic and theoretical studies have confirmed the spectroscopic contrast is caused by
the isomerisation of the chromophore from a deprotonated cis conformation to a neutral trans [213-215].
Recent ultrafast spectroscopic measurements have suggested the deprotonation occurs as a ground
state process [5, 7| as opposed to the previously reported excited-state proton transfer [216] which is
observed in GFP [217]. Crystals of the fast-switching mutant of Dronpa [206] have been found to lose
diffraction quality under illumination meaning they are not suitable for TR-SFX experiments [218, 219)].

In contrast, mutants of EosFP [202] another Anthozoa FP isolated from Lobophyllia hemprichii have
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been shown to photoswitch in crystal form. Mutants of EosFP, in particular, Skylan-NS [2], show good

potential for the development of a sample for TR-SFX experiments.

Similarly to Dronpa, in its unilluminated state, on-state, Skylan-NS shows bright fluorescence and
strong absorption (133,770 /M/cm) at 501 nm assigned to an anionic cis chromophore conformation |2].
Mlumination with 500 nm light drives photoconversion to a low-fluorescence state which most likely
corresponds to a meta-stable neutral-trans state with an absorption peak at 387 nm and a lifetime
of around 4 hours. The structure of both the cis and trans states of Skylan-NS have been obtained
using SFX to a resolution of 1.6 A [211]. However, preliminary experiments suggested the photoproduct
yield of Skylan-NS is too low to detect light induced differences in ultrafast TR-SFX experiments. This
has led to the development of an array of new mutants as detailed in this chapter. Comprehensive
mutagenesis analysis of GFP and GFP-like variants has been done by several authors [199, 220]. It is
not the aim of this chapter to comprehensively investigate the effect of each mutation made, the aim
and results of this chapter are to improve the photo-product yields and crystallography of Skylan-NS

and other similar proteins for use in ultrafast crystallography and spectroscopy experiments.

2.2 Methods

Table 2.1 shows the mutants developed since October 2017. Gene synthesis of these constructs and
cloning into the corresponding expression vector was carried out by GeneCust, transformed and
expressed in F.coli strain BL21(DE3) using the pET28a(+) plasmid (unless stated otherwise in table
2.1). Mutants were derived from Skylan-NS [221], thermal green protein (TGP) [190], enhanced
green fluorescent protein 2 (rsGFP2) [192], and a red fluorescent protein (rsTagRFP) [222|. During

Nickel-affinity purification spectra of fractions were collected to determine if expression was successful.

To establish the suitability of a mutant for TR-SFX experiments the samples were characterised in
three ways: steady-state kinetics, fs-flash photolysis (performed by C. Hutchison) and crystallography

trials.

UV /Vis steady-state spectra were collected as explained in detail in section 2.2.1, 1-2 ul of concentrated
protein solution was mixed to 100 pl of buffer to give appropriate optical density (OD) between 0.1-0.3.
Data was collected in three buffers at pH 10 (0.1 M HEPES, 0.05 M NaCl), pH 8.4 (0.1 M Tris-Cl,
0.05 M NaCl) and pH 5 (0.1 M MES, 0.05 M NaCl). A defocused 405 nm laser and a 450 nm LED

2

were attenuated to a power density of around 1 mW /cm®. As exact power densities were difficult

to determine Skylan-NS was used as an actinometrical calibration for each set of measurements to

calculate the relative rate of switching.

The pK, was measured by preparing ‘low salt’ buffers as mentioned above (HEPES, Tris-Cl and MES)
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in pH steps of 0.5 between pH 4-10. Around 1 pl of concentrated protein was mixed with 100 pl of
buffer at the selected pH and stationary spectra, as described in section 2.2.1, were acquired. The

Henderson Hasslebalch equation was then used to calculate the pK,:

pH = pK, + logyg <£ﬂ) (2.1)

Where [Off] and [On] are the normalised concentrations of the off and on-states. In this case, the

concentrations were normalised with the aromatic peak at 280 nm, and then the maximum peak height

of the on/off state.

The thermal recovery rate was measured at room temperature over 12 hours. A protein sample was
prepared at an optical density between 0.2-0.6 and converted to the off state using 500 nm light. Spectra
were then taken every minute for 12 hours to track the recovery back to the on-state. A spectrum was
taken before conversion (with the protein in the unilluminated state) to normalise the re-conversion

too. Parafilm was used to seal the cuvette to minimise sample evaporation.

Crystallisation conditions were screened using a PEG-ion screen with a TTPLabTech Mosquito crys-
tallisation robot, as explained in section 2.2.2. Sitting drop trials (section 2.2.3) aimed to produce
large (mm) single-crystals for cryo-MX structure determination whilst batch (section 2.2.4) conditions
were trialled to make crystal slurries at high enough crystal densities for serial crystallography and

spectroscopic ‘pancake’ measurements.

2.2.1 Ultraviolet / Visible Spectroscopy

An Agilent 8453 UV /Vis spectrometer was used to acquire spectra in the range of 200-800 nm at
a resolution of 1 nm. Background signal was subtracted from spectra taken with the buffer only in
a 100 pl, 1 cm path length cuvette (Hellma Quartz Suprasil Micro Absorption Cell 1.000). When
collecting kinetic data the sample was optimised to have a maximum absorption between 0.2-0.8. The
spectrometer acquired at a rate of 2 Hz with 0.5 for each exposure. A continuous-wave laser or LED
was used for illumination. Lasers were defocused and a mirror used to direct the at the sample. The
LED was mounted directly above the cuvette. First-order rate equations fitted the change in optical

density over time using MATLAB.

2.2.2 Mosquito Trials

Commercially available 96-well PEG /Ion screens (HR2-139 Hampton) were set up using a TTPLabTech
Mosquito crystallisation robot. Each well contained two droplets of different protein concentration.
For both positions, droplet volume remained the same but two different protein concentrations were
used. The robot was programmed to dispense a 2 nl drop of protein which was mixed with a 2 nl of

buffer solution. The PEG /ion screen varied in buffer composition through the different wells to find a
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stabilising condition to grow crystals. Once prepared the 96 well plates were stored in a 25°C incubator

and checked using a bifocal microscope every 3 days for crystal growth.

2.2.3 Sitting Drop crystallisation: 24-Well Plate Trails

24-well plates (Hampton Research) were prepared with micro-bridges placed at the centre of each well.
A miniature coverslip was adhered using vacuum grease to a miniature cover slide for sitting drop
crystallisation. A 2 pl drop of protein solution was placed on the coverslip and mixed with an equal
volume of crystallisation buffer. A further 1 ml of crystallisation buffer was placed in the well below.
The buffer composition was valued linearly over one axis of the plate, and protein over the other axis.

The plates were then incubated for several weeks at 21°C and checked periodically for crystal growth.

2.2.4 Batch Crystallisation

1 ml round-bottomed Eppendorf tubes were prepared with a final volume of 100 nl of crystallisation
solution. A 40 % solution of poly-ethylene glycol (PEG) in 0.2 M lithium sulfate, 0.1 M Tris-HCI at pH
8.5 was mixed with a low salt buffer (0.2 M lithium sulfate, 0.1 M Tris-HCl) and a small volume of
concentrated protein solution (typically above 50 mg/ml) in 0.1 M Tris-HCl. Once added, the protein
solution was well mixed with the crystallisation buffer using a pipette. The ratio of protein solution
to crystallisation buffer was varied and a low salt buffer used to maintain a constant final volume. If

available from other crystallisation trials, 1 pl volume of crystal seed solution was added.

2.3 Results

A summary of mutations made and their names is shown in table 2.1. Although many of the mutants were
successfully expressed, JvT67 JvI70, JvI73 and JvI76 showed either very low levels FP concentration
(below 10 mg/litre expression yields) or failed to produce any products with the expected FP spectra or
colour. This is possibly due to misfolding during expression or inhibited chromophore maturation [223].
Figure 2.2 shows the distance of each residue position to the chromophore in Skylan-NS and GFP. A
majority of mutations made in table 2.1 are correlated with positions that are close to the chromophore.
Mutants JvT71, JvT'74, JvT75, JvT77, JvT81 and JvI83 were all successfully expressed and purified.
Stationary spectra of the off and on-states were collected for each construct at three difference pHs,
shown in figure 2.5. A summary of peak maximum and absorption coefficients for each construct is

shown in Table 2.2.

Overall, 96-well crystallisation trials initially appeared to be successful for the TGP based mutants
which yield crystals in numerous wells. However, these crystals did not diffract to high quality, as
summarised in table 2.3 despite the visual appearance, as seen in figure 2.4a. 24-well trials were tested

JvT71, JvT74 and JvT75, but no crystals were successfully grown. For Skylan-NS mutants, JvT75 and
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JvT81 batch crystallisation conditions gave needle-shaped crystals (seen in figure 2.4b), the average size
of which could be controlled from 10-100 pm in length and around 1-20 pm in width by with changes
in PEG and protein concentration buffer composition. As a general rule, it was found higher PEG

concentrations gave smaller crystals, whilst higher protein concentrations gave larger crystals (within

limits).
Mutant Name Parent Mutations Notes
JVT67 TGP P59T A60V Q62A T69A F173S  Low Expression
JVT68 rsEGFP2 V151A
JVT69 rsTagRFP M63A
JVT70 Skylan-NS L62A R66L H194A No Expression
JVTT71 Skylan-NS L62A F173S
JVTT2 rsTagRFP M63A L194V
JVTT73 rsTagRFP R67L No Expression
JVT74 Skylan-NS A60V L62A L93M NI116Y
V1181 M146L
JVTT75 Skylan-NS L62A S142A M159T
JVTT76 rsEGFP2 V151A (in pQE31 plasmid) No Expression
JVT77 TGP T69A (in pQE31 plasmid)
JVT81 (rsKiiro) Skylan-NS L62A M159T
JVTS83 TGP T69A (with new C-terminus)

Table 2.1: Specific point mutations of RSFPs engineered by the van Thor group since October 2018.

JvT71 shows a blue-shifted on-state with a decreased molar absorption coefficient. Whilst the off state
is red-shifted and show the lowest molar absorption coefficient of the proteins successfully purified. The
F173S mutation is a major change, from a sterically large and hydrophobic amino acid to a small polar
one. Looking at table 2.2 ensemble switching rates of JvT71 are notably higher than related protein,
Skylan-NS. Looking at figure 2.5, JvT'71 is also the only construct to show no spectral differences at low
pH. The peak position blue shifts at higher pH’s which is perhaps a sign of a second protonation site

around the chromophore. Crystal trials of JvT71 were unsuccessful with no diffracting crystals found.

JVT74 shows the highest absorption coefficient compared to other mutants at pH 8.4. This can be
seen in figure 2.5 where the on-state absorption peak is around 2.25 times stronger than the aromatic
peak at 280 nm. Ensemble kinetics of JvT74 were much slower than those for Skylan-NS, and, as seen

in figure 2.5. It seems the on-state does not fully convert to the off state under 500 nm illumination.
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On-state Off State Normalised Rate* (pH 8.4)
Construct

Max. Molar Absorptivity | Max. Molar Absorptivity | On to Off Off to On

[nm] [ M~lem™!| [nm] [ M~lem™!|
JvT71 487 79290 394 24787 1.55 1.16
JvT74 503 232476 392 48002 0.46 0.52
JvT'75 503 76971 394 60500 2.61 1.45
JvTTT 504 174246 399 45215 0.54 1.22
JvT81 489 117333 391 45280 6.66 1.49
JvT83 504 181415 399 42059 0.45 0.67
Skylan-NS[2] | 501 133770 387 34595 1.00 1.00
TGP [190] | 493 64000 - - - ;

Table 2.2: Absorption maximum and molar absorption coefficients of the off and on states of mutants of TGP

and Skylan-NS (for reference) at pH 8.4. [2]. * The normalised rate is the relative rate of switching as compared

to Skylan-NS, normalised for the absorption coefficient of each state: raterel. norm. = raterel. :s:nls““;;
ylan-

Crystal trials of this mutant were also unsuccessful with no diffracting crystals produced.

(a) TGP-based JVT83 crystals (b) JvT81 (rsKiiro) crystals

Figure 2.4: (a): JvT83 crystals in cryoloop for MX data collection. (b): Batch grown crystals of JvT81
(rsKiiro) around 100 pm long (right).
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Figure 2.5: Molar absorption coefficient between 250-550 nm at pH 5.5 (left column), 8.4 (middle column) and
10 (right column) for mutants JvIT71 (top row), 74 (second from top row), 77 (second from bottom row), and
83 (bottom row), as labelled on the right side and with mutations defined in table 2.1. Shown in black is the
unilluminated /dark/ground state of the protein which corresponds to the fluorescent, on-state for all constructs

at pH 8.4. The red line, labelled off state shows protein spectra after illumination with 500 nm light.

JvT75 shows the second-quickest rate of photoconversion in the trans to cis (off to on direction). It also
shows the highest absorption coefficient in the off state of any mutant. The low pH switching behaviour,
seen in 2.7 is interesting to note. At pH 8.4, it was also the only protein not to fully photo-reconvert
after switching to the off state and had the largest off state peak whilst unilluminated. Instead, the
reaction of the off to on (driven with 400 nm light) only returned to 40% of the original peak height.

The measurement of thermal re-conversion (seen in figure 2.6) followed first-order rate equations only
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at pH 10 (black squares) but not at pH 8.4 (blue diamonds). The rate constant at pH 10 was fitted to
be 2.5x107% s71. These features are all indications of more complex photophysical behaviour which
is investigated later in this thesis (chapter 7). Fitting the pK, gave a value of 8.2 (figure 2.7). The
fluorescence spectra, shown in 2.6, has a maximum of 512 nm, showing a Stokes shift of 9 nm. Overall,
the crystallography of JvT'75 was very successful with many high-resolution crystals produced via the
batch-crystallisation method. In particular, the condition of 7-10 mg/ml protein concentrations at 18.75
% PEG 3350 concentration consistently diffracted to better than 2 A resolution. Photoswitching was
observed in crystals from colour change under 400/500 nm illumination and was clear in the phased
electron density and refined coordinates of refined structures. Table A.1 shows the crystallographic
statistics of the collected cis and trans states. Both are limited to a resolution of 1.24 A and refinement

and merging statistics are appropriate for data of this quality.

JvT77 showed efficient switching in the off to on but slow switching in the on to off direction. The
on-state peak shows the largest redshift of any mutant studied here. Full conversion was not seen under
500 nm illumination at pH 8.4, but (similar to JvT75 at pH 5) there are some spectral shifts seen after
illumination in the low pH measurements. Attempts to crystallise JvT77 gave perfect-looking octagon
shaped crystals which unfortunately showed very poor diffraction quality, despite attempts to optimise

the growth conditions.

JvI75: pH 8.4 JvT81 (rsKiiro): pH 8.4

T T T T

12 F R : ]

10 | Sos Thermal Recovery 1 1
E 0.4 Off to On Thermal Recovery
S Off to On
8 Z 02 ;‘ | pH10 4 4
of o paa
0 1 2 3 1 2 3
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Figure 2.6: Molar absorption coefficient between 250-600 nm of JvT75 (left) and JvT81 (right) at pH 8.4 of
the fluorescent on-state (black) and photoconverted (with 500 nm light) off state (red). The on-state fluorescence
is plotted in dashed black line. Shown in blue is the only partial re-conversion seen after illumination with 500
nm followed by 400 nm. The inset plots show the thermal recovery of the on-state peak from the off state for pH
10 & 8.4 (JvT75) and pH 8.4 for JvT81.

JvT81 showed the highest rate of switching from the on to the off state. The absorption coefficients of
the red and blue-shifted on and off-state peaks absorb -10% and +30% less/more than Skylan-NS. This

mutant (along with JvT71) was one of the only two samples to switch fully between the off and on
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states with very little bleaching observed after a switching cycle. The pK, was 5.4 as seen in figure 2.7,
which is a large jump compared to the JvT75 mutant which only differs by the S142A mutation. The
fluorescence emission spectra of the on-state peaked at 508 nm with excitation from 420-500 nm, slightly
blue-shifted compared to JvT'75 but with a much larger Stokes shift, of 19 nm. The thermal recovery rate
of the off to on-state was measured and found to follow a first-order rate equation with a rate constant
of 5.0x107% s (see figure 2.6). The crystallisation of the JvT81 mutant was highly successful with
crystals formed in batch and sitting drop trials. Batch crystals were formed at protein concentrations
of 8-17 mg/ml and PEG 3350 concentrations of 15-28 %. Sitting drop trials were successful in two
conditions at 10 mg/ml protein concentration and 22-23 % PEG 3350 concentration using a 2:2 pl
mother-liquor to protein mix for the sitting drop. After optimisation, the highest resolution structure of
JvT81 was captured to 0.94 A using MX, placing it the 8" highest resolution structure of a fluorescent
protein as of early 2021 (based on all FP PDB submissions). Crystals clearly changed colour from
yellow to transparent when illuminated with 500 nm light, indicating photoswitching had occurred. MX
data collection of both the on and off states confirmed this with 100% conversion seen in fitted model
coordinates as seen in figure 2.8. The structures and statistics for JvT81 (rsKiiro) are presented in

Chapter 3 of this thesis.

JvT83 showed an enhanced absorption coefficient almost 3 times higher than its parent construct, TGP,
but showed low switching rates in both directions. The switching did not continue to completion, with
around 25% of the on-state peak remaining after continued illumination with 500 nm. Interesting, at
low pH this mutant seemed to show a denaturing effect. Illumination with 400/500 nm light increased
the background scatter in the measurement significantly. Perhaps the T69A, E45A E73A mutations
allowed too much solvent interaction with the secondary structure elements which denatured the protein

at low pHs.
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Figure 2.7: Molar absorption coefficient between 250-550 nm at pH 5.4 (left column) and 10 (middle) of
mutants JvT75 (top) and JvT81 (bottom). On the right is the normalised concentration of the off and on peaks
in red and black circles respectively plotted as a function of pH. The solid lines follow the Henderson—-Hasselbalch

equation for fitting the pK, for both mutants. Fits converged to a value of 8.17 and 5.52 for JvT75 and JvT81

respectively.
Number of Full Datasets at:
Construct No. Fished Crystals Low Res. (2-3 A) High Res. (<2 A)
JVTT75 93 8 16
JVTT7 12 1 0
JVT81 (rsKiiro) 28 0 13
JVT83 16 6 3
Total: 153 15 32

Table 2.3: Summary of collected crystals and diffraction quality.
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(a) On-state (cis) (b) Off-state (trans)

Figure 2.8: 2F, - F electron density contoured at 2 o (blue) of JvT81 for the fluorescent on-state in the cis
conformation (left) and off-state, trans conformation (right). In yellow are the coordinates of the chromophore
and surrounding amino acids which rearrange with photoisomerisation. Grey shows the secondary structure. In

the bottom corner left corner an isolated sketch of the chromophore shown for clarity.

2.4 Discussion

Overall, eight mutants were successfully expressed and spectral properties determined. In general,
substitution of larger, hydrophobic residues for smaller polar amino acids in the chromophore region
encouraged quicker switching rates. However, this had to be balanced with ensuring close enough
contact was maintained between stabilising residues and the chromophore. Spectral shifts are seen across
the range of mutants studied here. The largest blue shift of the on-state is seen in the JvT71 mutant
to 487 nm and the largest redshift to 504 nm. Alongside these spectral shifts, there are large changes
in the oscillator strength of the visible absorption as evidenced by the large variation in absorption
coefficient. Given the nature of the mutations, it is likely that these shifts are caused by changes to the
electrostatic environment of the chromophore leading to a twisted /non-co-planar of the phenol and

imidazolinone rings [224, 225].

The first residue in the triple-peptide which forms the chromophore on maturation varies between
different FPs. In Skylan-NS a Lys-Tyr-Gly amino acid sequence forms the chromophore 2] whilst in
TGP the chromophore is formed from Gln-Tyr-Gly residues [226]. Studies of reversibly switchable
GFP (rsGFP) [192] and mEos2 [226] have found that mutation of the first residue in the chromophore
tripeptide sequence to alanine leads to an increased switching rate. The equivalent mutation in

Skylan-N§S is L62A which was found in JvT71, JvT75 and JvIT81. These mutants all showed higher
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switching rates than Skylan-NS, in agreement with the studies on rsEGFP and mEos2. The equivalent
substitution in TGP, T69A, however, did not produce the same effects as the rate of switching did not

increase.

The F173S mutation in mutant JvT71 has been postulated to increase switching rates as it may reduce
the steric pressure on the chromophore during isomerisation [227]. Although this mutant showed high
switching rates they were not as high as other Skylan-NS mutants. Possibly, the introduction of the
polar serine disrupts hydrogen bonding around the alpha helix. Therefore, this evens out the reduction

in steric pressure, which prevents the switching rates from increasing by a large amount.

The M159T mutation was found in the most efficient switchers, JvT81 and JvT75, which both originated
from the parent protein Skylan-NS. In another Anthozoa based protein, Dronpa, the M159T mutation
was found to increase the on to off switching rates by a factor of 1000 [228, 229]. While the effect is not
so dramatic here, the same mutation certainly increases the rate of switching. The crystal structure of
JvT81 shows that the S142 residue donates a hydrogen bond to the cis chromophore (seen in figure
2.9) which is removed in the JvT75 mutation (S142A). This single mutation changes the behaviour of
the chromophore greatly with a shift of 3 in pK,. It also leads to a pH dependent equilibrium seen of
the reconversion kinetics; at pH 10 the protein fully reconverts after 400 nm illumination and follows
first-order rate kinetics in the thermal recovery, as JvT81 does. At pH 8.4 however, only 30% of the
original on-state peak is recovered under illumination although this peak does thermally recover fully
after around 4 hours at room temperature. Furthermore, at pH 8.4 the recovery rate is characteristic of
a two-step process indicating pH plays a role in shifting the equilibrium of the off to on reaction. This

behaviour is investigated thoroughly in Chapter 7.

2.5 Conclusions

Overall, this chapter has presented several mutants of TGP and Skylan-NS which all undergo similar
photochemical reactions as evidenced by spectroscopic and crystallographic behaviour. The fastest
switching mutant, with the best crystallographic characteristics and high expression yields, was mutant
JvT81, an L62A, M159T mutant of Skylan-NS. In addition to the high rates measured with steady-state
spectroscopy, flash photolysis yield measurements by C. Hutchison using a 100 fs 400 nm pulse showed
that JvT81 had the highest photoproduct yield (whilst maintaining a low bleach rate) of all the tested
mutants. High-resolution-diffracting and stable microcrystals could be produced in a range of sizes
which could support several sample delivery methods for TR-SFX and TR-SSX measurements. As a
result, the JvT81 mutant was taken forward for ultrafast crystallographic experiments. In the following
chapters, it is referred to as rsKiiro. Another mutant, JvT75, an L62A, M159T, S142A mutant of

Skylan-NS also showed desired crystallography and behaviour although the photoswitching behaviour
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Figure 2.9: Interactions of the cis chromophore (shown in yellow) with surrounding residues (blue) and waters

(red spheres) in JvT81 (rsKiiro).

was atypical with an unexplained equilibrium shift upon photo-reconversion. As a result, both of
these proteins were taken forward as systems to study the dynamics of photoisomerisation with the

crystallographic and spectroscopic experiments presented in this thesis.
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3 Cryo-Kinetics and Cryo-Crystallography

of rsKiiro

The reversibly switchable fluorescent protein rsKiiro was developed in chapter 2 for ultrafast spectroscopy
and crystallography experiments. In this chapter cryo-spectroscopy studies of rsKiiro are undertaken
to explore the energetic landscape of the off/on and on/off switching mechanism. Spectroscopy
reveals convex Arrhenius behaviour with ‘breaks’ at 229, 208 and 236 K for the on-to-off, off-to-on
(preilluminated at low temperature) and the off-to-on (preilluminated at room temperature) conditions
respectively. Using cryo-macromolecular crystallography the off and on structures are characterised to
atomic-resolution and electron density differences between the conditions is calculated. Cryo-trapped
intermediate crystal structures were accumulated with illumination at 150 K with 400 or 500 nm light.
Q-weighted difference density maps were then used to calculate extrapolated electron density which
resolved a partially occupied (and cryo-trapped) intermediate conformation of the protein. Analysis of
this partially occupied intermediate reveals a distinct planar-cis conformation which is shown to relax

to the cis state after annealing for 3 seconds to room temperature.

Note to the reader: Cryospectroscopy measurements of protein samples were carried about by S.
Bodet Lefévre under the supervision of this author and C. Hutchison. Analysis of the thermodynamic

behaviour was done by J. van Thor and C. Hutchison with input from this author.

3.1 Introduction

Switching of reversibly switchable fluorescent proteins (RSFPs) involves the rotation around the double
bond which can proceed via a one-bond-flip (OBF) or hula-twist (HT) mechanism (figure 3.1). The HT
mechanism is considered volume-conserving as the rotation sweeps out a smaller space in comparison
to the OBF. The OBF mechanism is therefore more likely to occur only when there is no steric
hindrance to constrain the larger motion - i.e. in a low-viscosity medium. In RSFPs the chromophore is
situated in a tightly-packed environment which is believed to promote the HT over the OBF mechanism

[3, 230]. In two recent studies on rsEGFP2 (Chang et al. [231]) and Dronpa (Romei et al. [224]),
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Figure 3.1: The two isomerisation pathways possible around a carbene double bond: the one bond flip and

hula twist mechanisms [231].

a mono-halogen group was attached to the chromophore phenol ring. This broke the symmetry of
the phenol-ring motif in the chromophore meaning it was possible to tell if the reaction proceeded
via the OBF or the HT mechanism. Depending on the mechanism the halogen group would change
side in the photoswitched crystal structure. Remarkably, evidence for both pathways was observed,
though the yields were dependant on the crystal packing arrangement [231]. However, it is not clear if
the presence of the additional electrophilic group could alter the isomerisation pathway. Furthermore,
these studies gave no insight into the exact intermediate structures and sequence of steps involving the
protonation/deprotonation of the chromophore and the rearrangement of residues Arg66, Phel73 and

His194 and Glu 212.

The FP Dronpa has been the subject of a number of electronic and vibrational spectroscopy studies to
resolve the switching mechanism. Generally, it is agreed the protonation change for both the cis/trans
and trans/cis occurs as a ground state process [6-8, 212, 232, 233|. This is primarily supported by
IRTA measurements, due to the observation of a downshifted C=0 stretch frequency occurring between
2 ns - 1 ms [6-8, 233]. The C=0 stretch originates from the imidazoline ring and acts as a reporter
group for the protonation state of the chromophore (chapters 6 and 7). Visible transient absorption
measurements also show evidence of the ground state protonation changes with bleaching/formation
of the 500 nm anionic absorption band on ps timescales for both the forward and reverse reactions
[233]. While the cis/trans reaction is relatively poorly studied due to low photoswitching yields, the
trans/cis mechanism has been the subject of a number of studies and the mechanism is highly debated.
In particular, there is disagreement about the order in which the structural rearrangements happen.
Warren et al. suggested the isomerisation occurs as an excited state process in the first 9 ps based on
shifts in the reporter C=0 and methyl bridge C=C stretching frequencies of the chromophore [5]. This
assignment relied on a product peak at 1627 cm™! being slightly up-shifted from the ground state C=C
stretch at 1623 cm~! [5]. Kaucikas et al. [8] extended the study by Warren et al. to a broader spectral
window and made density functional theory (DFT) calculations of a twisted chromophore geometry.
The calculations showed that a twisted geometry would show an up-shifted C=C frequency and so

supported the excited state isomerisation mechanism proposed by Warren et al.
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Meech and co-workers have suggested an alternative mechanism where isomerisation is a ground state
process [6, 7]. This was initially suggested in Lukacs et al. [6] where excited-state absorption features
(also seen by Warren et al. and Kaucikas et al.) were assigned to the reorganisation of the hydrogen
bonding network instead of isomerisation. They put forward that this primes the chromophore for full
isomerisation at a later point. Subsequent work by Laptenok et al. |7] extended the probe delays of
Lukacs et al. to 200 ps and concluded the chromophore conformation is ill-defined within the first two
decay components (16 and 596 ps) assign a component with a 91 ns rise-time to the formation of the

cis neutral state which is that protonated on ps timescales.

Overall, further visible spectroscopy studies by Yadav et al. [233], theoretical studies [234] and recently
TR-SFX experiments [212, 235, 236 have supported the conclusions of Warren et al. [5] and Kaucikas
et al. 8]. Isomerisation in the excited-state is, therefore, the most widely accepted mechanism, but is

still disputed.

The switching mechanism and characteristics of rsKiiro are investigated throughout this thesis. In
this chapter, we aim to resolve structures in ground-state minima on the ground state surface and can
be isolated with illumination at low temperatures and measured using cryo-MX. Characterisation of
the ground state is essential for assignment of ultrafast crystallography (chapter 4) and spectroscopy
measurements (chapter 6). For now, we will assume rsKiiro follows similar behaviour to the FP
Dronpa, although this will be explicitly investigated in later chapters. In Dronpa, evidence suggests the
trans-neutral state is formed after 488 nm excitation of the cis-anion. Isomerisation occurs within the
first 9 ps which is proceeded with relaxation to a hot-ground state and followed by the deprotonation
[5, 8], a ground-state process occurring in 12.5 ps [233|. The cis-anion is formed after excitation of the
trans-neutral state at 400 nm. Isomerisation appears to occur within the first 100 ps which is followed
by ground state deprotonation on ps time scale [8]. So far, IRTA spectroscopy has not been able to
definitively assign the order of rearrangement of the surrounding amino acids in the chromophore

pocket.

In this chapter, the ground state behaviour of rsKiiro is studied using cryo-kinetic spectroscopy
measurements which identify a so-called ‘convex’ Arrhenius plot where the activation barrier sharply
changes below a transition temperature. We attribute this to a shift in equilibrium between two
states at low temperatures which could be structurally distinguishable from the cis/trans global /local
ground-state minima. To isolate these states, crystals were illuminated below the Arrhenius break
temperatures to accumulate the cryo-trapped states. The structures of these crystals were then resolved
using Cryo-MX and compared to thermally annealed and room temperature illuminated structures

using Fourier difference calculations and extrapolated structure coordinates.
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3.2 Methods

3.2.1 Cryo-Spectroscopy

The rates of photoconversion in rsKiiro were monitored between 180-260 K to extract the activation
energy barrier for photoisomerisation using the Arrhenius fitting. A protein-glycerol mix: 15-16
nl glycerol and 4-5 pl protein at a concentration of 14 mg/ml, was pipetted onto a 1 mm sized
crystallography loop to give an optical density of around 0.2 when placed at the focus of an inverted
microscope (seen in figure 3.2). Glycerol acts as a cryoprotectant and minimises ice formation at
low temperatures. The formation of ice could cause a glass transition in the sample being studied.
White-light (425-800 nm) was focused through the sample and spectra were collected using a fibre-
coupled spectrometer. A 473 nm, 25 mW laser was attenuated using neutral density filters and directed,
unfocused, (beam diameter of 1.5 mm) onto the sample at a power density of 0.5 mW /mm?. This
drove the reaction from the cis to the trans-state. A 400 nm LED, was focused using a 2-inch lens,
focal length 50 mm to a 5 mm spot size onto the sample. It was attenuated using neutral density filters
and a 280-700 nm optical filter to around 1 mW/mm?. The 280-700 nm filter was used to remove
unwanted ultraviolet light produced by the LED source. The 400 nm LED drove the reaction back,
from trans towards the thermally-stable cis state. A sample of known yield, Skylan-NS, was used as an

actinometrical control between measurements.

The sample was cooled using an Oxford Instruments Cryostream 700 which was positioned around
5 mm from the loop. A thermometer checked the systematic offset from the cryo-stream’s set point
to the actual sample-temperature. The temperature set point was varied from 180-260 K and room
temperature (294 K) in steps of 5 K. Spectra were collected at 2 Hz and the interconversion rates were

extracted by fitting a 15¢ order rate constant to the optical density at 500 nm.

3.2.2 Cryo-Trapping Crystallography

Crystals were preilluminated at 150 K to ‘trap’ states which only stable only at low temperatures. Batch
grown crystals around 10x100 pm in size were grown in conditions of 25% Poly-ethylene glycol 3350 in
0.2 M lithium sulfate, 0.1 M Tris-Cl pH 8.5 with a final protein concentration of 10 mg/ml (similar
to [1]) and as described in section 2.2.4. A single crystal was ‘fished’ in an appropriately sized loop
and illuminated with either a 400 nm LED or 473 nm laser at power densities of around 0.5 mW /mm?.
Using the same power densities as found in the spectroscopy ensured that optical heating effects of
illumination did not differ. A crystal was assumed to have an optical density of 1. Using the measured
rate constants at 200 K it was calculated that 95% conversion would occur after 30 minutes of 400 nm
and 69 minutes of 473 nm illumination respectively. As soon as illumination time was complete the

crystals were flash-frozen into liquid nitrogen. Macromolecular crystallography measurements were then
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Figure 3.2: A drop of rsKiiro mounted in a loop, the white light source comes from above and passes through
an microscope objective to focus it on the sample. Spectra are collected from below using a condenser lens which

is coupled into a spectrometer. On the left the positioning of the cryo-stream can be seen.

undertaken at Diamond Light Source, UK. Where the mounting orientation and crystal size allowed,
after the first diffraction collection, crystals were annealed for 3 seconds to room temperature and a

second structure was obtained from the same crystal (at a different position).

Crystallographic data was highly anisotropic and so was merged using the STARANISO pipeline (Global
Phasing Limited, Cambridge, UK) which applies an anisotropic (elliptical on the crystal axes) resolution
limit which increases the overall signal to noise for anisotropic crystals. Datasets were then phased with
a published structure of Skylan-NS [1] with appropriate mutations (L62A M159T) applied. REFMAC5H

[237] was used to refine the data and evaluate the final model.

3.2.3 Q-Weighted DED and Extrapolated Maps

Difference electron density (DED) maps between light and dark conditions were calculated using the
program FFT [238] to take the Fourier transform of weighted difference structure amplitudes based on
the Bayesian statistics analysis by Ursby et. al [174, 175]. As implemented in [239-241] and explained

in section 1.4.3, difference structure factors weighted according to:

1
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Published FORTRAN code [241]| and custom written Bash scripts were used to calculate the maps.
The dark state structure was used for phases in the DED. Structure factors were scaled using the
anisotropic option in the CCP4i module SCALE IT [238]. This scaled data onto a normalised absolute
scale as compared to calculated structure factors which were generated using the CCP4i program SFALL
[238]. An upper and lower resolution limit was applied during the scaling step. The high-resolution

cutoff was chosen by looking at the trend of calculated Fourier shell correlation (FSC) and choosing
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a value close to 0.5 whilst also looking at trends in merging statistics such as CCy )5 as a function of

resolution shell.

Extrapolated structure factors (Fpy) were calculated using the Q-weighted difference structure factors.
A multiple (Ngx) of difference structure factors were added to the dark-state calculated structure

factors (F¢) to calculate the extrapolated structure factors:
Fgpxr = Fo + NpxTAF

The program FFT [238] was used to calculate the real-space electron density using dark state phases.
Negative electron density was then integrated in a 6 A sphere centred on the chromophore methyl
bridge using published FORTRAN code [241]. The point of inflexion, where the magnitude of negative
density suddenly increases, was used to determine the characteristic extrapolated multiple, Ngx7. This
multiple should ‘re-generate’ the structure factors of a model with full occupancy which caused the
difference density. Model coordinates can then be fitted and refined to the extrapolated density to
extract low-occupancy coordinates which would otherwise be very difficult to identify. In this chapter,

extrapolated maps are used to refine light-induced structure coordinates for the cryo-trapped structures.

3.3 Cryo-Spectroscopy Reveals Convex Arrhenius Behaviour

This section summaries the cryospectroscopy measurements made by S. Bodet Lefévre under the
supervision of this author and C. Hutchison. Analysis of the thermodynamic behaviour was done by J.

van Thor and C. Hutchison with input from this author.

The kinetic rates of photo-conversion close to room temperature are relatively stable with temperature
and follow Arrhenius behaviour with an activation energy barrier of 2 and 3.5 kJ mol~! for the off-to-on
and on-to-off reactions respectively (figure 3.3 and table 3.1). At cryogenic temperatures, the slope of
figure 3.3 changes dramatically below the transition temperatures of 229, 208 and 236 K for the on-to-off
(500 nm illumination at low temp), off-to-on low temperature (500 nm illumination followed by 400 nm
illumination both at low temperatures) and the off-to-on annealed (room temperature conversion to the
off state followed by low-temperature conversion). Below these transition temperatures the gradient of
the Arrhenius plot increases, indicating a larger activation energy barrier is present at low temperature
compared to high. This is known as a convex Arrhenius behaviour due to the convex shape of the graph.
Thermodynamically, this behaviour can understood as the increased ability of a molecule to explore
larger regions of phase-space at higher temperatures [242]. This can increase the probability of being in
a non-reactive conformation which will not proceed to the product state [243]. Cryogenic cooling of the
molecule lowers this probability and therefore reduces occupancy of this unreactive state which can be
implied by a change in activation energy at low temperature [243]. In a protein this could be interpreted

as the existence of two competing forms/conformations which dominate in different temperature ranges
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[242, 244]. If the lower energy form of the protein is the most reactive then increased rate constants
(convex behaviour) will be measured [242]. It is important to note that similar Arrhenius breaks can be
observed when a temperature change occurs over a glass transition point of a material [245]. Whilst we
cannot completely rule out this effect in the cryo-spectroscopy measurements we find the transition
temperature (Tyansition) 1 path dependant which therefore supports the thermodynamic interpretation

already stated.

In rsKiiro we interpret the changes in activation energy barrier as a shift in equilibrium of population
between of two wells on the potential energy surfaces: a ‘relaxed’ and a ‘strained’ geometry /state. The
transition between Arrhenius barriers (figure 3.3) is modelled as a difference in Gibbs Free Energy (AG)
between the relaxed and strained states. The overall rate constant, k,; can be written as a sigmoidal
function on the two observed rate constants:

k1 ko
- acy T+
Il +exp(+57) 1+exp

kan (3.1)

Where k1 and ko are the rate constants for relaxation of the first and second wells - equivalent to the
first and second segments of the Arrhenius plot (figure 3.3). The phenomenological Arrhenius activation
energies (Eq and Fs) and prefactors (4; and As) can be extracted by taking:

E
kl = A1 eXp(—Rijl_‘)

E
k‘g = AQ eXp(—R%)

To fit equation 3.1. The Gibbs free energy difference of the two states can be defined on the changes of
enthalpy (AH) and entropy (AS) between the two states as:

AG=AH —TAS

and fitted to the Arrhenius data. The fitted values are summarised in table 3.1 using equation 3.1. As

illumination power densities could not be accurately characterised the fitted values are unscaled.

In summary, the cryo-kinetic spectroscopy indicates there is an equilibrium between two states, on
either the S; or ground-state surfaces. The equilibrium between these states shifts with temperature
and causes a change in activation energy barrier height. At cryogenic temperatures, the increased
barrier could be evidence of a structural changes due to the adoption of a new ground state structure.
It may be possible to cryo-trap this intermediate structure and resolve it using cryo-MX, as will be

shown in the next section.
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Reaction EAl EA2 Al A2 H S TTransition
[ kJ molfl] [ kJ molfl] [sfl] [sfl] [ kJ molfl] [KkJ molfl] K]
On-Off 240.4 3243 1.5£0.7 3245 6614 0.29+£0.02 22942
Off-On (Low temp. recon.) 3.5+1.2 40+4 0.941.2 2243 51+20 0.24+0.1 208+4
Off-On (Room temp. recon.) - 55420 - 2610 58125 0.251+0.13 236+10

Table 3.1: Fitted Arrhenius plots values following equation 3.1
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Figure 3.3: Convex Arrhenius behaviour of rsKiiro. Figure prepared by C. Hutchison.

3.4 Cryo-Trapping Steady States with Macromolecular Crystallogra-

phy
In total, 35 crystal structures of rsKiiro with different illumination schemes shown in figure 3.4 (a). Data
was processed using the autoPROC + STARANISO pipeline [177, 246-249] and refined in REFMAC
[237] using either anisotropic or isotropic B-factors depending on the resolution limits (table A.2 —
A.3). Preliminary selection of the crystallography data was done to find similar unit cell sizes in data,
comparable overall Wilson B factors and similar levels of overall signal to noise. Datasets were selected
to be as similar as possible to minimise the scaling required for the calculation of Fourier difference
maps. Throughout this results section states will be referred to according to the preparation shown in

figure 3.4 (a).

High-resolution crystal structures were collected for all conditions except for the low-temperature 500
nm followed by low-temperature 400 nm illumination (5 in figure 3.4 (a)). As crystals were mounted
in a loop and illuminated for around 1.5 hours in this condition it seems the crystals became too
dehydrated /stressed which led to a loss of order in the crystal for state 5. As seen in tables A.2 and A.3
data was collected to high-resolution, between 0.94-1.45 A, for all conditions. The highest resolution
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Figure 3.4: Showing calculated chromophore-omitted maps for the different structures/illumination conditions
labelled in (a). Marine and purple show negative and positive features at 4.00 RMS in the 2mF, — DF, maps

respectively.

structures were obtained for the unilluminated and 500 nm illuminated room temperature condition.
Both these structures were highly anisotropic and so were refined with anisotropic B-factors. Other
structures were less anisotropic and of lower resolution so were refined using isotopic B-factors instead.
Overall, the merged data show excellent statistics and have very similar unit cell sizes with a difference
of less than 1% across all unit cell volumes. Initially, to determine the chromophore conformation

omit maps (figure 3.4) were prepared with a single round of rigid-body refinement using a dark state
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structure with a chromophore occupancy of 0. Difference electron density maps were calculated to
determine the extent of structural differences between illumination conditions. Extrapolated structure
factors were then calculated and extrapolated coordinates (section 1.4.3) were refined to determine the

cryo-trapped structures.

Cis and Trans Structures from Dark and Room Temperature Illuminated Crystals

The dark (0) and 500 nm illumination at room temperature (1) structures clearly show cis and trans
states (figure 3.4) respectively. Both structures were obtained at very high resolution (1.16 and 0.94
A) and strong refinement statistics (table A.2). Figure 2.8 shows the phased electron density of the
chromophore and associated coordinates movement of residues Arg66, Phel73, His194 and Glu212.
These structural changes are reflected in the Q-weighed (method defined in section 1.4.3) difference
electron density between the two states. This can be seen plotted in 1-dimension above 3o level and
within 2 A for each atom in the protein chain (figure 3.5). Strong signals are seen at residues closest
to the chromophore which is clearly reflected in the coordinates (figure 2.8) and in some areas of the
protein backbone around residues which move significantly. This 1-D plot can also be used to gain

insight into the structural changes of the cryo-trapped states which will be discussed below.

Residue Number
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Figure 3.5: 1-Dimensional representation of difference electron density between the dark and 500 nm illuminated
state. Density is integrated within 2 A at 30 level along each atom of the protein chain, on a normalised scale.
Highlighted on the top axis are residue numbers with 3 A of the chromophore. Code to produced this figure is
based on the published tool by Wickstrand et al. [250].

Trans-State Intermediate Trapping

The omit map of the 200 K, 400 nm illuminated structure, (3 in figure 3.4), shows a predominantly
trans conformation with a small residual cis population indicated by the density in the position of the
cis phenolic oxygen. This confirms that the decrease in absorption at 500 nm at low temperatures

(section 3.3) is indeed due to the formation of a trans-state product. An alternative explanation for
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the decrease in absorption could be due to the creation of a cis-neutral state which would also likely
show a blue shift of the 500 nm peak (Chapter 7). However, the crystal structure clearly excludes this

possibility and switching is confirmed, even at cryogenic temperatures.

To directly compare the trapped state pure-trans ground state (1) an ‘annealed’ dataset (3a) was
collected from the same crystal. Annealing was carried out by blocking the cryo-stream for 3 seconds
during which the crystal should briefly return to room temperature for 1-2 seconds. Given the quickest
rate constants are on the microsecond time-scale in spectroscopic studies of similar FPs [5, 233|, warming
to room temperature for this period should be sufficient for any relaxation processes of rsKiiro to occur.
Annealing is expected to relax the secondary structure and the chromophore pocket which will allow
the trapped structure to move out of the local minima accumulated at low temperatures and led to the

formation of the final ground-state product, O.

The annealed omit map (3a in figure 3.4) shows slightly stronger density on the trans-state, especially
around the top of the phenol ring. This is indicative of increased order of the trans chromophore after
annealing. This could imply a partially occupied intermediate was present with an activation barrier
that could not be surpassed at cryogenic temperatures. An argument could be made that this change
in omit density could be due to differences in data quality between 3 and 3a. However, both datasets
were taken from the same crystal and show very similar merging statistics (table A.2 and A.3). 3a
structure has only a slightly higher resolution (1.21 A) compared to 3 (1.29 A) and refined coordinates
are almost identical in fitting metrics (both with Rppee/Rwork 0.19/0.16). It therefore seems likely that

the changes in omit density are caused by the presence of an intermediate state.

Difference electron density is extremely sensitive to small changes in structure and can be used to
extract intermediate-state structural differences which are not clear in the modelled coordinates. Shown
in figure 3.6 is the 1-D plot of difference electron density comparing the pure trans (1), the trapped (3)
and the annealed (3a) states. At first, the signals look very different from those in the purely cis and
trans difference density (figure 3.5). However, on closer inspection both 3-1 and the 3a-1 maps show
largest signals at the same positions with a similar distributions as the signals the trans-cis signals
(figure 3.5). For example the DED signals around residues 91 and 61-66 indicate the 3 and 3a structures
have residual cis-state population. However, there are also new DED signals which cannot be assigned
from only cis/trans isomerisation signals. We, therefore, suggest the 3 state is a mixed occupancy of at
least three conformational states: the cis, trans and an intermediate. This mixture of states makes
analysis of an intermediate structure difficult but not impossible so, extrapolated maps were calculated

and cryo-trapped coordinates were fitted.

The extrapolated map calculation gave a characteristic Ngx7 value of 8.8 (figure 3.7 (a)). The density
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Figure 3.6: 1-Dimensional representation of difference electron density between the 500 nm illuminated (1)
and the 500 nm illuminated at 200 K states. Density is integrated within 2 A at 30 level along each atom
of the protein chain, on a normalised scale. Highlighted on the top axis are residue numbers with 3 A of the

chromophore. Code to produced this figure is based on the published tool by Wickstrand et al. [250].
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Figure 3.7: (a): Plots of integrated electron density in arbitrary units against multiples of added difference
electron density (Ngy¢) for different illumination powers. (b): Extrapolated electron density (grey) plotted at

1.50 with the extrapolated-refined coordinates in blue and the dominant trans conformations shown in yellow.
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and refined coordinates are shown in figure 3.7 (b) and show a slightly tilted trans conformation and
twisted in residue histidine 194. Although these changes in atomic positions could be interpreted as an
intermediate state the extrapolated electron density is not well defined around the chromophore phenol
ring or the histidine. It therefore stands to reason that there are potentially multiple intermediate states
isolated in structure 3 and the exact interpretation of the electron density is unclear. Perhaps with
higher structural homogeneity, it may be possible to extract more accurate extrapolated coordinates

which could then be related to an intermediate structure.

Cis-State Intermediate Trapping

Structure 4 was preconverted with 500 nm light at room temperature and then illuminated at 200
K with 400 nm light. The structure clearly shows a cis conformation (figure 3.4 (f)) but the density
around the bottom of the phenol ring is poorly defined. The annealed structure (4a) shows increased
omit-density strength which suggests the chromophore cis-state is more highly populated after annealing
(figure 3.4 (g)). This change indicates some form of structural change caused by the thermal relaxation

process allowed at room temperature which is frozen-out at cryogenic temperatures.

The 1-D DED plots (figure 3.8) do not show signals which are suggestive of large differences in
cis/trans population when compared to the pure cis state (0). This is seen in the 4-0 plot which shows
mostly non-site-specific signals which is surprising given the main changes were expected in only the
chromophore region. While the 4-4a DED shows very strong difference signals, the 4a-0 shows much
lower integrated DED amplitudes. This directly suggests that the 4 state originates from a different
molecular conformation/state than either 0 or 4a and implies that 0 and 4a are structurally similar -

i.e. that thermal annealing relaxes the trapped intermediate.

Initially, the refined coordinates of 4 (figure 3.9) suggest the phenol ring is flattened into the chro-
mophore ring plane when compared to the ground state/relaxed cis structure (purple coordinates figure
3.9). The calculation of Q-weighted difference density (figure 3.10 (a)) clearly shows complementary
positive/negative signals on the chromophore phenol ring which support the observations of the shifted
coordinates. Furthermore strong signals are seen in the hydrogen-bonding network of water molecules

which suggests the waters move after annealing of the crystal.

The calculation of extrapolated structure factors allows regeneration of the electron density which
caused the initial difference density. This technique allows for partially occupied states to be modelled
on the extrapolated electron density obtained from the characteristic Ngxt value (figure 3.10 (c)). In
the case of condition 4, interpretation of the DED suggests there is a partially occupied intermediate
state. The refined coordinates show an ensemble average of the relaxed and cryo-trapped states which

are too close in geometry to model an alternative conformation. The extrapolated density (figure 3.10
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Figure 3.8: 1-Dimensional representation of difference electron density between the 400 nm illuminated (0)
and the 500 nm preconverted followed by 400 nm illuminated at 200 K and annealed (4a) states. Density is
integrated within 2 A at 30 level along each atom of the protein chain, on a normalised scale. Highlighted on
the top axis are residue numbers with 3 A of the chromophore. Code to produced this figure is based on the

published tool by Wickstrand et al. [250].
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Figure 3.9: (a) and (b): Chromophore coordinates for the purely cis state, 4a in yellow, the refined coordinates
of a single conformation fitted to the cryo-trapped intermediate structure, 4 in purple and the extrapolated

coordinates of 4 shown in blue.

(b)) and subsequent refinement of extrapolated coordinates in real space clearly show a new intermediate
state. Changes in the chromophore coordinates, with a planar phenol/imidazolinone ring geometry
with the rearrangement of a series of hydrogen-bonded waters, are strong evidence of a cryo-trapped
intermediate state in 4 which relaxes on returning to room temperature. Further comparison to the
trans-state coordinates (figure 3.10 (c)) shows that the new arrangement of water molecules is unique

to the cryo-trapped intermediate state.

3.5 Discussion

Overall, we show that switching of rsKiiro proceeds at cryogenic temperatures in crystals and show
that two intermediate states exist on the ground state surface. The intermediate closest to the cis
product appears to be well-defined and is well resolved in the crystallography measurements. The
intermediate closest to the trans coordinate was less well defined, although this is possibly due to
incomplete conversion during preillumination. A convex Arrhenius plot behaviour has also been seen in
the positive switching RSFP, Padron where crystallographic cryo-trapping also showed a similar different
geometry [251]. This is opposed to Dronpa where switching is not seen in crystals or solution below
the glass transition temperature (around 180 K) [251]. An explanation for this is that a ‘breathing’
mode may be required for switching in Dronpa [252] which is prevented by low temperatures. Given
rsKiiro closely follows the behaviour of Dronpa we would expect to also see no isomerisation at low
temperatures. However, as both the low temperature on and off-state conditions show isomerisation we
can conclude that the ground state activation barriers are lower in rsKiiro and show a local minima of
a flattened neutral-cis-state must not be accessible at low temperatures in Dronpa. It could be that the

breathing motion of the beta-barrel is not required for switching in rsKiiro or that the crystal packing
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(a) Q-Weighted DED (b) Extrapolated Density (c) Extrapolated and Trans coordinates

Figure 3.10: (a): Q-weighted difference electron density plotted at +2¢ in blue and red respectively. Blue
coordinates show the extrapolated model and yellow shows the pure-cis/annealed coordinates. (b): Extrapolated
and relaxed coordinates shown with the extrapolated density plotted at 20 (c): The Extrapolated coordinates

plotted with the purely-trans coordinates (green).

arrangement is less-constrained [231] and so allows for greater flexibility, even at lower temperatures.

Given the small barriers that were extracted in table 3.1 it is important to consider the global heating
effects of illumination. The maximum possible heating rate of the solution and crystals caused photon
absorption of the CW laser was calculated to be less than 2 K/s based on an adiabatic calculation using

AT =

%é’; where ¢, is the heat capacity of water, Fq is the absorbed photon energy and m was taken
as the mass of a crystal. Given the crystal/solution are well thermally grounded by the cryostream
and the loop the most likely remained constant during the illumination cycle. Although the overall
sample temperature is unlikely to change an individual chromophore will increase by several hundred
Kelvin with the absorption of each photon. Molecular dynamics [253] and classical thermodynamics
calculations [254] have indicated that this temperature increase diffuses on picosecond timescales. The
ground-state barrier for isomerisation has been calculated by DFT to be around 122 kJmol~! for the
isolated chromophore [8] and is measured in Chapter 5 to be around 90 kJmol~!. Given that a barrier
of this size would require temperatures of several hundred Kelvin to be surpassed, a ground state
isomerisation seems unlikely. We therefore tentatively conclude the observation of low-temperature

isomerisation supports excited-state isomerisation mechanism reaction proposed by Warren et al. [5]

though is not conclusive.

3.6 Conclusions

Overall, a clear shift in activation energy is seen in the spectroscopic data. Ideally, to find the optimum
crystal illumination times and to decide whether condition 3 is in the expected intermediate space,

spectroscopic measurements should be repeated on crystalline samples. However, condition 4 clearly
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shows an intermediate conformation that is thermally unstable and relaxes after thermalisation. It
was noted that the largest signals seen in 4-4a also occur on residues more prone to radiation damage
[141, 255]. This data was collected using a low dose and a high multiplicity (a large number of images
with a short exposure time) to decrease radiation damage risk and does not display any signs of damage
from the merging and scaling statistics. Ultimately, to find out whether these intermediates are accessed
in the room temperature reaction coordinates, it will be interesting to compare these structures with
the intermediate structures found to have ultrafast TR-SFX (chapter 4) and spectroscopy (chapter 6)

results.
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4 Ultrafast Optical Control Experiments
with Time-Resolved Serial Femtosec-

ond Crystallography

In this chapter, ultrafast TR-SFX is used to resolve the response of rsKiiro to femtosecond pump and
pump-dump excitation. Pump-probe sub 1 ps structural differences show a translated and slightly
twisted chromophore geometry close to the trans-state chromophore geometry. The addition of a dump
pulse, known to quench product-formation of the cis-state (chapter 6), causes enhanced difference
electron density signals which indicate an increased occupancy of the same ground-state intermediate
observed with pump-probe excitation. This intermediate is assigned to a vibrationally excited ground
state structure not an excited state product has been assumed by other TR-SFX studies. These results
have implications across the field of TR-SFX and show that assignment should be tested in ultrafast

crystallography experiments.

Note to the reader: This work was part of a large collaboration. The experiments were led by C.
Hutchison and J. van Thor. This author led the crystallographic analysis with J. van Thor. The chapter

is currently under preparation for publication as:

C D.M. Hutchison, J M. Baxter, A Fitzpatrick, G Dorlhiac, A Fadini, S Perrett, K Maghlaoui,
S Bodet Lefévre, V Cordon-Preciado, J L. Ferreira, V Chukhutsina, D Garratt, J Barnard, G
Galinis, F Glencross, R M. Morgan, S Stockton, B Taylor, L. Yuan, M G. Romei, C Lin, J P.
Marangos, M Schmidt, V Chatrchyan, T Buckup, D Morozov, J Park, S Park, I Eom, M Kim, D
Jang, H Choi, H Hyun, G Park, E Nango, R Tanaka, S Owada, K Tono, T Nakane, D P. DePonte,
S Carbajo, M Seaberg, A Aquila, S Boutet, A Barty, S Iwata, S G. Boxer, G Groenhof, J J.
van Thor. Amplification of ultrafast structural motion in a photo-excited fluorescent protein (in

preparation for submission to Science)
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4.1 Introduction

As outlined in section 1.3, it is necessary to generate significant population transfer to the excited
and photoproduct states to create detectable DED signals. In ultrafast measurements, this requires
the use of an intense optical field for photoexcitation. This can be problematic as intense light can
drive non-linear and multiphoton excitation events [256] which are not realistic of biological function
[189, 257] and can create multiple excited states which are difficult to disentangle. As a result, the
bleach rates and branching ratios to higher-order electronic excited states should be measured to
determine the most appropriate peak-powers for use in TR-SFX experiments [211, 258]. Currently,
there is only one published ultrafast TR-SFX experiment where the optical excitation conditions have
been chosen with explicit consideration of optical pumping parameters: a study by Pande et al. on the
photoactive yellow protein (PYP) [259]. Here, the optimal pump energy densities and pulse duration
was calculated based on systematic studies of the photoconversion yields for crystalline samples [211].
Full knowledge of the photocycle [260, 261] and non-linear cross-sections as functions of the peak
power, pulse length and second-order dispersion [258, 262| was applied to find the energy density
which maintained low photo-bleach/multiphoton absorption with the highest photoproduct yields [211].
In crystals, a maximum single-shot yield of between 5-7% was measured at 0.25 mJ/mm? with an
irreversible bleach close to ~1% [211]. Pande et al. used these energy densities for the pump pulse and
collected TR-SFX structures from 100 fs — 3 ps. They observed the formation of a new state after at
590 fs [259], although it now seems the timing should have been shifted by ~100 fs due to systematic
and unavoidable error in the time zero cross-correlation [114]. The comprehensive characterisation of
spectroscopic cross-sections and the excited state behaviour made it possible to assign this state to a

previously unobserved intermediate structure before the first step in the photocycle [259].

Two recent experiments investigating the dynamics of bacteriorhodopsin have highlighted the need for
careful characterisation of laser pulse energies and control of the illumination scheme. Kovacs et al.
[263] and Nogly et al. |264] both made sub 1 ps measurements to determine the initial steps involved
in the retinal chromophore isomerisation. Nogly et al. [264]| used a pump laser at 30 Hz whilst probing
at 120 Hz with the XFEL (i.e. 1 laser shot followed by four X-ray pulses). They used an oval-focus to
excite multiple positions in the LCP injection matrix and excite simultaneously, a sub 1 ps and an 8.3
ms time point. As the laser focus was poorly defined in focal-spot size (and therefore power density),
it is unclear what the nominal pump energy density was for each time point, though it is estimated
to be around 14 mJ/mm?. The TR-SFX DED, showed a rapid onset of ultrafast protein motions in
the first 1 ps which they assigned to a protein quake motion [264, 265]. This is a mechanism which
has been proposed to disperse energy from a chromophore after absorption of a photon, analogous to

macroscopic earth-quakes [266-268]. Conversely, Kovacs et al. [263] used a pump energy of 4 mJ/mm?
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in the TR-SFX experiment, but also made visible-TA measurements up to 0.25 mJ/mm? in addition
to quantum chemistry calculations. They did not observe the same protein quake motions, although
this could have been due to poorer crystallographic data quality [263]. Overall, they concluded the
intense pump pulses used by then (and Nogly et al.) were driving multiphoton absorption pathways
and possibly multiphoton-induced ionisation [263, 269, 270]. TA and quantum chemistry calculations
suggested that double excitation would still lead to coupling of the same function modes, meaning
the observed structural changes (which were very similar to Nogly et al.) were thought to still be
representative of intermediates photocycle of bacteriorhodopsin. However, the peak TA energy densities
were well below the TR-SFX pump powers and quantum chemistry calculations are known to be
challenging on retinal proteins [271]|. This means it is not clear if the observed DED by Nogly et al.

and Kovacs et al. are actually directly relatable to the photocycle under physiological conditions.

These discrepancies firstly highlight the need for carefully controlled illumination regimes to avoid
multi-photon effects but also raise the question of assignment and connectivity from structures in
TR-SFX experiments. In ultrafast TA measurements, multi-pulse approaches can be used to make
resolve ambiguous reaction schemes (section 1.5.4). In this chapter, we propose that the same multi-pulse
methodology can be used for structural assignment in ultrafast TR-SFX experiments. Visible TA
measurements on the protein developed in chapter 2, rsKiiro, show a stimulated emission with a Stokes
peak at around 520 nm (C. Hutchison, unpublished). A dump pulse at 515 nm has been shown to pump
the stimulated emission from the S; to the ground state with around 50% efficiency (C. Hutchison,
unpublished). The energy density of the pump pulse was chosen by power titration measurements
using flash photolysis. A pump-dump delay of 350 fs was chosen as electronic dephasing should have
completed after interaction with the pump pulse (400 nm). This ensures that coherent Raman process
are not being driven by the arrival of the second pulse [272]. Similar approaches of assignment may be
applicable for experiments such as those on bacteriorhodopsin [270, 273] to clarify different assignment
by different groups [263, 264], other reversibly switchable fluorescent proteins (RSFPs) [212, 274], and

myoglobin [266].

This chapter combines the work of three major experimental efforts at three different XFELs facilities
(beamlines): the LCLS (CXI) [35], SACLA (EH2) [275] and PAL-XFEL (NCI) [64]. Through this
chapter, they will be referred to as LCLS, SACLA and PAL experiments. The nature of this work was
highly collaborative and a summary of all authors who contributed is in section A.4. J. van Thor and C.
Hutchison wrote the beamtime applications and led the experimental efforts. This author was involved
in every part of the XFEL experiments and independently led the processing and interpretation of
the crystallography data analysis with J. van Thor. Consequently, this chapter is structured to firstly,

explain the overall experimental method/execution before focusing on the independent development of
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a post-merging data analysis pipeline. The results of this analysis are then shown and discussed in

context to the mechanism assignment of rsKiiro.

4.2 Experiment Overview and Implementation

These experiments aimed to resolve the trans/cis (off/on) dynamics of rsKiiro and to structurally
resolve optical control from 200 fs — 100 ps. A 400 nm pulse was used as a pump and 515 nm
used as a Stokes/dump pulse. Microcrystals were prepared using the method in section 2.2.4 to
pm sized dimensions and densities of around 107 crystals/ml. The exact buffer composition and
size were optimised based on sample injection technique (which was difference at each facility) to
maximise hit-rates without reducing indexing performance. The sample was prepared in the off state by
preilluminating with a laser (SACLA: 10 mW, 473 nm, PAL-XFEL: 100 mW, 488 nm) or LED source
(LCLS: central wavelength 500 nm, 300 mW) at power density calculated to give full conversion before
injection into the interaction region which was then confirmed by crystallographic analysis during the
experiments. Crystal microslurries were injected using a gas dynamic virtual nozzle (GDVN) [120]
or double flow-focusing nozzle (DFFN) [121] (LCLS), droplet injector (SACLA) or with lipid cubic
phase (LCP) matrix injection in a syringe based system (PAL-XFEL) (section 4.2.1). The pump and
dump laser delays were set after time-zero determination by cross-correlation scans with the X-rays.
For pump-probe delays, a timing tool was used to account for inherent XFEL jitter (section 4.2.4) and
sort each X-ray shot into 150 fs timing bins based on the relative X-ray pulse arrival time. Measured
Bragg peak intensities were merged using the XFEL data processing program, CrystFEL [102]. The
analysis of the merged crystallographic data led to the calculation of difference electron density maps
which were then fitted with light-state coordinates through the generation of extrapolated electron

density (section 4.3)

4.2.1 Sample Injection

At LCLS, a 75 pm inner-diameter GDVN tip (figure 1.4 (a)) was ground to remove the opaque coating
that would normally prevent preillumination at the tip of the nozzle. Flow rates of around 10-30

I were generated using a high-pressure liquid chromatography pump which pushed a plunger

plmin™
system which then extruded crystals down the 100 pm inner diameter capillary. The capillaries were
around 1.5 m in length and led to the interaction region where the nozzle was mounted. As the
capillaries were semi-transparent the crystal slurry was illuminated on transit in to the CXI vacuum
chamber. Hit rates fluctuated from 5-15% using the GDVN. A DFFN injection system (figure 1.4 (b))
was used at slightly lower sample flow rates (10-20 plmin~!') and around 90 plmin~"! ethanol flow. The

DFFN nozzle was found to give very poor stability/reliability of the jet and so a majority of data was

collected with the GDVN nozzle.
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At the SACLA experiment crystals were delivered into the interaction region using a droplet-on-demand
injector system (figure 1.4 (c¢)) which extruded droplets via a piezo-driver. The voltage and amplitude
of the current pulse used to drive the piezo, as well back-pressure of the droplet injector could be
varied to optimise the size/shape of the droplet being formed. The sample was back-loaded through the
injector nozzle (diameter of 80 nm) which acted as a filter and prevented large particles blocking the
injector. Around 300 nl of sample was loaded into the reservoir every 1-1.5 hours. More sample was not
loaded as crystals began to settle over, which could block the injection nozzle. Timing relative to the
XFEL master clock and the piezo-driver parameters were periodically adjusted and optimised as debris
built up from the obliterated sample droplets. Ideally, hit rates of around 50-60% were maintained
throughout the experiment as it was found this gave the best stability in indexing rates. This was
tracked using real-time hit-finding in the program Cheetah [145]. It was found the 50% hit-rate was
optimal for maintaining high indexing rates. When hit rates are too high multiple crystals can overlap

droplets and shadow the crystals from illumination and can cause miss-indexing of patterns.

At PAL the microcrystal-slurries were resuspended in a lipid cubic phase (LCP) of monoolein. This
was loaded into an adapted 100 pl syringe (Hamilton gas tight) which was driven with a syringe pump
at a constant flow rate of 6.35 plmin~'. The syringe needle had an inner diameter of 0.413 mm and
extruded a thin jet at a speed of 6 mms~!. This led to a translation of around 200 pm/pulse at the
fixed XFEL pulse repetition rate of 30 Hz. The only transparent area for preillumination was the base
of the main body of the syringe before it interfaces with the needle fitting. As the transit-time through
the preillumination area was on the order of the full-conversion time the injection speed was carefully
controlled to maintain a constant preillumination population. This was also important to control for
pump-laser scatter up up the monoolein/crystal jet. The syringe extrusion speed is much slower than
the GDVN injection and is continuous - unlike the droplet injector. This can led to a laser scatter up
the LCP matrix caused by total internal reflection of laser light which pre-exposes un-probed crystals
to the 400 nm pump light. The choice of an injection speed is, therefore, key to the success of an

experiment as we aimed to maximise pre-conversion and minimise the effect of pump-laser scatter.

4.2.2 X-ray Diffraction Data Collection

At LCLS’s CXI hutch, diffraction data was acquired using the in vacuum Cornell Stanford Pixel Area
Detector CS-PAD [117] with a detector distance optimised to 50.7 mm. The X-ray energy was set
to 9.5 keV with pulse energy around 1 mJ at 120 Hz. To control for fluctuations in the SASE X-ray
energy spectrum an upstream spectrometer was used to determine the average energy for each X-ray
pulse. This was processed by the DAQ and written into the header of each image for use in downstream
processing. To control the dynamic range of the detector a gain-mask was applied to avoid saturation

of low-resolution components but still allow sensitivity to higher-resolution reflections. Each pixel of
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Figure 4.1: A crystal slurry is injected into the interaction and excited by a 400 nm (blue) pump pulse, followed
by a dump pulse at 515 nm (green). X-rays probe the sample and diffraction is collected on the detector.

the detector has a high/low gain mode. In the high gain-mode pixels are relatively sensitive but have
lower saturation thresholds/maximum-photon counts. In low gain-mode pixels exhibit a higher dynamic

range but are less sensitive to individual photons.

The detector used at SACLA’s EH2 hutch was the multi-port charge-coupled device (MPCCD) III-L
[276]. The detector distance was set to a distance of 50.6 mm. The pulse energy was set to 10 keV with
an average pulse energy of around 0.6 mJ at 30 Hz. As at LCLS, an upstream spectrometer measured
energy of each X-ray pulse which was incorporated into the data processing pipeline. The MPCCD
ITI-L has only a single gain mode meaning there was no need post-processing of the gain mask (like at
LCLS). This detector does not require a vacuum to operate meaning it was operated unenclosed, at
atmospheric pressure. To minimise the background scatter caused by air, a helium stream was used to

flush the sample area and around the detector.

At PAL, a commercially available Rayonix (Illinois, USA) MX225-HS was used to acquire diffraction
data. To increase the dynamic range and allow continuous 30 Hz data collection rates, a 4x4 pixel
binning mode was set. An X-ray energy of 12.4 keV with a pulse energy of around 0.6 mJ was chosen as
a compromise between X-ray photon flux, detector efficiency and to maximise the obtainable resolution.

The detector distance was set to 142.9 mm.

4.2.3 Optical Laser Setups

At SACLA and LCLS an on-site synchronised Ti-Sapphire laser system was used to generate the pump
and dump pulses. The the 400 nm laser pulse was generated using a 100 pm (barium borate) BBO
cut at a phase-matching angle (29.2°) for type II SHG of 800 nm, the fundamental wavelength of the
lasers used. An OPA was used to generate the 515 nm pulse and the two beams where combined

using a 490 nm wavelength-cut long-pass dichroic mirror (DMLP490, Thorlabs). The two colours were
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initially temporally-overlapped using a fast-photodiode with rise-times close to 20 ps. In the path of
the dump beam there was an delay stage to set the relative delay between the pump and dump pulses.
A cross-correlation measurement on a Ce:YAG screen determined the average delay between the X-rays
and optical pulses. This was then jitter corrected to give a time resolution better than 200 fs (section
(4.2.4). A chopper wheel cut the repetition rate of the laser to match the XFEL experiments (120 Hz
LCLS, 30 Hz SACLA, 30 Hz PAL-XFEL) and was used to interleave dark and light data. At SACLA
and LCLS four laser-on shots were followed by one laser-off whilst the PAL-XFEL experiment used a
1:1 ratio to minimise variation in scatter effects when using the LCP extruder. The pump and dump

lasers were aligned to the X-ray focus using the fluorescence of a YAG screen (SACLA and LCLS).

The energy-density of the pump pulse was chosen to maximise the photoproduct yield. In the home
lab, flash photolysis measurements titrated the energy density of a 150 fs, 400 nm pulse and measured
the bleach and photolysis yield with increasing pulse energy density. It was found an energy density of
around 4 mJ/mm? was optimal. At the facility, the focus size was chosen maximise overlap stability
with the X-ray focus and minimise scatter to the next crystal. Focus size was determined using either a
beamprofiler (SACLA) or knife-edge scan (LCLS). An energy meter measured the pulse energy which
was then attenuated using a wave-plate and polarizer to around 4 mJ/mm? and 8 mJ/mm? for both

the 400 and 515 nm beams respectively.

The crystals of rsKiiro were needle shaped which meant that had a tendency to self-align with the
injection jet. Protein crystals are non-centrosymmetric which means they exhibit birefringent electric
field decomposition along their optical axes [277] (not to be confused with the crystallographic unit cell
axes). This can enhance or reduce the effective pumping of the electronic transition dipole depending
on the orientation of the crystal relative to the laser polarisation axis [278]. As a result, to reduce the
risk of the pump not overlapping with the chromophore transition dipole moment, the laser polarisation

was oriented at 45° relative to the jet axis.

The optimised energy densities were measured in the home lab using a 150 fs pulse. At LCLS and
SACLA, to match this pulse width and to allow coherence analysis, a home-built, portable FROG [279]
and X-FROG [280] were deployed at the beamlines. The FROG measurements determined the pulse
width and spectral phase of the optical pump and dump pulses. We made SHG-FROG measurements
of the 800 nm (fundamental) and 515 nm beams and X-FROG measurements of the 400 nm pulses by

sampling a small section of the beam offline from the experiment.

The SHG-FROG schematic is shown in figure 4.2 (a) the fundamental beam was split using a thin
beam splitter. A linear stage delayed one of the pulses relative to the other. A focusing mirror was

then used to focus both beams onto the BBO which generated the second harmonic of the beam which
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A [nm| AN [nm]| ¢ [fs] GDD [fs?]  3rd Order [fs3
Fundamental (after BBO) 800 15.5 100 £ 15 554 £ 50 2944 4+ 600
N
5| Pump 400 . 100 : -
—
Dump 015 6.8 71+ 15 480 £ 40 2000 4 400
| Fundamental (after BBO) 800 27 72 262 + 12 -
—
2 Pump 400 9 40 135+ 15 -
| Dump 515 14 52 355 +£ 175 184 & 20

Table 4.1: FROG fitting results from LCLS and SACLA. Adapted with permission from Hutchison et al.
(unpublished).

then co-propagated with the fundamental. When both beams were overlapped spatially and temporally,
the two photon SHG process could occur using a single one photon from each arm of the FROG. This
led to a cancellation in k vectors and the generation of a third beam which between the two collinear
components. This central spot was collected using a fibre spectrometer. By scanning the delay stage
a frequency/delay spectrogram was obtained that could be used to retrieve the pulse duration and
spectral phase using phase reconstruction. A type II 20 pm surface deposited BBO with a 29.2° cut
angle measured the 800 nm pulse and type II with 55° was used to measure the 515 nm. The orientation
of the crystal with respect to the beams was adjusted to maximise phase matching in both amplitude

and bandwidth. An example FROG trace and fitted pulse retrieved is shown in figure 4.2.

The XFROG (figure 4.2 (b)) measurement was required due to the limitations in finding a non-linear
medium which could phase match the 400 nm pulses. The XFROG measurement is made similarly
to the FROG measurement except the resolved frequency mixing is signal is not from two pulses of
identical frequency. In our XFROG set-up, we split the test pulse (800 nm) and generated the second
harmonic in one arm with the same 100 pm 29.2° BBO used in the main optical setup. This leads to
a 400 and 800 nm beams being focused on the phase-matching medium. (another type II BBO with
phase matching angle of 29.2°). The frequency-mixed output is collected using a fibre spectrometer and
spectrally resolved as a function of delay. This trace (figure 4.2 (c)) is then analysed to extract the

phase and pulse length.

The spectrograms for the SHG-FROG and XFROG were fitted using a published MATLAB FROG-
fitting tool (Adam Wyatt, MathWorks FileExchange). A summary of the fitted pulse lengths for
experiments at SACLA and LCLS is shown in table 4.1.
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(¢) SHG-FROG of the 515 nm pulse at LCLS. Raw spectrogram (top left) with, reconstructed spectrogram (bottom left),
recovered pulse temporal profile (top right) and spectral profile (bottom right).

Figure 4.2: (a): Schematic for the second harmonic generation frequency-resolved optical gating (SHG-FROG).
(b): Cross-correlation FROG (XFROG) (c): Measured and retrieved FROG spectrogram, pulse width and

spectrum. Figure and caption adapted with permission from Hutchison et al. (unpublished).
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Figure 4.3: Cross-correlation time zero determination at LCLS (top row) and SACLA (bottom row). In

the 400 nm pump (left column) and 515 nm dump (middle column) pulses, each show the raw photodiode
signal after timing tool correction of the XFEL jitter was applied, binned trace and fitted sigmoid. The fit was
generated using the methods found in [114]. The comparison of the fits (right column) shows the pump-dump
delay. Note: the order of the optical pulses appears counter-intuitive (i.e the 515 nm pulse appears first) in the
cross-correlation traces as in this measurement x-ray pulse is the pump and the optical pulse is the probe as
opposed to the TR-SFX experiment when the X-rays are the probe hence the temporal order of the optical
pulses is effectively reversed when scanning the same optical delay stage. Figure and caption adapted with

permission from Hutchison et al. (unpublished).

4.2.4 Timing

At LCLS and SACLA a delay stage for each the 400 nm and 515 nm allowed adjustment of the average
laser arrival time with respect to the X-ray pulses. Due to the spontaneous nature of XFEL SASE
generation, there is a jitter from 0.1 - 1 ps |64, 114], in arrival time of the X-ray photons relative to
the optical laser. Although the Ti:Sapphire amplifier is synchronised to the XFEL using a MHz radio
frequency, the timing correlation of individual X-ray pulses needs to be determined. At PAL-XFEL,
given the very low jitter (25 fs rms) and the longer delay times that were collected (1 ps, 100 ps and

negative delays), it was not necessary to bin the data collected.

At LCLS and SACLA shot-to-shot timing measurements were made. Upstream of the experiment

end-station, beam-splitters were used to take a small portion of the fundamental laser beam (800
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nm) and small (>1%) portion of the X-rays. A timing tool either spatially [281] or spectrally [282]
(depending on the facility) encoded the relative arrival time of the X-rays with respect to the laser
pulses. To determine the precise delay between the optical pulses and the X-rays in the interaction
region, a cross-correlation was made on a Ce:YAG screen. Absorbed X-ray pulses generate large
charge carrier densities which modify the dielectric function of the semiconductor [283|. This leads
to a transient increase in reflectively in the visible region [283] which changes the intensity of the
of the optical probe pulse when it is temporally (and spatially) overlapped with the X-rays. This
change in transmission/reflection can then be measured by a photodiode [281, 282|. Depending on the
jitter of the facility a cross-correlation can accurately set the average probe delay to around 500 fs — 1
ps [114]. To accurately set the pump-dump delays each X-ray shot in the cross-correlation must be
binned based on the X-ray pulse jitter within the cross-correlation scan 38, 114]. The cross-correlation
and corrected/binned data are shown for LCLS and SACLA experiments in figure 4.3. For sub 1 ps
pump-probe delays the output of the timing tool was used to sort and bin each image based on the
measured X-ray-optical delay. This allowed the separate processing of data in 150 fs intervals from 0 —

1 ps if data collection redundancy allowed.

4.2.5 Serial Femtosecond Crystallography Data Merging

The software packages Cheetah [145] and CrystFEL [102] were used to analyse TR-SFX data. Cheetah
was used as a ‘hit’ finder, to identify images that contained diffraction information that could be used
for indexing, i.e. images where the X-ray beam hit a crystal. Cheetah was run as close to real-time as
possible to give a semi-live hit-rate (percentage of X-ray shots leading to indexable images). This was
used to optimise sample injection to no higher than 50-60 % by adjustment of flow rate, position or
microcrystal slurry condition (i.e. crystal density, PEG conditions or protein concentration) during the
experiment. This was important to avoid adjacent crystals from shadowing one-another from excitation
laser, polluting merged datasets with un-pumped data. Additionally, if the hit rate was too high it was
found the indexing rate (comparison of the number of hits successfully indexed to the number of hits)

would also fall thereby decreasing the overall data rate.

Images that were identified as hits (figure 4.4) were passed to CrystFEL for indexing using a unit cell
previously determined from MX experiments (chapter 3). Different experiments had different indexing
algorithms available as specified below. Initially, pre-illuminated data was obtained to refine the
geometry of the detector (where appropriate), the distance from the detector to the interaction region
and the relative detector centre to the X-ray beam. The detector distance was refined by evaluating
the distribution of the indexed unit cell dimensions. When correct, the unit cell distribution converged

and became much narrower (figure 4.5).
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Figure 4.4: Example of peaks found (red boxes) by Cheetah and the applied mask around the beam stop

For each time-bin data were sorted into dark (absence of pump and/or dump laser) and light (presence of
pump and/or dump laser) image-sets which were indexed and merged separately. Individual intensities
were merged using both the Monte Carlo method of CrystFEL’s process_hkl function, without
refinement for partialities and with the partialator function using the ‘unity’ model with a single
scaling iteration. It was found that both methods gave similar overall statistics but the process_hkl
a gave a higher CCy /5 and lower Rgplit, especially in the highest resolution shells. It was also found
that light-induced difference electron density were also stronger in the data merged with process_hk1,
perhaps due to higher quality high-resolution structure factors. As a result, merging using only the

process_hkl method was preferred and will be used unless stated otherwise in the following sections.

Data Merging: LCLS

Every 20-40 runs dark scans, in the absence of X-rays were taken to determine which pixels from the
CSPAD detectors had bad/damaged pixels. These were then masked out before indexing algorithms
were run. This was also performed after if any ice deposition occurred in the CXI vacuum chamber to
account for any damage due to high-intensity diffraction from the accumulation. Nearly every run was
manually masked before indexing and integration to eliminate shadowing from the nozzle on the images
detected. Spots inside the nozzle shadow were excluded as the reported intensities may vary from the
actual diffracted intensities and the determination of the final structure. Using CrystFEL, two indexing
algorithms, DIRAX [151] and MOSFLM [284] were compared for performance in indexing the images,
with the previously defined unit cell being fed to both. To refine and optimise the CSPAD metrology,

the dark images were indexed first. The detector distance was refined by varying the clen variable and
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reindexing. Steps of size 0.1, 0.05 and finally 0.01 and 0.001 mm were made to optimise the indexing
results. The optimised geometry provided single narrow distributions with standard deviations of <0.5
A for lattice axes and around 1° for angles, while the unoptimised geometry showed much larger unit
cell distribution widths (>1 A) and showed a bimodal distribution for the lattice c-axis. Performing an
L-test gave a very high twinning fraction (16-17 %) when using the unoptimised geometry. Once the
geometry was optimised with the clen variable and detector centre fixed this fell (to 6-7 %). The L-test
fraction still remained higher than anticipated, however, given that suitable R-factors were obtained in

refinement and merging, and a single-set of narrow lattice distributions it was not concerning.

Although the detector was moved and replaced on several occasions, it was not found necessary to
individually optimise the detector distance for each run, as acceptable cell distributions and indexing
results for the entire dataset were provided by a single optimised distance. It was also found that
indexing results were relatively insensitive to indexing algorithm parameters such as integration radii
or minimum criteria for SNR. An electronic gain-mask was used for a majority of runs to prevent
low-resolution pixel saturation when acquiring high-resolution diffraction data. A gain mask, containing
the gain setting of each pixel was applied to the images to correct the intensities across the detector

before they were merged using process_hkl, as described above.

Data Merging: SACLA

The SACLA data was analysed using very similar steps to the LCLS data. Although there were some
differences in the experimental set up which changed the data processing pipeline. For example, at
LCLS, the GDVN nozzle caused significant shrouding on the upper half of the CXI detector panel. As
the droplet injector was more stable than the GDVN nozzle, the distance between the X-ray focus and
tip were further. This prevented shrouding meaning the only area that needed to be masked was the
beam stop Additionally, the SACLA detector only operated in one gain mode which meant no gain
mask was required to get the correct intensities. At SACLA there is also a dedicated real-time pipeline,
developed by Nakane et al. [285], which gave very quick hit-rate feedback (within 1-2 seconds), meaning
the jet could constantly be translated to account for any drift in the XFEL /droplet alignment. This
occasionally led to hit-rates up to 80 % which could increase the number of multiple microcrystal lattices
being indexed from single diffraction snap-shots. For peakfinding in CrystFEL, two indexing algorithms
were tested at SACLA: TakeTwo [155] and XGANDALF [152].1t was found that XGANDALF gave the

best results so was taken forward.

Data Merging: PAL

Occurring during September 2020, this experiment was mandatorily remote. Cheetah was not used for

hit rate optimisation unlike experiments at SACLA and LCLS but it was used for estimating overall
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collection yields during the experiment, for peak finding and to apply the beam-stop mask. Initially,
hit-finding parameters were optimised on dark-condition images and refined based on indexing results
from CrystFEL. CrystFEL’s internal hit and peak finder, peakfinder8 [286| was tested in parallel with
Cheetah but was found to give lower quality merged data, perhaps due to misidentification of noise
as Bragg peaks. Unlike the detectors at SACLA and LCLS, the PAL experiment used a commercial
Rayonix MX225-HS detector which has a geometry correction pre-applied and automatically subtracted
a dark image meaning it was not necessary to manually check for hot/dark pixels in Cheetah. It also
meant it was only necessary to refine the beam-centre and detector distance but not the geometry
of individual detector panels. Two indexing programs: MOSFLM [284] and XGANDALF [152]| were
compared for indexing success and statistics. It was found that XGANDALF gave the best indexing

results so was used in the analysis going forward.
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Figure 4.5: Detector distance refinement: Showing unit cell distribution changes with different detector lengths.
Shown is a histogram of the unit cell lengths a, b and ¢ and angles «, § and «. The final refined dimensions
were 39.364+0.06 A, 74.154+0.13 A, 78.70+0.13 A and angles of 90+0.13°, 904+0.15°, 90.02+0.19°for the PAL

experiment. Figure and caption adapted with permission from Hutchison et al. (unpublished).

The detector distance was refined in steps of 0.5, 0.05 then 0.01 mm. Figure 4.5 shows the distribution
of unit cells tightening as the detector distance converges. The detector centre was checked each day

and found to move by 0.2 mm on the second last day of data collection. The detector distance was
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also re-refined at this point but found to be stable. Detector saturation levels were checked and the
majority of the X-ray diffraction spots were within the dynamic range. There was no electronic gain

mask applied to the detector during this experiment, unlike LCLS.

Occasionally a build-up of sample would occur around the injection syringe. This led to increased
background scatter which may lead to lower accuracy in the measured spot intensities. Each run was
checked for this by plotting the average pixel count of all images as a histogram and ignoring images
with average pixel counts over 1000. However, It was found this had no observable effect on data quality

so was not implemented through the experiment.

As of September 2020, there were no published crystallography structures from the NCI beamline at
PAL-XFEL This meant it was not clear how many indexed patterns were required for convergence
of merging statistics. This was tested by merging random laser-off images across the four days of
experiments with an increasing cumulative numbers of images. Up to 140,000 images were merged in
140 steps. The results show that signal to noise always increases with high redundancy, whilst other

merging statistics such as CCy 5 plateau after merging of around 20,000 diffraction patterns (figure 4.6).
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4.3 Data Processing of Merged TR-SFX Data

Over the three TR-SFX experiments a total of 32 independent pump-probe and pump-dump-probe
crystallographic datasets were collected (table 4.2). These experiments aimed to firstly, observe the
isomerisation pathway with high structural detail in the pump-probe data and secondly, to observe the
structural effects induced by the dump pulse, both with and without the preceding pump. This required
a way of accurately determining the ‘light minus dark’ electron density differences in real space so that
transient model coordinates could be fitted. The processing steps are summarised in figure 4.7. Firstly,
merged intensities (Ink) are converted to structure factors (Fy), the dark and light structure factors
are then scaled the differences calculated (AFyy), difference electron density (Ap) is then generated
from the Fourier transform of the AFpy with model phases (®). Intermediate-structures can be fitted
using extrapolated structure factors (Fgy)and corresponding extrapolated electron density pgg¢. This
section will justify the choices for each processing step and detail the data analysis pipeline that was

established for the TR-SFX data.

Merged Structure Scaled Difference Difference Extrapolated Extrapolated
Intensities| — | Factors |—> | Structure Factors | —| Density | —> | Stucture Factors | —> | Structure
Tha Fri AFpy Ap, @ Fexr= Fc+NexrAE © Pexr, @

Figure 4.7: Data analysis pipeline for TR-SFX data as described in the main text.

Structure Factor Calculation from Intensities

As structure factors are real numbers which are the square-root of the measured intensities, by definition
they cannot be negative. However, modern detectors measure the strength of a reflection by taking
the pixel intensity and subtracting a background value. At higher resolutions, the reflection intensities
become small relative to the background levels. This leads to an inevitable random error in the
determination of reflection intensities and, in particular, can lead to the observation of unphysical
negative intensities for weak reflections (when I ~ o). To correct this either all negative intensities
can be ignored or, French and Wilson scaling can be applied [172]. This corrects small and negative
intensities based on a Bayesian statistical approach. Prior knowledge of the expected distribution
of X-ray intensities is known [173] meaning reflection intensities with a magnitude close to 0 can be
scaled appropriately using a fitted B-factor. The results of this can be evaluated using a Wilson plot to
see if the calculated structure factor moduli follow the expected distribution. However, the expected
intensities are calculated by assuming the relative distances and orientation of atoms in a crystal were
random [173]. As protein crystals are well ordered (on the unit cell length) these assumptions hold for
short distances but are unrealistic on longer length scales. This leads to the expectation that structure

factor moduli will deviate from ideal Wilson plot behaviour at low-resolution limits.

In practice, French and Wilson scaling is implemented in the CCP4i package, Truncate [238] and
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in PHENIX [176] within the reflection conversion function’s massage option. Both implementations
were tested on TR-SFX data and it was found that Truncate underestimated the scale factor for
higher-resolution shells. The reasoning for this is unclear. Perhaps this is due to the anisotropic nature
of the data or an artefact when merging reflections in CrystFEL. As the exact implementation of
scaling in Truncate is not clear it was not possible to troubleshoot this issue. Instead, PHENIX’s
massage option was used. This gave correctly scaled data and so was taken forward. The source
code for PHENIX shows the implementation used. The massage option takes weak/negative intensity
measurements (Ipx;), their standard deviation, (o7) and treats them with equation 4.1 to calculate,

positive structures factors, Fp,s:

Ihkl+1/[i2zkl+2a% (4 1)

2

FPOS =

This implementation is similar to that of French and Wilson scaling [172]. The data analysed from
SFX were anisotropic and so the boosting of weak intensities was beneficial to scaling and refinement of
the structure factors (evidenced by improved R-factors and clearer difference map features when using

the massage option).

Difference Structure Factor Calculation: Weighting and Scaling

The calculation of difference structure factors requires scaling of reflections (section 1.4.3) followed by
subtraction. Options for scaling are varied, and there are a range of implementations amongst CCP4i
(Kraut, overall and anisotropic/isotropic) and PHENIX (multiscale, overall). After scaling,
differences can be directly calculated or weighted by standard deviation which accounts for the error in

each reflection measurement and weights it accordingly (section 1.4.3).

The TR-SFX data is high resolution (1.38-1.44 A) and anisotropic meaning it was inappropriate to
scale the data using an overall or isotropic scale factor. Instead, we choose to compare the differences
between Kraut, anisotropic and multiscale methods. Kraut scaling was developed to improve the
phasing of crystal structures with heavy atom phasing techniques [287]. The scaling of data with a
Kraut scale (as implemented in FSHCAL/SCALE IT [177]) ideally used unmerged acentric reflections
to account for any anomalous signal (i.e. processing the data in P1 space group). However, to improve
the accuracy of the SFX data merging we assumed the crystal data obeyed Friedel’s and merged data
in the highest symmetry group possible (P212;21). As a result, Kraut scaling was not appropriate,

although the calculated scale factors are shown in figure 4.8.

In SCALE IT, anisotropic scaling is implemented to minimise to average structural factor residuals

between the dark and light structure factor sets. A scale factor (K) of:
K = Cexp(—(th + Brk + Bll))
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Figure 4.8: Scale factors for the LCLS dark dataset calculated using three different methods as described in

the main text.

is used in the case of an orthorhombic space group. Where C is an overall scale amplitude and By, B;, B;
are the B-factor scales implemented on the reflection indices, h,k,1. The calculated scale factor is plotted
as a function of resolution in figure 4.8. One advantage of using SCALE IT over PHENIX was that
more than two datasets could be scaled together in multiple scaling steps. This meant that in SCALE
IT, calculated structure factors from the program SFALL [177] can be provided to use as an ‘absolute’
scale which data can be scaled against. This ensures normalised scaling when generating extrapolated

structure factors (as explained in the next section).

PHENIX’s scaling implementation is known as multiscaling. In the multiscale method, common
reflections are scaled on a normalised absolute scale compared to the supplied model however, the
reflections are binned by resolution which leads to the step-like scaling with resolution as seen in figure
4.8 |288]. There is no physical basis for why scaling by resolution bins would be advantageous. However,
it was found that difference maps scaled using multiscale gave very sharp difference features with almost
no erroneous signal in the solvent filled space between protein monomers. To calculate Q-weighted DED
using the PHENIX multiscaling method edits were made to the PHENIX source code to write out the
intermediate structure factors after scaling. Normally difference maps in PHENIX are calculated using

the isomorphous difference function which only outputs the final difference map and phases in one file.

The results of the SCALE IT anisotropic-scaled Q-weighted and the PHENIX-multiscaled direct and
Q-weighted DED maps are seen in figure 4.9. The unweighted multiscale differences show the strongest
DED signals followed by the anisomorphous Q-weighted and then the multiscaled Q-weighted. Overall
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(a) Anisomorphous Q-Weighted (b) Multiscaled Q-Weighted (c) Multiscale Unweighted

Figure 4.9: Difference electron density maps calculated using different methods of scaling and weighting as

detailed in the main text.

the SCALE IT anisomorphous-scaled method was chosen for two reasons. Firstly, the ability to scale
the dark and light data on a single absolute scale was essential for generation of extrapolated maps
and comparison of different illumination conditions. It was not possible to this in PHENIX. Secondly,
the anisomorphous scaling and the Q-weighting methods have the strongest physical foundations in
terms of error propagation (with the Q-weighting) and scaling (unlike the resolution-binned multiscale
method). This gave the most confidence that the final calculated difference density was due to physical

differences in the structure and not an artefact of data processing

Difference Structure Factors to Difference Electron Density and Extrapolated Maps

The difference electron density is calculated from the structure factors difference, AF. The program
FFT within CCP4i [177] is used to calculate the real-space difference electron density maps from the
structure factor differences. The importance of choice in phase is discussed in section 4.3. Here we use
the dark-model phases for the calculation of the final map. The success of scaling can be evaluated and
the most reliable method chosen with examination of the DED. In particular, scaling was judged on
the shape of the difference density features and the significance/frequency of signals observed in the

solvent space between protein molecules.

The photoproduct yields of rsKiiro are expected to be around 20%. This means signals in the final DED
will be due to partially occupied states. To extract small structural changes in the illuminated data,
extrapolated electron density maps were generated and extrapolated coordinates then refined to these
maps. Difference structure factors, AF were added in a linear combination in multiples of Ngx7 to
the calculated dark structure (Fpg,k) to generate extrapolated structure factors, Fpxp. The negative
electron density around areas of interest in the protein was then integrated. The point where negative
density started to build up was used to determine a characteristic Ngx7 value which was then used to

generate the final extrapolated structure factors. Coordinates were refined against the extrapolated
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structure factors (section 1.4.3) using 5 cycles of rigid body refinement in REFMAC [237] and further
real-space refinement using coot [289]. The population transfer (PT) as a fraction can be approximated
from the Ngpxr value as PT = 2/Ngxr. Here, population transfer refers to the fractional occupancy

of the light-induced state.

The sphere of integration radius and centre can be altered to include/exclude DED features of interest.
In rsKiiro a majority of difference signals were located in close proximity to the chromophore: on the «
helix and around the chromophore pocket. We, therefore, choose an integration sphere centred on the
methyl bridge of the chromophore at a radius of 7 A. This sphere then enclosed a majority of the key
difference density features. It was found that minor alterations to the sphere location or radius did not
significantly change the fitted extrapolated value. If the sphere was placed at an irrelevant position
for example, far away from the chromophore, then it was found that the extrapolated calculation was
unphysical as the calculated electron extrapolated electron density (pg,¢) would use too higher value of

Ngg:. This would create noisy electron density which was uninterpretable.

Further Consideration of Phases

One of the most important choices in the evaluation of crystallography electron density is the phases
used. Throughout this analysis we have used the dark-state phases for the structure factor differences.
This was justified (in section 1.4.3) because light-induced structural differences in rsKiiro are mostly
localised to the chromophore region so it is assumed the light and dark structure factors are very close
in phase. However, with the generation of the extrapolated coordinates it is possible to generate a set of
‘light” structure factor phases (®5), calculated from a mixed occupancy model of dark and extrapolated
coordinates. Figure 4.10 shows an exaggerated Argand diagram of a light induced structure factor
difference, AF, generated from the light (Fr,) and dark (Fp) structure factors. Clearly in this case,
the phase of the difference structure factor is significantly different from the light and dark structure
factors. This means the magnitude of AF' systematically underestimates the full difference structure

factor vector.

To test the effects of incorporating a light-phase set, the Q-weighted DED for a merged laser-on bin
was phased using a dark:light-state model of 0.8:0.2 occupancy ratio. It was found there was almost no
difference in the peak difference density values, positions or the overall average phases for the new maps.
This is most likely because the photo-population is small and localised to the chromophore. This means
the light-state structure has a very similar structure and therefore very similar phases. Furthermore,
extrapolated maps generate new structure factors based on dark-state calculated structure factors and
the observed structure factor differences. By fitting an extrapolated model and then re-using this model
for phases we would essentially be biasing the maps to the light state structure. In the case where a

state is fully occupied (i.e. 100% population transfer to a light induced state) accurate light-state model
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Figure 4.10: Complex plane of the structure factor triangle for light induced structural difference calculation.

can be determined and so can accurate phases. In the case of TR-SSX the low population transfers
and synthesised maps were overall deemed less reliable than the use of dark phases. Therefore, it was
decided not to calculate light-state phases. Instead, the DED were phased with the purely dark-state

model.

Final Processing Pipeline

Bash scripts processed each light and dark bin to generate the Q-weighted DED maps based on the
Bayesian statistical analysis by Ursby et al. [174, 175] (section 1.4.3) which were then interpreted by
generating extrapolated electron density for which ‘light’ coordinates were refined too. The PHENIX
reflection conversion function, using the massage option, converted the intensities to structure factors
[176]. Calculated structure factors from SFALL (CCP4i [177]) using the ground-state refinement model
were combined with observed structure factors into one file using CAD (CCP4i [177]). Both the light and
dark structure factors were scaled on an absolute scale using anisotropic scaling in SCALE IT (CCP4i
[177]). A relevant low and high-resolution limit was applied during the scaling step. This was chosen
depending on the experiment (1.35, 1.44 and 1.42 A at LCLS, SACLA and PAL-XFEL respectively).
The low-resolution limit was set between 20 - 30 A. Structure factors differences were Q-weighted as
described. The FFT program (CCP4i [177]) was used to calculate the DED from the structure factor
differences. The grid spacing was left unaltered. Extrapolated structure factors were calculated as:
Fgzt = Fpc + NgaAF. FFT, using the simple option was then used to generate the extrapolated
electron density. Negative electron density above 3 rms level and a 7 A radius around the chromophore
was integrated using published FORTRAN code [241]. The point where negative density started to
build-up was used to determine a characteristic Ny value which was then used to generate the final set

of extrapolated structure factors. Coordinates were refined against the extrapolated structure factors
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using 5 cycles of rigid body refinement in REFMAC [237] and further real-space refinement using coot
[289]. The population transfer was approximated from the Ngy; value as PT = 200/Ngy.

4.4 Experiment Results and Discussion

Overall, a total of 682,650 indexed crystal diffraction patterns were merged into 32 pump-probe/pump-
dump-probe delays (-100 ps — 100 ps) at three different experimental facilities. A summary of collected
conditions is shown in table 4.2. The limiting resolution varied depending on the experimental setup
but was better than 1.45 A for the dark datasets of all experiments. The crystallography merging and
refinement statistics are shown in tables A.5 — A.12. In total we have measured pump-probe (PP)
crystallographic signals from 250 fs — 100 ps and pump-dump-probe (PDP) signals from 250 fs — 100 ps.
We observe unambiguous DED with high signal to noise ratios which are reproduced at two separate
experimental facilities at (SACLA and LCLS). The sub 1 ps PP data shows the onset of ultrafast
oscillation which are enhanced in the PDP measurements. This allows us to assign the signals to the
observation of ground-state vibrational coherence as opposed to the observation of an excited-state

intermediate state.

‘ Conditions
Experiment
‘ Pump Probe Pump Dump Probe Dump Only Dark
LCLS 0 -1 ps, 250 fs, 400 0 — 1 ps, 250 fs, 400 1 ps, negative Dark, No overlap
fs, 550 fs, 700 fs, 850 fs, 550 fs, 700 fs, 850
fs, 1100 fs, negative fs, 1100 fs, negative
SACLA 550 fs, 3 ps, 100 ps 550 fs, 3 ps, 100 ps - Dark
PAL 2020 1 ps, 100 us, negative - - Dark
Table 4.2: Summary of collected TR-SSX delays and conditions.
4.4.1 LCLS

At LCLS, sub 1 ps data was collected for both the PP and the PDP conditions which was further
binned into 150 fs intervals using the timing tool (section 4.2.4). Additionally, a 1 ps dump-only,
negative-delay and dark datasets were also collected (table 4.2). A dataset of all 0 — 1 ps delays for PP
and PDP conditions were merged as separate dataset for calculation of extrapolated maps. The higher
redundancy of the 0 — 1 ps meant the extrapolated density was less noisy compared to the binned
extrapolated maps. The pump-dump delay was retrieved to be 350 fs by cross-correlation with the
X-rays. The pulse width of the fundamental and dump pulses were resolved using the SHG-FROG
to be 100 and 71 fs respectively (table 4.1). A successful measurement of the 400 nm pulse was not

made. Instead, the pulse length was estimated from the SHG-FROG of fundamental, 800 nm pulse
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duration of 100 fs. It was assumed that the 400 nm SHG with the same 100 pm BBO would be a similar
duration (i.e. ~100 fs). The dark data was limited in resolution to 1.37 A as determined from the
Fourier shell coefficient (FSC) in figure A.4. Refinement of the dark and negative merged data clearly
shows a trans-state with structural features of the cryo-MX data (chapter 3) and a single chromophore

conformation.

PUMP _‘ PUMP-DUMPﬂ
0 500 1000 15'00:»[ g
(fs) .

Figure 4.11: Femtosecond time resolved Pump-Probe (left) and Pump-Dump-Probe (right) TR-SFX experiment
of rsKiiro off state with a trans neutral chromophore. Time-resolved data for delays between 250 fs and 1 ps
were merged and Q-weighted Fo-Fo maps are shown at 30 level and 1.3 A resolution. Coordinates for ground
state (yellow), Pump-Probe data (white, left) and Pump-Dump data (cyan, right) were refined from extrapolated
structure factors, and occupancy refinement. Figure and caption adapted with permission from Hutchison et al.

(unpublished).

The pump-probe delays merged between 0.2 - 1 ps show strong difference signals around the chromophore.
Shown in figure 4.11 is the difference density and extrapolated coordinates of the pump-probe and pump-
dump data. Signals up to 8.5 o level are observed on the water hydrogen-bonded to the chromophore.
Extrapolated structure factors were calculated with an Ngy; of 13.5 (figure A.5) indicating a population
transfer of around 15 %. Refined extrapolated coordinates (white in figure 4.11) show a small movement
of 69 pm the chromophore phenolic oxygen towards a planar geometry. Additionally, and very clearly
represented in the difference density, is the movement of the hydrogen-bonded waters between the
phenol and the Gly155 shown. Strong signals are seen emanating down the central « helix (figure 4.11
bottom left). This is clearly seen in the 1-D difference maps with signals smeared over the residues

closest to the chromophore (figure 4.12).
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Figure 4.12: 1-Dimensional representation of integrated difference electron density within 2 A at 3o level
along each atom of the protein chain, all plotted on the same scale (normalised difference electron density).
Highlighted on the top axis are residue numbers of interest around the chromophore as discussed in the main

text. Code to produced this figure is based on the published tool by Wickstrand et al. [250].

The pump-dump data shows signals at very similar locations but with significantly strong stronger
amplitudes (figure 4.11 and 4.12). An extrapolated value of 12.8 was obtained, equivalent to a population
transfer of around 16 %. The refined extrapolated coordinates show larger movements but in the same
directions as the pump-probe data. The change of the hydrogen-bonded water between the chromophore
and water positions are almost identical but features on the chromophore are exaggerated. For example
the imidazoline oxygen shifts by around 0.2 pm in the PP coordinates but around 0.5 pm in the PDP

coordinates.

DED maps were also calculated for each 150 fs bin from the 0 — 1 ps data. The signals for these bins
were located in the approximately the same positions as the full 0 — 1 ps merged bin. The peak-heights
of key DED features around the chromophore are plotted for each time-point in figure 4.13. These plots
reveal clear oscillations in the strength DED peaks with delay. In particular, the strongest signals can
be seen on the hydrogen bonded oxygen (positions 1 and 2 in figure 4.13). These signals are shown in
detail in figures A.1 and A.1. To test if these features were due to changes in data quality, the Rgpit,
SNR and CC* were calculated for the highest resolution shell (1.55-1.50 A) of each time bin. These
were then plotted as a function of delay (figure 4.14). The trend in data quality for each time-bin (figure
4.14) and the difference density peaks (figure 4.13) show no correlation. As a result, the oscillations are
assigned to ground-state coherent motion which is generated from the relaxation of the excited state

wave-packet after it has undergone Franck-Condon decay [290].
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Figure 4.13: Top Panel: Q-weighted difference electron density between the dark and 400 nm 0-1 ps (left)
and between dark and 400-515 nm 0-1 ps (right) contoured at +30c RMS (blue) and -3c RMS (red). Labelled
1-6 are areas of difference signal reported in the graphs below. Bottom Panel: Difference density peak values
at the locations shown above. Plotted as a solid line (with dots) and a dashed line (with diamonds) for the
400 nm 0-1 ps (pump probe, PP) and 400-515 nm (pump dump probe, PDP) respectively. Shown in blue is
values of positive density, and in red negative. Figure and caption adapted with permission from Hutchison et al.

(unpublished).

180 35 0.8
° ¢
° 0.75 ’ ]
160 | @ e 3 ¢ *
N . . + 065 | 4
120 ® 06}e® . .
15}
* ° . 055 | ]
100 P . i1 LA SR 05| [® PP
¢ o e o ° : ¢ rPDP|l ®
80

0.5 0.45
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Pump-Probe Delay [fs] Pump-Probe Delay [fs] Pump-Probe Delay [fs]

Figure 4.14: Crystallographic merging statistics: Rgpiit, SNR and CC* plotted for the highest resolution bin
(1.55-1.50 A) for each 150 fs time bin. The trends in data quality are not reflected in the oscillations of electron

density seen in figure 4.13.
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4.4.2 SACLA

At SACLA a 500 fs, 3 ps and 100 ps time points were collected for the PP and PDP conditions (table
4.2). Post-processing of the cross-correlation scans of the optical /X-ray pulses determined a pump/dump
delay of 500 fs compared to the 350 fs delay at LCLS. The SHG-FROG showed a shorter than expected
515 nm dump pulse lengths of 52 fs as did the XFROG, with a 400 nm pulse duration of 40 fs (table
4.1). The limiting resolution of the SACLA dark data was measured to be 1.44 A by FSC (figure A .4).
This is slightly lower than at LCLS (1.38 A) which is most likely due to the lower pulse energies of
the XFEL (~0.5 mJ at SACLA compared to ~ 1 mJ at LCLS). Full merging statistics are found in
tables A.10 and A.11. Other than the notable decrease in resolution, the data quality at SACLA is
very similar to that collected at LCLS. The refined dark coordinates again show full conversion, as is

consistent with the LCLS dark data and cryo-MX structures (chapter 3).

SACLA PP (~500 fs)

SACLA PDP (~500 £s)

Figure 4.15: Q-weighted difference electron density. Top: differences between the pump-probe average delay
500 fs and dark (laser off). Bottom: differences between the pump-dump-probe (average delay 500 fs) and dark
(laser off). The addition of the dump-pulse 350 fs after the pump, increases the electron density differences
amplitudes, and larger shifts of the fitted coordinates to extrapolated structure factors (shown in grey and green),
taken as Npgyx;=18.8 for the pump probe and Ngy;=16.9 for pump-dump. The secondary structure (green) of the
ground state coordinates (yellow) are shown with electron density contoured at +30 RMS (blue) and -30 RMS

(red). Figure and caption adapted with permission from Hutchison et al. (unpublished).

At SACLA, the sub 1 ps data was collected with lower redundancy than at LCLS so was not split

into shorter time-bins. Instead, a single ~ 500 fs bin was merged and processed for the PP and PDP
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conditions. DED and extrapolated structures were calculated for this bin for direct comparison to the
LCLS 0 — 1 ps PP and PDP datasets. The PP signals were in very similar locations to the LCLS PP
signals (figure 4.15) but were slightly weaker with peak signals of 6.16 RMS compared to 10.32 RMS in
the LCLS data. Differences in maximum resolution/data quality can not be excluded as the origin of
reduced DED signals, however, the most likely cause is the shorter pump-pulse duration. At LCLS we
estimated a ~100 fs from the SHG-FROG of the fundamental pulse. The pulse length at SACLA was
much shorter (40 fs, table 4.1). The shorter pulse duration will give lower population transfer to the
excited state/photoproduct and therefore would yield lower DED signals. In support of this, the PP
extrapolated value was calculated to be 18.8 (figure A.6) corresponding to a population transfer of 10.6
% which is lower than the LCLS PP population of ~15 %. The refined extrapolated model also shows

a very similar translation of the chromophore as observed in the LCLS measurements (figure 4.16).

Pump-Probe (~500fs) Pump-Probe (3ps)

SACLA/EH?2 SACLA/EH2
& :

) @ &

Pl

H

(a) A comparison of the average 500 fs delay and 3 ps delay pump-probe data shows

a clear decay of Q-weighted difference density features.

Pump-Dump-Probe (~500fs) Pump-Dump-Probe (3ps) Pump-Dump-Probe (100ps)
SACLA/EH2 SACLA/EH2

(b) A comparison of the average 500 fs delay, 3 ps and 100 ps delay pump-dump-probe data shows a moderate decay of
the electron density signals, corresponding to the 50 ps decay time observed for the ground state intermediate induced

absorption at 440 nm.

Figure 4.16: Comparison of Q-weighted difference electron density differences of the pump-probe in (a) and
the pump-dump probe in (b) signals SACLA /EH2. Extrapolated structures for each condition are shown in
grey, the secondary structure (green) of the ground state coordinates (yellow) are shown with electron density
contoured at +30 rms (blue) and -30 rms (red). Figure and caption adapted with permission from Hutchison et

al. (unpublished).
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The PDP signals at SACLA, are in very similar location to the LCLS PDP (4.15). Signals are increased
compared to the SACLA PP, with a maximum DED peak of 9.75 RMS, but are still weaker than the
corresponding LCLS PDP 0 — 1 ps (10.46 RMS). This is most likely due to a decreased population
transfer as a result of the shorter pump (as seen in PYP [258]) and dump pulses (table 4.1) but could
also be due to the longer dump delay which was measured to be 500 fs compared to the 350 fs at
LCLS. The extrapolated map calculation fitted a value of 16.9, corresponding to a PT of 12% which is
again lower than the LCLS PDP PT of 16% (figure A.6). The refined coordinates also follow the same
trend as the LCLS experiment with a similar but more pounced translation of the chromophore when

compared to the PP data (figure 4.15).

At SACLA, in addition to the 500 fs delay, we collected later time points of 3 ps for the pump-probe
then 3 and 100 ps for the pump-dump conditions (table 4.2). The PP delay of 3 ps (figure 4.16 (a)
right) shows a decay in DED signals compared to the 500 fs time-point (figure 4.16). This is fits with
the first 7 ps rate constant of the biphasic S; excited state decay from IR and visible TA measurements
(chapter 6 and C. Hutchison, unpublished). The PDP data at delays of 3 and 100 ps shows clear decay
of the light-induced difference signals in the 500 fs condition (figure 4.16). This also follows the decay
signals observed in spectroscopic PDP IR and visible TA which show rate constants of 95 and 50 ps

respectively.

4.4.3 PAL

At PAL we confirmed the 1 ps time-point behaviour before extending the pump-probe delays up to 100
ps. This experiment was compulsory remote (due to the ongoing COVID-19 pandemic) which meant
full characterisation of the fundamental /pump pulses was not possible. The dark data was collected to a
limiting resolution of 1.41 A resolution as determined by FSC (figure A4). As the jitter at PAL-XFEL
is low (25 fs RMS [64]), so a timing tool was not needed to maintain accurate delays for the 1 ps and

100 ps time points. Statistics for the merged XFEL data are shown in table A.12.

The 1 ps data was taken as a control for comparison to LCLS and SACLA. Signals appear in similar
locations on the chromophore and « helix but are notably weaker in the PAL data than either the
SACLA or LCLS. It is not clear why the signals are weaker. It is possible a there was poorer coupling of
the pump-pulse into the LCP jet compared with experiments using GDVN /droplet injection techniques
(LCLS/SACLA). Additionally, the pulse duration was unknown and could be shorter than expected

which may reduce the photolysis yields (as already discussed).

The main objective of the PAL-XFEL experiment was to confirm that isomerisation had occurred by 100
ps and was prepared in detectable concentrations. Looking at the Q-weighted difference density in figure

4.18 there are clear difference density signals which correspond to population transfer from the trans to
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Figure 4.17: Q-weighted difference electron density between the 400 nm 1 ps and neg 1 ps laser-on, dark data.
The ground-state coordinates are shown in yellow and cis, ground-state photoproduct coordinates are shown in
green. Electron density contoured at +2 rms (blue) and -2 rms (magenta). Signals are very similar to the 1 ps

delays observed at SACLA /LCLS.

Figure 4.18: Q-weighted difference electron density between the 400 nm 100 ps and neg 1 ps laser-on, dark data.
The ground-state coordinates are shown in yellow and cis, ground-state photoproduct coordinates are shown in
green. Electron density contoured at 42 rms (blue) and -2 rms (magenta). Signals clearly show emergence of

the photoproduct after 100 ps.

the cis-state. The signals are very similar in location to cryo-MX DED (chapter 3) especially close to
the chromophore, Arg66 and His194 residues, all of which undergo rearrangement on isomerisation.
To confirm this, occupancy refinement was carried out by varying the cis/trans occupancy of model
coordinates and calculating the Rork/Rrree for each 1% step. This showed a clear increase of 10-15 %

in cis occupancy between the dark and 100 ps data (section A.7).

4.5 Conclusions

The dynamics of rsKiiro have been resolved using pump-probe TR-SFX from 250 fs — 100 ps at atomic
resolution. Extrapolated structures generated from the DED have clearly resolved the adoption of a
new geometry with clear movements to waters in the hydrogen bonding network of the phenol ring
and structural changes of the « helix. The pump-dump condition was collected with delays from 250
fs — 100 ps and clearly shows stronger difference density signals across all conditions compared to the
pump-probe data. The extrapolated pump-dump intermediate coordinates are very similar to the

pump-probe but show a higher occupancy exaggerated translation movement of the chromophore.
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To assign the extrapolated structure, visible transient absorption (TA) spectroscopy on solutions (C.
Hutchison) and mid-IR TA (this author, chapter 6) were made. The presence of a dump pulse 350
fs after the pump was shown to cause an abrupt decrease of 50-60 % in the S; excited-state induced
absorption spectrum with complete suppression of the stimulated emission signals. Flash-photolysis
measurements on crystals scanned the dump delay and monitored monitored the cis-anion product.
They confirmed the dump pulse significantly reduced the yields of formation of the product cis-anion
state when delays were between 0 — 1 ps. This is unequivocal evidence that the isomerisation reaction
occurs as an excited state reaction [5, 219|, not a ground-state one |6, 7]. Furthermore, the cryo-kinetic
spectroscopy measurements in chapter 3 suggest the existence of local ground-state minima likely close
to the global neutral trans/anionic cis minima. These cryo-trapped states were shown to have a slightly
different chromophore geometry to the global ground states. We, therefore, suggest that the TR-SFX
measurements cannot resolve the excited-state electron density (at our experimental bandwidth) and
can only resolve the ground state structural differences. This means we assign the pump-probe and
pump-dump probe extrapolated coordinates to the trans ground-ground state local minima - equivalent

to the cis-state intermediate which was resolved in chapter 3.

One of the consequences of using intense ultrafast optical excitation is the generation of vibrational
coherences in the excited and ground states. In the LCLS TR-SFX measurements, the experimental
bandwidth is limited to ~4.4 THz as set by the pump pulse duration (100 fs) and 150 fs binning
width. Under conditions of near-resonance pump frequencies and short-lived excited states, ground-state
coherences will dominate in amplitude [290, 291]. These signals will decay on 1-2 ps time-scales
[291-293] but could be enhanced with the addition of a dump pulse [290]. To interpret the sub 1 ps
time-scale signals we therefore need to assign the excited/ground state wavepacket motion in the context
of vibrational coherent motion. These assignments are beyond the scope of this thesis and are ongoing

at the time of writing (S. Perrett and J. van Thor).

In conclusion optical-dumping of the electronic excited state have shown that, for rsKiiro, it seems
TR-SFX is unable to resolve excited state intermediates. Instead, the observation of the ground
state species indicates the formation of a coherently oscillating ground state. This has important
ramifications for the field of TR-SFX and for previously published ultrafast crystallography experiments
[212, 235, 241, 259, 263, 264, 294]. We have shown that more work must be done to confirm structural

assignments in TR-SFX experiments.
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5 Serial Synchrotron Crystallography Feels
the Heat

Time-resolved serial crystallography at synchrotrons (TR-SSX) is a relatively new technique built upon
the methods developed for structure determination at X-ray free electron lasers. In this chapter, the
trans-cis reaction of rsKiiro is probed at 10 ms using TR-SSX. The precise control of isomerisation
yields is demonstrated through selective excitation with varied 400 nm laser intensities. High-resolution
crystal structures at 1.75 A resolution are obtained for energy densities between 0.1-15 mJ /mm?. Direct
comparison of crystallographic isomerisation yields to millisecond flash-photolysis measurements show
that X-ray induced heating of an estimated 83-112 K, causes thermal reconversion over a 91 kJ mol~*

ground state barrier during fixed target TR-SSX measurements.

Note to the reader: Experiments in this section were in collaboration with the serial crystallography
EMBL beamline P14.EH2/T-REXX at Petra III, Hamburg. Experiments and analysis were led by this

author. This chapter is currently being prepared for publication as:

Baxter, J. M., Hutchison, C. D. M., Fadini, A., Cordon-Preciado, V., Morgan, M. R., Agthe,
M., Tellkamp, F., Mehrabi, P., Pfeifer, Y., von Stetten, D., Pearson, A. R., & van Thor, J. J.
Precise control of Photoisomerisation population transfer of a Fluorescent Protein in the presence
of thermally driven barrier crossing shown by Quantitative millisecond time-resolved Serial X-ray

Crystallography. (in preparation for submission to JACS).

5.1 Introduction

The development of XFELs has encouraged significant progress in data processing of stationary
diffraction patterns (section 1.4.1) and catalysed the advancement of many rapid sample delivery
mechanisms (section 1.3.2). These new high-throughput sample delivery techniques can be utilised at
synchrotron sources to easily obtain many thousands of stationary diffraction snapshots [79]. Although

this requires the production of large quantities of microcrystals compared to normal rotation techniques,
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it allows for much shorter X-ray exposure times which significantly reduces the radiation dosage per
crystal [144]. In turn, this allows for structure determination from particularly radiation-sensitive [295]
and smaller crystal samples which [296], opens up the opportunity for dynamic room-temperature

crystallography using synchrotron serial crystallography (SSX) [28].

Conventionally, macromolecular crystallography measurements are made at around 100 K as low
temperatures significantly suppress radiation damage for a given radiation dosage [297|. However,
cryogenic temperatures hinder the ability to study structural dynamics as cooler temperatures reduce
conformational diversity [68]. Moreover, protein flexibility is reduced which can slow down or prevent
the completion of reactions as well as introduce structural artefacts [298|. in time-resolved serial
synchrotron crystallography (TR-SSX) reactions can be initiated with light, gas diffusion [116] or rapid
buffer addition/mixing strategies [90]. With the current brilliance and detector technology available at
micro-focus beamlines, TR-SSX is limited to a time-resolution of the order of milliseconds. However,
with planned synchrotron upgrades likely to improve brilliance by 1-2 orders of magnitude {299, 300]
and the development of quicker/more efficient detectors [301] it seems likely that routine microsecond

measurements are not far away.

TR-SSX can provide longer-time point structures which complement the fast dynamics that can be
captured at XFELs. For example, some of the first TR-SSX studies were on bacteriorhodopsin and
span from 5 ms to 200 ms [138]. In combination with the early SFX experiments on the same sample,
[264, 302] a near-complete movie of the entire rhodopsin photocycle has been captured. Additionally,
the greater availability of synchrotron beamlines (and therefore easier access to beamtime) means that
SSX experiments can be used to test crystal characteristics and the feasibility of an SFX experiment.
However, TR-SSX is still a relatively new technique and there are open questions about the effects of
intense X-ray exposure when not in the diffract-before-distruct regime as in TR-SFX. The experiments
in this chapter will assess the level of X-ray induced heating in TR-SSX measurements which has long
been considered a factor in MX measurements [143, 303-307| but is yet to be fully characterised in
SSX. As the increasing brilliance of synchrotrons will lead to shorter X-ray exposures for structure
determination, heating could become a major problem in TR-SSX, especially as X-ray exposure times
become significantly shorter than thermal diffusion rates (on the order of ps for small crystals [305]).
This highlights the need for understanding the heating effects of X-rays in TR-SSX measurements as

higher time-resolution will be achieved with with higher X-ray fluxes.

In this chapter, a fixed target sample delivery system (section 1.3.2) is used to obtain a 10 ms time-point
structure of the trans/cis reaction of rsKiiro. The energy density of 400 nm laser excitation is varied to
precisely control the cis product yields. The crystallographic structures are interpreted using occupancy

refinement to measure the population transfer. Light-induced structure factor differences are calculated
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and show that the crystallographic data can detect even very small changes in isomer concentration.
The product formation yields in the TR-SSX experiment are directly compared to flash-photolysis
spectroscopy data which is used to determine the temperature increase caused by X-ray induced heating

in fixed target TR-SSX experiments.

5.2 Methods

5.2.1 Flash-Photolysis

Crystalline samples, with absorption between 0.5-1 OD (at 505 nm), were prepared by crushing a
microcrystal slurry between two glass cover-slips (Hampton Research HR3-254). Samples were pre-
converted to the trans state, by illuminating with the unfocused beam a 100 mW 488 nm CW diode
laser for 1 second. The trans/cis reaction was driven by a flash (2 ms TTL gated) from a 405 nm CW
diode laser, focused to 40x29 pm (FWHM) spot. A series of neutral density filters (3 to 0.05 OD) was
used to attenuate the pump beam at energy densities between 0.07 — 56.8 mJ/mm?. A third CW diode
laser at 505 nm was used to prove cis-anion absorption. The change in sample optical density was
monitored using an amplified photodiode (Thorlabs APD440A) and digital oscilloscope (picoTechnology,
PicoScope 4000). The power and focal spot size of the probe were chosen to minimise actinic behaviour,
whist still allowing sufficient signal to noise on photodiode and overlap with the pump. Before and after
flashing with each sample was fully cycled between the cis-trans state to determine the total photo

switchable populations and irreversible bleach.

Modelling Flash Photolysis Product Formation
The photodiode signal (figure 5.1) is directly proportional to the cis anionic population and so can
be used to calculate the proportion of population change (N) induced by each optical flash using the

Beer-Lambert law:
[Cis]  logio({o/Iicis)
[CisTotal]  logio({o/IicisTotal))

Where [Cis] is the concentration of the cis conformer and [CisTotal| fully converted concentration (i.e.
total sample concentration), Iy is the initial intensity (or full trans), I [cis] is the population due to the
405 nm flash and I|gjsrorar 18 the fully converted signal level of the cis state. On ms times scales the

cis-trans isomerisation can be considered a single-step process:

kSwitch,kTh .
Trans —22<2h Cis

With the photolysis switching rate, kgyiter, and the thermal recovery (trans to cis) rate constant, krp,
contributing to the reaction. The switching rate constant depends on the power density per an unit area
(P), the proportion of absorbed photons in a sample of absorbance, A, the quantum yield of switching,

¢ and the thermal rate, kpp:
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d|T P
_[gtans] = 7(1 — 107" ¢ + krp[Trans]

For the case where OD << 1 a Taylor expansion can be used to approximate the absorbed fraction as:
1—10"4 ~ Ain(10)

Using this approximation and the Beer-Lambert law, the switching rate can be rewritten as:

d|T
_[Ztans] = Peprans®Inl0[Trans] + kpp[Trans]

The rate of thermal recovery of Trans state during the flash-photolysis measurement is small (5.0x 10
s71) compared to the the rate of photo-induced switching so can be set to zero. The rate with time can

be rewritten in terms of energy density using: dt/dE = 1/P:

dt d[Trans] d[Trans]
— = — — . 1 T
dFE dt dE €TransPIn 0[ rans]

Giving an integrated rate equation of:
[Trans] = [Transl; exp(—€errans@In10FE)

Assuming the total concentration of cis and trans states is constant, the fraction of cis population can

be calculated as:
N =1—[Trans); exp(—erransInl0F) = 1 — [Transl; exp(—kE)

Where k is a rate constant in the units of mJ/mm?. The data were fitted using the orthogonal distance
regression package in scipy [308]. This minimises residuals by accounting for errors in both the dependent
and independent variables when fitting which was appropriate due to the significant errors in both the

energy density and the measured intensity.

Error Propagation

Low energy densities are very difficult to measure due to the low repetition rate of the flash laser (20 Hz)
and the low-intensity pulses. This meant the measured energy density had a sizeable error. Furthermore,
the percentage conversion was calculated by taking the mean intensity of the probe before the flash,
after the flash and then after full re-conversion. These intensities were determined by averaging the
photodiode signal over a window. Longer windows averaged over more points so gave lower standard
errors of measurement- which was favourable. However, as the probe wavelength was actinic it caused
re-conversion over time which therefore favoured shorter averaging-windows. As a result, the window
size and the probe laser intensity were careful chosen to minimise the standard error in this experiment.
The error associated with the conversion measurement is based on the population change (N) of a flash

which was calculated from the photodiode signal using the Beer-Lambert law:

[Cis] logro(1o/Iicis))
[CisTotal]  logio(lo/IicisTotar))
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Figure 5.1: Plot of photodiode signal over one cycle of a flash photolysis measurement.

Where [Cis| is the concentration of the cis conformer and [CisTotal| fully converted concentration (i.e.
total sample concentration), Iy is the initial intensity (or full trans), I [cis] is the population due to the
405 nm flash and Ijg;s7orar is the fully converted signal level of the cis state. The standard error in the

conversion, 0 N was calculated as:

SN — (IicisTotat)l[cis)8T0logi0(I[cis)/ T[CisTotat])? + (811cisilologio(To/I[cisTota)))? + (81[cisTotat] [[cis] T0log10(To/T{cis)))?
(I1cisTotat)Ijcis) Tologio(To/Ijcis))?)?

Where 07cisrotal), 01[cis) 010 are the standard error in the respective values, calculated as: 6X = %
where stdev(X) is the standard deviation in value X over n observations. The energy density in mJ/mm?
was calculated as:

E = E,ge x 107NP

Where FEp,q; is the energy density with ND = 0 where ND is the optical density of the neutral density

filter being used. The standard error in energy density, § ¥ can be calculated as:

5E = \/10-2ND(E2N D? + 5 2)

5.2.2 Ground state Thermal Activation Barrier Measurement

To analyse the effect of increased X-ray heating we measured the ground state activation energy barrier
following the measurement of recovery rates from 295-320 K. The sample temperature was controlled

by varying the temperature of a nearby water bath (Julabo Refrigerated and Heating Circulator). This
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water bath was connected to the sample cuvette holder (Hellma Quartz Suprasil Micro Absorption Cell
1.000) by plastic tubing. Once the water bath was set to a specific temperature, its temperature and
that of the sample were monitored using a RS PRO RS42 digital thermometer until both were stable at
the desired value. An Agilent 8453 spectrophotometer was used for the measurements. After blanking
with buffer, measurements were carried out in the dark on 0.75 pmol protein solution. Once each specific
stable temperature was reached in the sample, the protein was driven completely to the off (trans)
state by illumination with a 500 nm LED. Thermal recovery of the on (cis) state was then recorded by
taking the absorption at 395 nm and 481 nm every 30 s with a spectrophotometer integration time of

0.5 s. To prevent photodamage throughout the measurement, a 280 nm long-pass filter was used.

5.2.3 Serial Crystallography Data Collection and Reduction

A fixed-target sample delivery system using lithographed silicon chip, described in section 1.3.2 [127],
was set up at the European Molecular Biology Laboratory (EMBL) end station P14. EH2 (T-REXX).
To prepare the protein in the trans conformer, a 473 nm, 10 mW continuous wave (CW) laser was
focused to around 1 mm (FWHM) on the chip and rastered over a block of 20x20 sample positions
in a 5 by 5 pattern for a total of 25 seconds. To drive the reaction from the trans to the cis state, a
flash of 405 nm light was combined co-linearly with the 473 nm laser beam and focused to 72.8 pm by
22.5 pm (FWHM) as measured by a fitted knife-edge scan [309]. The 405 nm laser output was TTL
gated with 2 ms pulses and locked to the repetition rate of the fixed-target stages (20 Hz). The data
collection proceeded with a 405 nm flash followed by a further 10 ms of X-ray exposure time with a
photon-flux of around 2 x 10'2 photons/s, X-ray beam-size of 15x10 pm (top hat), and wavelength
0.9801 A. Diffraction images were collected using a Dectris Eiger 4M detector triggered by the fixed
target stage controllers [127] (figure 5.2).

Batch grown crystals around 2x2x 15 pum in size were produced in conditions of 25% poly-ethylene-glycol
3350 in 0.2 M lithium sulfate, 0.1 M Tris-HCI pH 8.5 with a final protein concentration of 15 mgml~!
(similar to [1] and as described in section 2.2.4). The X-ray diffraction images were indexed using
XGANDALF [152] and intensities merged using CrystFEL’s Monte Carlo method without consideration
for partialities [286]. Conversion of intensities to structure factors was done using PHENIX’s reflection
file converter and massage option [176, 310]. Coordinates were refined using REFMACS5 [237] initially
using rigid-body type (for occupancy refinement) and then anisotropic B-factor refinement for the final
structures. Difference electron density maps were calculated from weighted structure amplitudes based

on the Bayesian statistics analysis by Ursby et al. [174, 175] in the same method described in chapter 3.
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Figure 5.2: Photo and diagram of the setup described in the main text for TR-SSX experiments at EMBL
beamline P14-2.

5.2.4 Crystallography Analysis

To analyse the occupancy of the different illumination energy densities of the protein three methods
of crystallographic analysis were used: minimisation of R-factors, minimisation of difference electron
density and regeneration of the end state through extrapolated structure factor addition [239, 259].

Difference electron density peaks were reported using Coot [289].

R-Factor Minimisation

The R-factor minimisation method involved varying the occupancy of a coordinate set from fully cis to
fully trans occupancy in steps of 1%. The models of the pure-cis and pure-trans structures were initially
generated from cryo-MX data. These ‘pure’ models were first refined against the 0 mJ/mm? (pure-cis)
and 14.43 mJ/mm? (pure-trans) to account for changes in hydration and unit-cell size between the
cryo-MX and room temperature data. Multiple conformations were removed from each model and the
two coordinate sets combined into a single model using PHENIX [310]. The occupancy was altered for
the cis and trans states from 0% cis (100% trans) to 100% cis (0% trans). Each generated coordinate
set was refined using 5 cycles of rigid-body refinement to find the best fitting occupancy ratio which

minimised Rwork and Rpyee.

Minimisation of Difference Density

The second method involved the minimisation of difference density around the chromophore. Weighted
difference electron density maps of observed structure factors (mF,) minus calculated structure factors
(nF.) maps were generated for each occupancy step automatically by REFMAC. The occupancy with
the lowest integrated negative electron density in the chromophore region was used to determine the

occupancy assignment and therefore population transfer from the initial trans to the cis state.

Population Transfers from Extrapolated Maps
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Thirdly, extrapolated structure factors and maps were calculated using the Bayesian weighted difference
electron density according to Ursby et al. [174, 175]. Dark state (cis) coordinates were used to calculate
structure factors (F¢) and phases. The characteristic Ngyxy was generated using the same methods as in

section 3.2.3. The population transfer (PT) was calculated as PT = 200/Ngy [259].

5.2.5 Modelling of X-ray Photolysis Yields to Determine X-ray Induced Heating

The TR-SSX measurement can be considered as a three-step process:

. P t . Flash . X —ray Probe .
Cis + Trans —<Y Cis + Trans —=" Cis + Trans —=2"""% Cis + Trans

As mentioned in section A.4.2 the initial preconversion step and thermal recovery before measurement
should lead to an initial cis population of 18.6 % at maximum which was constant through the
experiment. The population transfer caused by the flash can be modelled identically to the flash

photolysis but with a starting population of 18.6% cis:
[Trans] = 0.814 exp(—kswitch F)

The thermal recovery occurs at a rate:

d[Trans]

e —kpp|Trans|

[Trans] = [Transl; x exp(—kppt) = 0.814 X exp(—kswiten E) X exp(—krnt)

The cis state and percentage conversion can then be modelled as:
N =1—[Trans| =1 — b x exp(—kswitecn E) where b = 0.814 x exp(—kppt)

Using the Arrhenius equation the temperature increase can be extracted as:
E log -
T = _"a x [ 1o 0.814A
R ( ST

5.3 Results and Discussion

The determination of the ground state energy activation barrier through measurement of the ground-
state thermal recovery over a range of temperatures allows explicit calculation of the temperature
increase due to X-ray photon absorption in the TR-SSX experiment. This calculation, however, relies
on the accurate determination of populations from the crystallographic data. To access this accuracy,
the crystallographic rate constants can be directly compared to the equivalent flash photolysis rate

measurements as will be done in this section.

103



CHAPTER 5. SERIAL SYNCHROTRON CRYSTALLOGRAPHY FEELS THE HEAT

5.3.1 Flash Photolysis of Crystals and Thermal Activation Barrier Measurement

The flash photolysis measurements of rsKiiro crystals shows a plateau above energy densities of 10
mJ/mm? (figure 5.3 (a)). It is assumed this is due to the maximum product formation of 100 % trans
neutral isomer. As absorption is probed at 515 nm, only the cis anion concentration is monitored and
a unimolecular reaction model implies the creation of the trans-neutral state. Product formation of
a cis-neutral or anionic-trans state would both show significantly blue-shifted electronic absorption
spectra from 515 nm so would not interfere with the probe measurement [311].
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Figure 5.3: (a): Normalised concentration of the trans-neutral state formation plotted against energy density.
The blue line shows the fitted model and grey shaded area is the 95" confidence percentile. Error bars are based
on standard errors calculated as shown in the methods section. (b): Arrhenius plot derived from fitted rate
constants — the insert shows the magnitude of the fit error. This plot was used with permission from Baxter et

al. (unpublished).

Up to 32 cycles of photolysis measurements were made on a single spot of the crystal sample before
being translated to a fresh area. A bleach rate was characterised by the total change in switched optical
density (In/Icis Total) between cycles. The rate was found to vary with energy density but was always
lower than 0.1 % per cycle. This suggests that rsKiiro is a highly stable photoswitcher. It also allowed
multiple photolysis measurements to be reliably made on a single sample position without having to

account for shot-to-shot bleaching.

The average optical density was 0.95 at 405 nm. This corresponds to a density of around 7.1 x10%
protein molecules/cm? which is equivalent to a crystal of thickness around 3 pm. The average crystal
dimension in the TR-SSX experiment was 6 pnm. However, the needle shape meant crystals were
selectively oriented with the longest dimension perpendicular to the laser beam/X-rays. This meant

the mean path length through the crystal will be closer to the shortest dimension (2 pm) which is
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comparable to the optical density of the spectroscopic crystal samples. The photokinetics of the two
samples should therefore be similar and can be directly compared without scaling for the effects of

different optical densities.

The data were modelled as described in the section 5.2.1 to extract an energy dependent rate constant.
The model was found to closely describe the data, confirming the reaction followed first-order rate laws
with no indication of bi-exponential behaviour. A rate constant, k, of 0.274 mm?/mJ was fitted for
the trans to cis reaction (off to on reaction). Conversion rates were also measured for a higher energy
region from 15-57 mJ/mm? (not shown). In this region the population formation started to decrease
from the plateau of 100 % seen in figure 5.3. This could be caused by the high photon flux creating a
photoequilibrium with the neutral cis state (before the ps deprotonation step) which likely absorbs
close to 400 nm [233]. Absorption of this species could reform the original trans-neutral state as is seen

in mutant protein JvT75 at low pH in Chapter 7.

The cis-anionic is the most stable ground-state conformation meaning the trans-neutral state reconverts

with a rate constant of 5x10™* s~ at 298 K. The activation energy of thermal reconversion was
measured by fitting using the Arrhenius equation to thermal recovery rates between 292-340 K (figure
5.3 (b)). An Arrhenius prefactor of 1x10'*! s~! and associated activation energy of 9145 kJmol~!
were measured. Interestingly, this is a much larger barrier than in isolated HBDI which lies between

49-55 kJ mol~! depending on the protonation state [311]. This highlights the stabilising effect of the

chromophore environment on the chromophore as compared to solution.

Finally, the laser-induced heating effects in the flash photolysis must be considered. At higher energy
densities heating will be more significant. We would therefore expect a catalysed rate of trans-cis
isomerisation to be observed at the highest energy densities. Looking at figure 5.3 (a) it is clear that the
higher energy densities do not show significant deviations above the first-order fitting. This provides
strong evidence that the conduction of heat away from the probed sample is efficient enough that only

small amounts of the cis state will be thermally catalysed and react over the 91 kJmol~! barrier.

5.3.2 Crystallography

In total, 79,976 indexed diffraction images were merged into 6 different datasets at laser energy densities
of 0, 0.10 ,0.53, 1.78, 6.74, 14.43 mJ/mm? respectively. This gave an average indexing-rate of around
25% which is reasonable for SSX experiments using fixed target injection. Compared to cryo-MX
structures of rsKiiro in the cis-dark state TR-SSX structures show a marked decrease in resolution
to 1.70 A and an increase of unit cell volume of 5%. The increase in unit cell size is in line with the
expected thermal expansion when heating from 100-298 K [312]. Chromophore omitted F,-F. maps can

be used to give an unbiased assessment of the chromophore isomerisation state. Looking at figure 5.4,
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they show a clear progression of the occupancy from trans to cis with higher energy density illumination.
The un-flashed data (0 mJ/mm?) shows some signs of cis conformation. This is attributed to laser
and X-ray induced heating driving isomerisation over the ground state barrier and will be discussed in

section 5.3.4.

(a) 0.00 mJ/mm? (b) 0.10 mJ/mm? (c) 0.53 mJ/mm? (d) 1.78 mJ/mm? (e) 6.74 mJ/mm? (f) 14.43 mJ/mm?

Figure 5.4: 2F,-F. chromophore-omit maps of varying laser powers plotted at a sigma level of 3, calculated by
phasing a 50:50 model of the cis and trans structures with the chromophore occupancy set to 0. Shown in blue

is the positive density and in magenta the negative density.

A summary of merged crystallography statistics are shown in table A.16 for all laser energy densities.
Overall, the data collection statistics show good quality across all measures with similar signal to noise
ratios and comparable Wilson B-factors. A uniform high-resolution cut-off was chosen at 1.70 A which
corresponded to a value of 0.5 in Fourier shell correlation [313|. The lowest resolution dataset was the
0.1 mJ/mm? bin which was most likely because it contained the lowest number of indexed images. This
suggests that the overall resolution would have been increased with higher multiplicity and was not
fundamentally limited by the crystals. Refinement gave strong model-electron density agreement with

R-factors appropriate for this resolution and the experiment type.

Q-Weighted Fo(E)-F,(14 mJ/mm?) difference electron density (DED) maps were calculated using a
50% cis, 50% trans model for phases (figure 5.5). The difference density peak amplitudes are inversely
correlated with the higher energy densities, indicating that higher 405 nm photon fluxes cause increased
population transfer from the trans to cis states. The differences density features in the TR-SSX data
exactly matches the cryo-MX difference signals (figure 5.5 (f)) only differing in amplitude. The strongest
signals are seen on the chromophore, His 194, Arg 66 and Water 59. The agreement of the TR-SSX and
the cryo-MX signals suggest the isomerisation process has fully has taken place after 10 ms. Therefore,
rsKiiro likely undergoes similar photochemistry to other similar FP such as Dronpa, the most widely

studied reversibly switchable fluorescent protein (RSFP) [5, 6, 8, 233].

Heating is of particular concern to crystallography as it increases the rates of radiation damage. X-ray
induced heating is caused by direct energy deposition of X-ray photons into the sample. Typically, a
protein crystal will absorb around 2% of X-rays photons primarily through the photoelectric effect
(1.5%) and Compton scattering (0.15%) [141]. This absorbed energy leads to stronger thermal vibrations

as well as chemical reactions which are caused by the generation of radical species [143]. At cryogenic
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(d) 1.78 mJ/mm? (e) 6.74 mJ/mm? (f) Cryo-MX

Figure 5.5: Weighted difference electron density plotted at 3 rms level (positive in blue, negative is magenta).
Cis coordinates are shown in cyan and trans coordinates are in yellow. Figures (a)-(e) show differences from the
highest energy density (14.43 mJ/mm?) structure factors: F,(14.43) — F,(E). For comparison, (e) shows the

difference of two steady state structures collected using MX.

temperatures the mobility of these radicals is low and so self-recombination occurs at high rates. At
room temperature, radicals propagate much more quickly through the crystal structure, causing higher
levels of radiation damage [142]. This means the tolerable dosage for room temperature measurements
is much lower than in cryogenic measurements. The diffraction weighted dosage per crystal in this
experiment was calculated using RADDOSE3D [191, 314], to be a maximum of 0.12 MGy per crystal.
This is well below the estimated room temperature tolerable dose limit of 0.38 MGy suggested by de la
Mora et al. [144]. Additionally, the phased electron density or rsKiiro shows no notable signals which
would be associated with specific radiation damage by the X-ray photons. Further evidence of this
is seen in the merging statistics such as the Wilson B-factor which are acceptable. This means the
decrease in resolution 1.16 A to 1.7 A (Cryo-MX to TR-SSX) is most likely due to decreased crystal
size/collection time preventing weaker reflections from being indexed /detected due to signal to noise

limitations.

R-Factor Minimisation

R-factors were calculated in 1% steps from 0% to 100% for the cis-state which corresponded to 100% to
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Figure 5.6: Plots of Rpee (purple) and Ryork (green) against the cis occupancy level for differing illumination

powers.

0% occupancy of the trans-state. The 5 cycles of rigid-body refinement ensured that any differences
in unit cell size were accounted for and did not skew the R-factor minima. As seen in figure 5.6, all
energy densities were refined to at least 0.20 and 0.23 for the Rwox and Rpyee, respectively. The 0.10
mJ/mm? bin showed the poorest rigid body refinement statistics (figure 5.6 (a)), most likely due to the
lower redundancy (table A.16).

The population transfer is taken from the occupancy with the lowest R-factors for each condition. The
extracted populations (figure 5.9), follow the same general trend as the flash photolysis data although
are offset, showing populations greater than 0 for the dark data (0 mJ/mm?). There is also a notable
difference between the populations determined using Rpyee and Rwore which is most likely due to the

smaller number (5%) of Rpyee reflections being less sensitive to subtle changes in structure.

Minimisation of Difference Density

The minimisation of DED is illustrated in figure 5.7. For each 1% occupancy step model structure
factors were calculated (F¢). A nFo-mF, DED map was then calculated and the negative electron
density was integrated within a 6 A sphere centred on the chromophore. The minimum of integrated
electron density was taken as the population transfer. Clearly, the general trend (figure 5.9) shows that
higher energy density flashes give larger population transfers. A clear difference in population transfer
is seen even between the dark and lowest flash energy (0.00 and 0.10 mJ/mm?), where a difference of

3% in occupancy is observed.
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Figure 5.7: Weighted difference electron density of observed structure factor for 0.53 mJ/mm? energy density
mFops(0.53) minus calculated structure factor nFe(Occupancy). Plotted at 2.0 r.m.s level with negative and
positive features in magenta and blue respectively. The percentage indicates the cis occupancy fraction. In the
bottom right the integrated negative electron density around the chromophore is plotted as a function of the cis

occupancy with the minimum indicated.

This method was found to be more robust in extracting population changes compared to the R-factor
minimisation or extrapolated-map calculations. In particular, the dependence on the model coordinates
was much lower. This is most likely due to the site-specificity of integrating only around the chromophore
region. Using perturbed coordinates with intentional errors the density minimisation method still gave
population transfers within 10% (compared to using fully-refined structures) as long as the errors were
not in the chromophore region. In comparison, the R-factor and extrapolated-map calculations were
significantly affected by the model coordinates and so it had to be ensured that the starting model was

fully refined.

Extrapolated Map Calculation and Population Determination

Q-weighted DED maps (figure 5.5) clearly show greater product accumulation at higher energy densities
as difference signals become more pronounced. Extrapolated structure factors were generated by adding
multiples of Q-weighted structure factor differences to the calculated structure factors for the pure cis
state. As the cis structure was refined against the highest energy density data (14.43 mJ/mm?) the
population for this state could not be calculated. The characteristic extrapolated map multiple, Ngy¢,
was calculated from the sharp increase in integrated electron density which was determined by fitting

two linear regions to the integrated electron density around the chromophore (figure 5.8). Again, the
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Figure 5.8: Plots of integrated electron density in arbitrary units against multiples of added difference electron

density (Ngy) for different illumination powers.

expected increasing cis population at higher flash energies is seen, however, this method was found
to be extremely sensitive to starting phases and coordinates and was not as robust as the R-factor

minimisation or density minimisation.

5.3.3 Comparison of Flash-Photolysis and Serial Crystallography Photolysis Yields

The three methods of crystallographic population analysis show variation in rates (table A.14) but
broadly the same trend and all suggest residual cis population in the un-flashed data. Figure 5.9 shows

5% percentile

a direct comparison of the crystallographically obtained population transfer with the 9
of the flash photolysis fit. The difference density minimisation method most closely follows the flash
photolysis trend with the fitted rate constant varying by 14%. The R determination is seen to
greatly overestimate the product concentrations. As mentioned above this is likely due to the lower
number of Rpee-flagged reflections. The Rwox determined populations are consistently lower than
the difference minimisation method. This leads to a poor fit in determining the rate constant as the
photolysis plateaus at 68% conversion instead of 100%. This discrepancy could be caused by a form of
model bias. If the cis structures were not fully-refined or had significantly different Debye-Waller factors
compared to the trans-state the R-factors may shift in the cis direction and inaccurate populations
would be determined. Determination of population transfer with extrapolated maps showed a similar

rate constant to the flash photolysis and is very similar in trend to the difference density minimisation.

This is in part due to the poor rate fitting as the highest energy density structure was excluded due to
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the 100 % bias.
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Figure 5.9: Left: Energy density plotted as a function of population fraction for multiple occupancy determi-
nation methods. Figures (a)-(f) show phased electron density at 1.5 RMS level using occupancies determined by

minimisation of 2F,-F. density as described in the main text.

5.3.4 Measurement of X-ray and Laser Induced Heating in TR-SSX

X-ray induced heating, incomplete laser conversion and thermal recovery before probing are responsible
for the non-zero cis population offset of the crystallographic data compared to the flash photolysis. The
incomplete laser conversion and thermal recovery are estimated to cause a maximum dark-state offset
of 18.4% (section A.4.2) in the cis population. High levels of laser scatter over adjacent wells could also
be responsible for residual cis-state populations, however, this is an energy density dependent process
and would be expected to cause increased rate constants compared to the flash photolysis rates. As
only the Rpree population determination shows a significantly higher rate constant the scatter induced
conversion is assumed to be small. Instead, it is proposed that the initial cis state population at 0.00

mJ/mm? is created X-ray induced heating effects.

Laser Induced Heating:
An estimate of laser heating AT can be made by assuming absorbed photons that do not lead to
switching (of yield 34 % (section A.4.1) switching, 5 % fluorescence (C. Hutchison, unpublished)) are

dissipated as heat:
(1 — 104Dy (1 —0.39)1A

AT =
CCrystpCrystVCTyst + (NVCTyst)CSolvaolv

At

Where I is the photon flux (W/m?), A the area of the crystal, coryst and cgop, are the specific heat
capacities of the crystal and the solvent, pcryst psoin are the density of the crystal and solvent. N

is multiple of crystal volumes of buffer the crystal is in contact with. For example, a value of 0 is a
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Figure 5.10: Temperature increases due to laser induced heating from the 400 nm, 2 ms pulse for the 14.43

mJ/mm? energy density. Plotted is the different volumes of buffer in contact with the crystal.

completely dry crystal with no surrounding buffer contact, whilst 1 is a crystal in a meniscus of the
same volume as the crystal. This equation assumes the thermal diffusion time from the crystal to the
buffer occurs much quicker than the rate of heating. Essentially we are assuming that a highly solvated
(wet) crystal has a larger thermal mass to dissipate the laser-induced heating over. The absorption,

A(t,I) is time dependent as the crystal is flashed and the cis-trans isomerisation occurs.
A(t, I) = Apexp(—k(I)t))

Figure 5.10 shows modelled temperature increases given different degrees of crystal wetness. N=0
corresponds to completely dry crystals whilst N=4 corresponds to a crystal in a drop 4 times the crystal
volume. These calculations show that the solvation level of the crystal has a large effect on the thermal
mass of the system. Previously we have found that dehydration of rsKiiro crystals tends to decrease
the diffraction quality and increases the unit cell size. As the TR-SSX structures presented here show
strong merging statistics and only expected thermal expansion of the unit cell it does not seem the
structures are dehydrated. This suggests the crystals are suspended in a drop of mother-liquor when
situated in the fixed-target-chip. Given the likely solvated nature of the crystal, we conclude that that
laser-induced heating alone is not sufficiently high to account for the population changes observed. We
assume the crystals are in a drop of sufficient size so that heating effects remain below 10 K (N>4).
Additionally, given the effect of laser-induced heating is proportional to the energy density, higher rates
of population transfer would be expected if the heating was significant. As discussed for the effects
of laser scatter, only increased rate constants are seen in the R determination of occupancy. This
implies that laser-induced heating is not a major driving force over the ground state isomerisation
barrier and suggests X-ray induced heating is likely to account for a significant proportion of the residual

population.
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X-ray Induced Heating

Helliwell [303] derives the rate of adiabatic temperatures increase due to X-ray induced heating without

cooling (0) as:
. IppE x 1.6 x 10719

0
PCp
Where [ is the photon flux per an area, u is the X-ray attenuation coeflicient, E is the X-ray energy per

unit time, p the sample density and ¢, the specific heat capacity. This can be rewritten and calculated

as:

D 0.16 M Gy
AT = — =
¢y 18 x 103Jkg 1K1

Where D is the maximum dosage in Gy calculated using RADDOSE3D and ¢, is the specific heat

~ 90K

capacity of the protein. As the measurement of specific heat capacity have not been made for rsKiiro
we used a value of ¢, = 1.8 x 103 Jkg=!' K—! determined from Lysozyme at 300 K [305]. Using this
equation, a temperature increase of 90 K is calculated due only to X-ray absorption in the crystal.
However, these calculations do not take into account the accumulative effect of X-ray heating of the
silicon chip and the rate of heat transfer between the crystals and the sample holder. Although the
mass attenuation length of the Silicon is comparable (7.9 cm™! at 10 keV [315]) to the protein crystals
(2.2 em™! calculated with RADDOSE3D [191, 314]), the chip is much thicker (mm depth) meaning it
could cause appreciable heating of the sample holder. However, as it is very difficult to determine the
thermal coupling between the protein crystals and silicon chip we consider the heating described below

due to both X-ray absorption in the crystal.

As shown in section 5.3.1, the thermal activation barrier of the ground state trans-to-cis reaction
was measured to be 91 kJmol~!. The increase in cis population seen in the dark crystallography
data was modelled as a three-step process with contributions from the thermal recovery, incomplete
pre-conversion and the X-ray induced heating (section 5.2.5). Temperature increases between 83 —
112 K were extracted (31 — 181 K at 95 % confidence interval seen in table A.14). This observed
temperature increase falls within the adiabatic calculation and is sufficiently high to surpass activation
barriers in many biomolecular reactions in proteins. Warren et al. [307] directly measured the heating
effects of X-ray energy deposition in microcrystals for cryo-MX experiments and found that temperature
increases were much lower than the adiabatic estimates. Crystals in cryo-MX experiments are well
thermally-grounded with efficient heat removal by the cryo-stream, cryoprotectant, and crystal mounting
loop. Our observations imply that the fixed target system does not allow the same regulation of crystal
temperature and the effect of temperature rises on a protein system should be considered carefully

during the design of TR-SSX experiments.
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5.4 Conclusions and Outlook

This chapter has shown that small population changes follow flash-photolysis measurements and can be
accurately extracted using TR-SSX. This implies that TR-SSX does not significantly perturb the protein
system during measurement and can be used to determine accurate ground-state structures. However,
the determined temperature increases of around 90 K causes isomerisation over the ground-state barrier
is particularly concerting for measurement of dynamics temperature-sensitive systems. In part, this
is because increased temperatures exponentially decrease the lifetimes of intermediates that follow
Arrhenius behaviour. Depending on the size of the barrier, this means even low levels of temperature
increase can speed reactions beyond the time resolution of TR-SSX. For example, in PYP the PRy
to PB; state would decrease in a lifetime by an order of magnitude given an increase in temperature
of only 21 K from room temperature [316]. Our determination of a 90 K temperature increase would
completely distort the reaction kinetics of PYP and make it very difficult to isolate the structure of any
intermediate states. This, therefore, shows the importance of understanding the thermodynamics of a
system before attempting to resolve the states crystallographically. Future experiments using a stepped
exposure time/fluence as well the possibility of shuttering the X-ray beam whilst moving between well

would help isolate the origin of temperature increase to the silicon absorption or crystal absorption.

Many major international synchrotron facilities are currently undergoing/planning /have upgrades which
can deliver beams with lower emittance that will focus to smaller X-ray spot sizes [299, 300, 317, 318].
The smaller spot sizes will effectively increase the X-ray brilliance by 1-2 orders of magnitude [51].
With higher brilliance time-resolved synchrotron sources will be able to work at higher time resolutions,
however, higher X-ray fluxes will also leave less time for thermal diffusion meaning the effective heating
could be even higher. Thermal diffusion rates may ultimately limit the maximum time-resolution of
future crystallography measurements at synchrotron facilities. For slower (ms) reactions, increasing
detector frame rates could take advantage of the observed temperature to initiate reactions. Although
this would require a more in-depth understanding of the rates of heating and would likely depend on

many offer factors
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6 Ultrafast IRTA with Optical Control
Reveals rsKiiro Isomerisation Mecha-

nism

X-ray crystallography alone is an extremely powerful tool for understanding the dynamics and confor-
mational landscape of proteins but it cannot definitively resolve protonation and electronic states of
amino acids directly. Vibrational spectroscopy, in particular, the interpretation of difference spectra is
very sensitive to changes in hydrogen bonding, protonation state and conformational rearrangement.
Ultrafast spectroscopic studies of Dronpa/Dronpa-2 have proposed competing mechanisms for the
trans/cis photoswitching reaction. This chapter extends the kinetic studies of rsKiiro to ultrafast
vibrational spectroscopy. Initially, steady-state Fourier-transform infrared (FTIR) difference spectra
allow mode assignments of a trans-neutral and cis-cationic species for the off and on states respectively.
Ultrafast 400 nm-pump IR-probe spectroscopy of the off-state assigns the first step in isomerisation to
the movement of the arginine 66 residue followed by excited-state isomerisation of the chromophore
which occurs within 66 ps. A 515 nm dump pulse, 380 fs after the pump, was then introduced to
induced stimulated emission of the excited state. The dump reduced the S; population by at least 40%.
and suppressed the final photoproduct generation at delays up to 1 ms. Overall this chapter provides
further evidence of excited state isomerisation in reversibly switchable fluorescent protein (RSFPs)
and increases our understanding of photoswitching and stimulated emission processes in photoactive

proteins.

6.1 Introduction

As introduced in chapter 3, the exact mechanism of switching in RSFPs is not fully understood. Van Thor
and co-workers interpret transient infrared difference spectra as evidence for excited state isomerisation
whilst similar experiments by Meech and co-workers conclude that ground-state isomerisation is

responsible for the chromophore switching. In chapter 4 we concluded that difference density signals
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could not extract a photoproduct structure from the 100 ps pump-probe delays. This was attributed
to a lack of order in the photoproduct which does not support either an excited state or the ground
state isomerisation mechanism. Cryo-trapping and cryo-spectroscopy of rsKiiro in chapter 3 suggested
that the trans/cis reaction occupies a flattened cis-state intermediate as one of the final steps before
full relaxation to the cis-ground state. This was taken as evidence of an excited state isomerisation
based on thermodynamic arguments for ground state barrier heights that would have to be surpassed

at cryogenic temperatures.

Vibrational mode assignment in GFP-like proteins is based on the work of Esposito et al. [319] who
performed Hartree-Fock and density functional theory (DFT) calculations of the 4’-hydroxybenzylidene-
2,3-dimethyl-imidazolinone (HBDI) isolated chromophore analogue [319]. These calculations were
confirmed experimentally with an isotopic substitution study by He et al. [320]. Van Thor and
co-workers then made specific assignments to GFP [321] and later to Dronpa [5]. Mode assignments in
this chapter are based on harmonic frequency calculations of the isolated HBDI chromophore at the
DFT B3LYP/6-311+g(d,p) level and interpretation of steady-state IR spectra of Dronpa which were
both made by Warren et al. [5]. A summary of the harmonic frequency calculations is seen in table A.15.
Overall, Warren et al. made calculations for 'HyO/2H50 substitutions of the chromophore in neutral,
anionic, cationic and zwitterionic forms in the cis and trans conformations. Restrained calculations
were made with the phenol and imidazolinone planes frozen at 15°, which is the angle observed in off
state crystal structures of Dronpa [322]. These calculations provided unscaled frequencies as a basis for
relative shifts under isotope exchanges and relative intensities of chromophore modes which are used as
a basis for assignment throughout this chapter. Furthermore, assignments are also supported by the

work of van Thor et al. in resolving FTIR steady-state spectra of GFP [323].

A summary of the lifetimes and rate constants associated with published visible and IR transient
absorption spectroscopy studies of proteins in the Anthozoa family is shown in table 6.1. Most electronic
spectroscopy studies of this class of proteins have shown a biphasic decay of the S; excited state with a
fast (sub 10 ps) and slower component (10-100 ps) followed by slower decays and a ps deprotonation
step [212, 233, 235]. Vibrational mid-IR studies have only been undertaken on Dronpa and the M165T
Dronpa mutant (known also as Dronpa-2). With the exception of the earliest study by Warren et al.,
which only collected data up to 100 ps, the vibrational spectroscopy results broadly agree with electronic
rate constants being a biphasic evolution/decay of the excited state followed by slower/long-lived ground
state evolution. Only the study of Laptenok et al. [7] could access long enough pump-probe delays
to observe the final product formation. However, their conclusion of a ground state isomerisation is

against both against electronic spectroscopy and TR-SFX results [212, 235].

In this chapter ultrafast transient and steady-state vibrational spectra are assigned in the context of
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Electronic Spectroscopy

Sample Sequentially Fitted Rate Constants [ps|] Mechanism Reference

Dronpa 2.1 - 10 — 64 — ps ESI Yadav et al. [233]

Dronpa-2 2.6 — 15 — 160 — 280 —pus ESI Yadav et al. [233]
rsEGFP-2 0.9 — 3.7 —ups ESI Coquelle et al. [212]

IrisFP 2.02 — 15.3 —ps ESI Colletier et al. [232]

rsKiiro 5.78 — 60.65 —ps ESI C. Hutchison (Unpublished)

Vibrational Spectroscopy

Dronpa 9 — Long-lived ESI Warren et al.[5]
Dronpa-2 0.6 — 14 — 17 — Long-lived ESI Kaucikas et al.[§]
Dronpa-2 2.3 — 21.6 — 500 — Long-lived GSI Lukacs et al.[6]
Dronpa-2 16 — 596 — 91 ns — 4.8 ps — 156 ps ~ GSI Laptenok et al.|7]

Table 6.1: Summary of published rate constants for different RSFPs and the assigned mechanism of either

excited state isomerisation (ESI) or ground state isomerisation (GSI).

the time-resolved serial crystallography and cryo-trapping crystallography measurements undertaken
in chapters 3 and 4. The ultrafast switching mechanism of rsKiiro is identified using pump-probe
and pump-dump-probe spectroscopy which shows the creation of a photoproduct can be quenched by
dumping of the excited state. This provides strong evidence that the isomerisation reaction occurs in

the excited state.

6.2 Methods

6.2.1 Infrared Spectroscopy: Sample Preparation

Non-deuterated samples were prepared by concentrating the protein sample to around 95 mg/ml in a
protein low salt buffer of 50 mM Tris-HCI and 100 mM NaCl at pH 8 (or 50 mM MES-HCI and 100
mM NaCl at pH 5). A Vivispin 2 with membrane size of 30 kDa was used for concentration at 4000 g.
15 nl of concentrated protein was then placed in a Harrick cell between two CaFo UV polished-windows

(I mm and 2 mm) using a 6 pm Teflon spacer, giving a sample OD of around 0.7 at 490 nm.

To prepare deuterated samples, the same buffers were prepared using deuterated water at either pD 8.4
or pD 5.9. Around 500 pl of non-deuterated protein sample was diluted to 2 ml and reconcentrated to
its original volume in a Vivispin 2 concentrator with membrane size of 30 kDa at 4000 g. This was
repeated three times to minimise the water content to below 0.2 %. Final sample concentration was 60

mg/ml and was placed in a Harrick cell between two CaFy UV polished-windows (1 mm and 2 mm)
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using a 25 pm Teflon spacer, giving a sample OD of around 0.8 at 490 nm.

6.2.2 Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared (FTIR) spectra were measured using a Bruker ISF 66/S spectrometer
equipped with a liquid nitrogen-cooled mercury cadmium telluride-A MCT-A detector. The spectrometer
was set to a speed of 40 kHz using a filter 5 kHz, an under-sampling ratio of 2, resolution of 4 cm cm™!,
the symmetric interferogram, 80 gain range radius, Laser centre of 15800.8 cm ™!, with 100 background
scans and 100 sample scans. Dry air was used to purge the spectrometer for 1 hour in between sample
replacement and before taking the background spectra. Illumination of the sample (prepared as stated
in section 6.2.1) was done through the side port of the spectrometer. A 500 mW 405 nm (100 mW in 25
mm diameter spot at the sample) or 100 mW 488 nm (20 mW in 25 mm diameter spot at the sample)
were aligned and defocused using a misaligned 1:1 telescope. The sample was illuminated for around 30

s to allow for full photoswitching. Difference spectra were calculated directly from the unilluminated -

illuminated spectra.

6.2.3 IR Transient Absorption Spectroscopy

The 4 W, 70 fs, 800 nm, 1 kHz output of a Ti:Sapphire regenerative amplifier (Spitfire Pro, Spectra
Physics) was split equally into three paths (figure 6.1). Two were used to drive two optical parametric
amplifiers (OPA) (TOPAS-C, Light Conversion). The first, was used in second-harmonic-signal mode
to generate a 150 fs 515 nm pulse and the second OPA was equipped with a non-collinear difference
frequency generator (NDFG) which was set to generate 6.1 pm 150 fs pulses from the difference of the
OPA’s signal and idler beams. In the third arm, a 100 pm BBO cut for the second harmonic generation
(SHG) of 800 nm to 400 nm was used as a pump beam. A delay stage and retroreflector were used to
compensate for the path through the visible OPA before the 400 nm and 515 nm beams were combined
using collinearly using a two long pass dichroic mirrors (DM in figure 6.1 (a)) which also filtered out

any residual 800 nm from the fundamental beam.

The infrared beam was split into a reference and probe. The probe beam was focused onto the sample
plane using an off-axis parabolic mirror to a spot size of around 150x100 pm (figure 6.1 (b)). The
beam was recollimated using a lens and focused onto the spectrometer (Triax190, Horiba) with a liquid
nitrogen cooled 128 pixel MTC array detector (Infrared associates) where data was acquired using an
FPAS acquisition system (Infrared Systems Development Corp.). The reference beam was also directed
onto a separate spectrometer/detector /data acquisition system of the same specification. The MTC
array pixels were separated by 50 pm ‘dead space’ and were each 0.2 mm in width and 0.5 mm in height.
The pixel uniformity was specified better than 15%. The spectrometer slit size was set to 0.5 mm onto

a 9000 line/mm grating giving a final spectral resolution of around 4 cm~!. A coarse calibration of
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Figure 6.1: (a): A simplified schematic of the IR transient absorption setup described in the main text. Three
beamsplitters (BS) split the output of the Spitfire Pro equally and are used to generate the 400 nm pump, using
a 100 pm second harmonic generation barium borate (SHG BBO) crystal, the 515 nm dump pulse using a visible
OPA, and a 6100 nm beam using an OPA and NDFG. The beams are all focused non-colinearly onto the sample
and the IR is directed into the probe detector. (b): Knife edge scans demonstrating the FWHM focus size of
150%x100 pm for IR beam.

pixel number to wavelength was performed using a polystyrene film and a fine calibration was made
using iterative fitting of water vapour absorption. After fitting, spectra from the IRTA setup and FTIR
instrument were in very close agreement (within ~2cm™!). There was one dead-pixel (pixel 81) close to

the centre of the array in the probe channel at a wavelength of approximately 1655 cm™!.

A custom-built sample translator held a Harrick cell with 1 and 2 mm (front and back) CaFy; UV
polished windows. Around 20 pl of deuterated protein sample at a concentration around 50 mg/ml
(prepared as described in 6.2.1) was sealed between the windows using a 25 nm spacer. The optical
density at 400 nm was around 0.2-0.3 and OD which equated to around 1 OD between 1000-2000 cm ™.
The sample translator moved the cell in Lissajous patterns at an average speed of around 50 mm ms™".
An unfocused 100 mW 488 nm CW diode laser of beamsize ~3x5 mm to preconvert/reconvert the

sample to the off state. Data where the pre-conversion laser was switched off, was obtained as a control.

Difference signals were seen to slowly vanish with multiple scans, but spectral features seemed identical
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so it was concluded the pre-conversion laser had no artificial effect on the kinetics.

An optical chopper wheel was used to cut the repetition rate of the visible pump/pump-dump to 500
Hz. The relative timing of the visible pulses to the IR was adjusted using a delay stage which allowed a
maximum delay of 2.2 ns. The polarization of the visible beam was set to the ‘magic angle’ of 54.7°
relative to the IR probe. A 150 mm focal length lens was used to focus the visible beams onto the
sample plane. The focus size was measured using a camera. The FWHM diameter of the 400 nm and
515 nm pulses were ~320x240 and ~150x135 pm with 1.39 and 1.19 pJ energy respectively. The
choice of beam size was a trade-off between maximising and maintaining spatial overlap (of the pump,
probe and dump) whilst maintaining sample translation (minimising pumping of the next shot). Data
were acquired in a pump on/pump off scheme where every other shot was probe only. Outlier rejection

using the mean pump on/pump off signal and the reference spectra was used to discard anomalous

signals due to dust or bubbles in the sample.

Pump-probe delays between -40 ps and 2 ns were collected in non-sequential /random order to remove any
effects of sample degradation. 5000 spectra were averaged for each time point per scan and between 5-10
scans were collected for each condition. Scans were averaged together using a custom-written Matlab
script that applied outlier rejection again. Outlier rejection involved the removal of measurements
more than three scaled median absolute deviations from the median. Outliers were not included in
the averaging. This was necessary as occasionally the data acquisition system would lock-on to an
outlying value and reject accurate data. The noise level of measurements was characterised to 0.3x10~*
OD (at 1 o) level which low and allowed mOD level signals to be detected. Sample imperfections and
laser stability were the leading causes of noise in the measurements. For global analysis, negative time
points from -40 to -30 ps were averaged and subtracted from the whole dataset to remove any long-lived
(millisecond) signals caused by overlap with the previously previously pumped sample due to sample
translation speed not being fast enough to measure on fresh sample with each shot. The spectroscopy
analysis suite, known as the "Ultrafast Toolbox" was used to analyse the midIR response to the optical
pump and dump pulses [186]. Fitting of the instrument response function at ¢y for scans of 400 nm
only and 515 nm only on the GaAs were used to correct for dispersion of the probe and to tune the
delay between the 400 and 515 nm pulses which was set to 380 fs for these measurements. A sequential
model using coupled differential equations was used to retrieve distinct evolution-associated difference

spectra (EADS) and rate constants for each intermediate state.

120



CHAPTER 6. ULTRAFAST IRTA WITH OPTICAL CONTROL REVEALS RSKIIRO
ISOMERISATION MECHANISM

6.3 Results

6.3.1 Steady State FTIR Spectra

The steady-state FTIR difference spectra of rsKiiro allow identification of the protonation state and
conformational form of the chromophore in the non-fluorescent and fluorescent states. Additionally,
signals belonging to the arginine 66 residue, which forms a hydrogen bond with the imidazoline oxygen
in the cis state, can be identified.
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Figure 6.2: Steady state FTIR difference spectra for rsKiiro and Dronpa [5]. Shown between 1800-1000 cm~*
at pD 8.4 and 7.8 for rsKiiro and Dronpa respectively. Photoconversion of rsKiiro with 490 nm light is referred to
in the legend as the ‘off” state. Peaks discussed in the text are labelled on the top and bottom axes as indicated

by the dashed lines.

Figure 6.2 shows difference spectra between the dark (on) state and the photoconverted (off) state
for rsKiiro and Dronpa at pD 8.4 and 7.8 respectively. It is immediately clear Dronpa and rsKiiro
share very similar spectral features in terms of peak locations and relative amplitudes. The peaks at
frequency positions 1690 and 1655 cm™! correspond to the well characterised C=0 chromophore and
are assigned to the trans neutral and cis anion as determined in similar proteins |5, 8, 321, 323, 324].
Alternative protonation states of the imidazolinone, such as a cis-zwitterion or trans cation would cause
significant blue shifts to this band (table A.15) and as a result are not assigned. Positive peaks in the

difference spectra are therefore due to the fluorescent cis anionic state and negative peaks in the trans
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Figure 6.3: Steady state FTIR difference spectra for rsKiiro shown between 1800-1000 cm~! at pD/pH 8.4.
Photoconversion with 490 nm is referred to as the off state in the legend. Peaks discussed in the text are labelled

on the top and bottom axes as indicated by the dashed lines.

neutral state.

In the deuterated buffer, well-resolved peaks with positive amplitude are seen at 1626, 1576, 1547,
1497 and 1152 cm ™! these are assigned to the v(C=C), Phenol-1, v(C=N/C=C), Phenol-3 and Phenol
stretches, as shown in table 6.2. In 'H buffer, spectra show notable shifts to the C=0 to 1663 cm™!, a
small shift of the Phenol-1 and Phenol frequencies to 1575 and 1497 cm~! and no shifts to the C=C,
C=N/C=C or Phenol-3 peaks. Well-resolved negative peaks in the pD 8.4 spectra are seen at 1690,
1675, 1617, 1561, 1515 and 1179 ecm ™!, assigned to v(C=0), v(C=0), v(C=C), Phenol-1, v(C=N/C=C)
and Phenol stretches. Isotope substitution, seen in the pH 8.4 spectra show small shifts of both v(C=0)
band, to 1690/1676 cm ™!, the v(C=C) to 1643 cm~!, the Phenol-3 to 1518 cm~! and the Phenol mode

to 1177 em~!. The Phenol-1 band is not observed to shift under isotope exchange.

The most noticeable difference between the Dronpa and rsKiiro spectra are features in the region
between 1300-1400 cm™'. In Dronpa, a pattern of peaks at 1389, 1364, 1338, 1350 and 1323 cm ™! are
observed, rsKiiro has a prominent peak at 1342 cm™! and two smaller peaks at 1358 and 1321 cm ™!

with an enhanced negative peak at 1386 cm™!. Similar changes were reported by Kaucikas et al. for
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Dominant Component Dronpa pD 7.8 On  rsKiiro pD 8.4 On rsKiiro pH 8.4 On
Cc=0 1665 1655 1663
Arg 66 asymmetric (CNgH;") 1655 1655 1649
C=C 1624 1626 1626
Arg 66 symmetric (CN5H;") 1594 1594 1609
Phenol-1 1574 1576 1575
Phenol-2 - - -
C=N/C=C 1549 1547 1547
Phenol-3 1497 1497 1497
13¢5 1350 - -
Phenol 1152 1152 1149

Table 6.2: rsKiiro and Dronpa [5] on-state FTIR assignments for ?H and 'H buffers. Dronpa assignments made

by Warren et al.. All values are in units of cm™?!.

the M159T mutant of Dronpa [8]. In wild-type Dronpa the band at 1350 cm™! is equivalent to the a
1371 cm~! peak seen in anionic HBDI [311]. He et al. found in HBDI this peak redshifts by 15 cm™!
on isotope substitution for a 3C at position 5 (the carbon in the imidazolinone ring which forms a
bond to the methyl bridge - seen in figure 2.3) whilst substitution of other adjacent atoms with °N or
13C caused no notable shift in mode frequency [320]. It was, suggested that this peak is delocalised and
is affected by shifting/bending of the chromophore skeleton. As the crystal structure of rsKiiro (figure
6.4) shows a slight change in the C5 position compared to Dronpa, assignment of a 5-3C sensitive
band is therefore made at 1338/1338 cm™! in the 'HoO/2H50 spectra respectively. Finally, bands at
1665/1649 cm~! and 1594/1609 cm ™! for the 'HoO/2H50 spectra are due to the vgsym(CN3sHs") and
Vsym(CN?)H;r) of the Arg 66 which form a hydrogen bond with the cis anionic state. The 'HoO peak is

notably weaker and difficult to resolve compared to the H,O peak.

6.3.2 Visible Pump Mid-IR Transient Absorption Spectroscopy

Time-resolved difference spectra were taken in the range of -40 ps - 2 ns (and 1 ms) between 1800-1500
cm~!. The instrument response function was fitted with a FWHM of 190 fs. The pump-probe data
was fitted with two sequentially related evolution associated difference spectra (EADS) with constants
5.79, 60.65 and a further long-lived component (figure 6.5). These first two decay constants closely
correspond to the first two electronic excited state components of 7.67 and 49.99 ps of rsKiiro (C.
Hutchison, unpublished) and other published studies on similar RSFPs (table 6.1). The pump-dump
experiment shows around a 60% reduction in bleach intensity (figure 6.6) which compares closely to the

visible pump-dump experiment with similar energy densities which showed around a 50 % dumping of
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Dominant Component Dronpa pD 7.8 Off rsKiiro pD 8.4 Off rsKiiro pH 8.4 Off
C=0 1688 1691/1675 1690/1676
Arg 66 asymmetric (CN3H5") - - -
C=C 1644 1639 1643

Arg 66 symmetric (CN5H;") - - -

Phenol-1 1615 1617 1617
Phenol-2 1600 - -
C=N/C=C 1561 1561 1561
Phenol-3 1524 1515 1518
13¢5 1358 - -
Phenol 1177 1179 1177

Table 6.3: rsKiiro and Dronpa [5] off-state FTIR assignments for ?H and 'H buffers. Dronpa assignments made

by Warren et al.. All values are in units of cm™?!.

rsKiiro Cis
[ Dronpa Cis

rsKiiro Trans (major
rsKiiro Trans (minor) |
[ Dronpa Trans

90°

(a) Cis (b) Trans

Figure 6.4: Chromophore alignment from the crystal structures of JvT75 at pH 5.5, pH 8.4 and Dronpa. The
Dronpa structures were obtained from the protein data bank with IDs: 2POX (trans) and 2IOV (cis).
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the excited state (C. Hutchison, unpublished).

Pump-Probe

The quickest rate constant follows the first phase of the S; decay (figure 6.5). Ground state bleaches
(GSBs) corresponding to the trans neutral are observed at 1689, 1644 and 1513 cm ™! for the C=0, C=C
and Phenol-3 bands, as assigned above. The GSB at 1632 cm™! is unassigned from the steady-state
analysis but possibly arises from phenol and C=N/C=C modes. Induced absorption is seen at 1668 and
1596 cm~! and is assigned to rearrangement of the Arg66 asymmetric and symmetric CN3Hs" modes
respectively, suggesting rearrangement of this residue/hydrogen bonding network occurs as one of
the first steps in isomerisation. The 1570 and 1457 cm ™! are unassigned but could be caused by hot
vibrational states formed from the intramolecular vibrational redistribution (IVR) of higher frequency

modes.

The 60 ps EADS closely agrees with the second phase of the electronic S; decay and shows similar
spectral features to the first decay spectra but there is a new GSB at 1618 cm™! and excited-state
absorption (ESAs) peak at 1632 cm~!. The GSB clearly corresponds to the trans-neutral phenol-1
mode whilst the ESA is assigned to a twisted chromophore (discussed below). Also of note is the very
weak ESA around 1530 cm™! and the lack of any ESA features which could correspond to phenol modes
in the FTIR spectra.

The final component was fitted as a long-lived (7 > 2ns) component which is interpreted as a flattened
ground-state species. The bleaches at 1680, 1638 and 1618 cm™! correspond to the C=0, C=C and
Phenol-1 modes respectively. Excited-state absorptions are seen at 1650, 1630 and 1596 cm ™! and are
assigned to the C=0, C=C and Arg 66 asymmetric CN3H:" modes of a cis neutral state. The absence

of a strong phenol-3 and any dominant modes between 1500-1600 cm ™! should be noted.

Pump-Dump-Probe

The dump pulse delay was 380 fs when measured by cross-correlation on a GaAs semiconductor. The
wavelength (515 nm) was not resonant with any ground-state of visible ESA cross sections meaning
a double difference spectra (AAA = AAppp — AApp) were used to interpret the dump interaction.
This double difference spectrum was globally fitted at time points after the 515 nm pulse arrival and

the associated coherent artefact had decayed (t>500 fs).

Looking at the AAA (PDP-PP) spectra (figure 6.5) and PDP AAppp decays (figure 6.6), the dump
pulse clearly causes a large decrease in amplitude of the strongest GSB at 1644 cm™!, with a decrease of
around 40% in amplitude compared to the pump-probe (PP) data. The pump-dump-probe (PDP) and
the dump-only traces (figure 6.6) show a large coherent artefact which is attributed to the optical Kerr

effect at the 515 nm pulse arrival time. For comparison to the PP data a double-difference spectrogram
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was prepared with Pump Dump - Dump Only differences (figure A.10 (d) and A.11 (d)). This shows

the clear arrival and reduction of GSB caused by stimulated emission pumping of the dump pulse.

The first EADS component was fitted with a 40 fs component. This is shorter than the fitted IRF so is
attributed to a combination of the optical Kerr effect and IVR /vibrational cooling of high frequency
excited vibrational modes. It is not plotted in figure 6.5. The next component of the global fit, with a
rate constant of 95 ps shows almost identical, but inverted, spectral features as the second pump-probe
EADS component and so follows the assignment that the excited state has reduced significantly in

population due to the dump pulse (figure 6.5).

The long-lived ground state component with shows very similar GSB frequencies to the final component
in the PP data. However, the peaks, attributed to ground-state cis-neutral formation in the PP data is
not seen in the PDP spectra (figure A.10 (b) and (d)). Only the 1668 and 1593 cm~! peaks, attributed
to the symmetric/asymmetric Arg(CN3H;") are seen. Although the global fit shows a low average
residual value of 1.41x107?, the final component does not account for the slight change in spectra
between 1.5 and 2 ns. As seen in figure 6.5, the 2 ns spectrum shows two product bands at approximately

the positions of the chromophore C=0 and C=C stretches as will be discussed.

6.4 Discussion

The FTIR and multi pulse IR-TA measurements have allowed the definitive assignment of the on and off
states and the photoswitching mechanism, in rsKiiro which has not been possible with crystallographic
measurements (chapter 3 and 4). Overall, FTIR difference spectra have confirmed the cis anion and
trans neutral for the fluorescent and non-fluorescent species. These are the same states found in Dronpa
[5] which is expected due to rsKiiro’s structural and photophysical similarities. IRTA measurements
have then assigned alteration to the Arg66 as one of the first steps in the photoswitching reaction

followed by excited-state isomerisation of the HBDI chromophore to a cis-neutral state.

Steady-State Assignments

The assignment of a cis anionic state is supported firstly by the nature and position of the C=0O band as
similar peaks are seen in Dronpa [5] and GFP [323]. No isotope shift is expected in the anionic cis state
as the site of isotope exchange, the phenolic oxygen should be deprotonated. This is confirmed for the
C=C, Phenol-3 and C=N/C=C bands which do not shift in frequency position. However, small shifts
are seen at 1576,/1575 and 1152/1149 cm ™! for Phenol-1 and Phenol bands in *Ha0/?H20 respectively.
The shift in phenol-1 peak is small and possibly caused by the presence of the peak at 1594 cm™!.
The shift in Phenol peak is likely caused by strong 2HsO absorption around 1200 cm™! skewing the

sensitivity of the spectrometer and artificially shifting the peak.
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Figure 6.5: Top: FTIR On - Off steady-state difference spectra at pD 8.4. Middle & Bottom: Evolution
associated difference spectra (EADS) fitted using a sequential model. The long-lived time points are plotted on
the right-hand axis for both the pump probe and pump dump condition. The pump-dump data is fitted from 390
fs onward. The raw spectra for pump-probe delays of 100 ps, 2 ns and 1 ms (-40 ps) are plotted on the bottom

axis for the pump probe and pump dump probe of each panel. The dump-delay remained constant at 380 fs.
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Figure 6.6: Traces for 1650, 1644, 1632, 1618, 1615 and 1593 cm ™! as a function of pump probe delay: blue
shows pump on - probe only, green shows pump dump (380 fs) - probe only then black shows dump only (380 fs)
- probe only. All plotted data had the -40 ps (1 ms) subtracted from subsequent time points and are plotted
relative to the PP delay. The PD delay was kept constant at 380 fs.
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The C=0 shows a large 2H0 /! H5O shift from 1655 to 1663 cm~!. In the isolated chromophore, this
would make an anionic assignment unfeasible. However, the protein environment allows for hydrogen
bonding and stabilisation of the chromophore which means some bands are not localised only to changes
in the HBDI chromophore. The shift in v(C=0), therefore, implies this stretch is not only due to
the chromophore so other amino acids with vibrational absorption frequencies close to 1655/1663
cm ™! can be considered. Absorption in this region are typically due to Gln(C=0), Asn(C=0) and
symmetric/asymmetric Arg(CN3H;") [325]. As the 2HyO/'H,O shifts are indicative of an arginine
stretch and as both the symmetric and asymmetric peaks can be assigned the spectroscopy data alone
suggests a Arg(CN3H,;") perturbs the C=0 frequency. As detailed in chapter 3 of this thesis, the
crystal structure of rsKiiro known to exceptionally high resolution. Figure 6.7 shows the chromophore
environment and interaction to aid interpretation of the FTIR spectra. Clearly, a hydrogen bond
can be seen between the Argb6 and C=O0O of the cis chromophore which is not present in the trans
structure. This leads to the most likely assignment to be the Arg66 which shifts on isotopic exchange.
In Dronpa, this assignment overlaps exactly with the C=0 stretch. In rsKiiro a small shoulder can be
seen at 1665 cm™! which is therefore assigned to the Arg66 stretch. This overlapping assignment at
1655 cm ™! will have a larger relative amplitude than expected for the isolated HBDI C=0 peak which
explains the enhanced strength of the 2HoO C=0 stretch over the off state, 'HyO peaks and justifies
the disagreement with harmonic frequency amplitudes. Comparing the published cis crystal structure
of Dronpa [326] and rsKiiro also shows that the hydrogen bond length of Arg66 is almost identical:
2.76 A in Dronpa and 2.78 A (figure 6.7) in rsKiiro which suggests the stretch frequencies should be

similar as is seen in figure 6.2.

The trans-neutral (negative) rsKiiro bands are notably weaker in intensity than the corresponding cis
anion peaks in. This is consistent with the protonation state assignment to a neutral species as reduced
oscillator strengths are also seen in trans-neutral Dronpa [5] and the cis-neutral GFP [321]. The shift
in frequency between the cis and trans C=0 state is large (36/20 cm™!) but expected as shown by the
harmonic frequency calculation which shows a difference of 41 cm™'. A trans-anion is calculated to
have a C=0 frequency of 1690 cm ™! which is very close to the observed 1690 cm ™! stretch. However,
as previously discussed, the weak negative peaks are characteristic of a neutral species and no evidence

for an anionic trans-state is seen in the visible spectra [234].

In this work, the double bleach feature at 1691 and 1675 cm™! are both assigned to a C=0 stretch.
Lukacs et al. [6] assign a similar double bleach in M159T Dronpa also to the C=0 but Kaucikas et al.
[327] disregarded this based on isotope exchange sensitivity. In rsKiiro, the isotope shifts are minimal, 1
cm ™! for both peaks, this is attributed to the exchange of the hydrogen-bonded water molecule seen in

the crystal structure of rsKiiro (figure 6.7) which is not apparent in Dronpa [322]. Evidence for a double
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C=0 assignment is also provided by the crystal structure of rsKiiro where a double conformation of
the trans-state is seen. The two conformers show a torsional angle of the phenol-imidazoline of 60° and
24° respectively. In comparison, the off-state crystal structure of Dronpa shows an angle of 22°. These
observations can immediately explain the difference in C=C and C=0 frequencies between rsKiiro
and Dronpa. Theoretical calculations by Kaucikas et al. [327]| suggest that changes in the twisting
angle over methyl bridge alters the bond strength which will shift the C=0 and C=C accordingly.
The splitting of the C=0 band is therefore tentatively assigned to the additional minor conformation
of the trans-state in the crystal structure. This also explains some of the modest differences in the
off-state peaks between wild-type Dronpa and rsKiiro. In particular, the more pronounced shoulder in
the negative peaks for the C=C, Phenol-1 and C=N/C=C could be due to occupancy of the minor
state found in the crystallography. It is important to note that the crystal structure was obtained at
100 K and therefore could be a cryogenic artefact. Room temperature crystallography measurements of
the trans-state have not shown the same multiple conformations, although as they are lower resolution,
they are not as able to resolve alternative conformations if the occupancy is low. For these reasons,
we can confidently assign the 1688 cm~! bleach to a v(C=0) stretch of dominant trans-species, as
assigned in wild-type and M159T Dronpa [5, 327] and tentatively assign the 1675 cm~! band to the

v(C=0) minor conformation stretch.

The cis anionic C=C is assigned at 1626 cm~! which is significantly lower than the harmonic frequency
calculations which indicate a much stronger bond at 1687 cm™!. Studies have suggested this mode
has contributions from the torsional angle of the phenol and imidazolinone rings whereby the twisted
structures will weaken and downshift the stretch frequency [5, 320, 327, 328]. As the calculations
assume a completely planar chromophore geometry which is not seen in the crystal structures, the
downshift of the rsKiiro assignment must be due to weakening of the C=C by a twisted geometry. The

1 compared to Dronpa. The

same reasoning also explains why the rsKiiro C=C is upshifted by 2 cm™
crystal structures measure twisting angles of 8° and 5° for Dronpa and rsKiiro respectively, meaning
rsKiiro creates a more planar and stronger bond over the methyl bridge, explaining the shift in FTIR

difference spectrum.

Mid-IR Transient Absorption

The first two sequential EADS of the pump probe data, with lifetimes 5.78 and 60.65 ps, match the
first two decay spectra of the electronic S; state of rsKiiro with constants 7.67 and 49.99 ps (table
6.1). Considering the double-well potential confirmed with cryo-spectroscopy in chapter 3 we can assign
this biphasic behaviour to simultaneous decay and evolution through these two wells. Compared to
Dronpa-2 the excited state kinetics are slower in rsKiiro which is possibly due to the difference in

chromophore geometry (figure 6.4) and pH/electrostatic environment [330].
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Figure 6.7: (a-d): LigPlot+ [329] plots of crystal structures of rsKiiro in the cis and trans states obtained

using cryo-MX. All residues that directly interact with the chromophore are shown. All distances are reported in

A.

The initial assignment of movement of the Arg66 is founded in the simultaneous observation of bands
at 1668 and 1596 cm ™! which evolve at the same rate and occur at almost exactly the same positions
as seen in the steady-state spectra. Given the asymmetric/symmetric modes of the Arg CN3H5+ stretch,
this assignment is clear. The next EADS in the PP data is assigned to a twisted or a partially isomerised
chromophore. The emergence of the 1632 cm~! v(C=C) peak is indicative of a change in the methyl
bridge dihedral angle. This is also supported by the emergence of a further GSB at 1618 cm ™! which
originates from the phenol-1 stretch of the chromophore. For assignment to a cis-neutral state, a
C=0 peak should be resolvable. There is a shoulder that corresponds to the 1650 cm™' C=0 band
which appears to be partially obscured by the C=C GSB at 1641 cm~! however, the assignment to a
cis-neutral based on this peak would not be definitive. Instead, it is argued that the chromophore must
be at a twisted angle probably close to a cis confirmation as indicated by the ESA assigned to C=C

but the exact state is unclear.

A long-lived component then emerges with an ESA band at 1650 cm~! which is assigned to a C=0
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stretch. This, combined with the C=C cis-state stretch is strong evidence for the formation of a
flattened neutral-cis state probably similar to the cryo-trapped cis state resolved in chapter 3. Kaucikas
et al. showed through DFT calculations that the C=C and C=0 modes of the HBDI chromophore are
very sensitive to out-of-plane distortions [219]. Flatter chromophore geometries are expected to show a
larger C=C force constant and a weaker C=0O bond, resulting in a respective upshift and downshift
of the C=C and C=0 vibrational modes. However, harmonic frequency calculations of the assigned
cis-neutral state predict significant up-shifts in these modes. Although a significant up-shift is not
observed a cis-neutral state is still assigned. We argue that the hydrogen bond formed with Arg66 (figure
6.7) reduces the frequency shift between the anionic/neutral forms meaning and instead the flattened
geometry dominates the mode behaviour, which overall leads to a downshift in the C=0 stretching
frequency. This is also supported by work in chapter 7 where we confidently assign a cis-neutral
state chromophore in a rsKiiro S142A mutant. In this mutant, a small upshift in the C=0 and C=C
frequency is observed which is attributed to the hydrogen bond stabilisation by the Arg66. Here the
same interaction must account for the lack of cis-neutral upshift in the same two groups due to the

neutral species whilst the planar geometry causes a downshift in C=0 and upshift in C=C.

Assignment to a cis anion state would imply an excited-state proton transfer mechanism (ESPT) which
is not supported by other studies on similar proteins [5-8, 212, 233, 235] or our observations of a ps time
constant for the formation of the cis anion 500 nm peak (C. Hutchison, unpublished). Furthermore, the
phenol-3 mode (at 1497 cm~! in the steady-state FTIR) is one of the strongest absorption features of the
anion but absorbs very weakly in the neutral state (chapter 7). The final 2 ns time point does not show
a phenol-3 or phenol-1 peak but the 1 ms spectra does. This is strong evidence that the protonation
step takes place between 2 ns - 1 ms. Furthermore, the C=C stretch shifts to the steady-state value
of 1626 cm~! indicating the final product has been formed. However, the C=0 stretch still seems
upshifted, this is possibly due to an unfortunately placed dead-pixel at the 1655 cm™' meaning the

shift to the steady-state frequency is not observed.

Overall, the pump-probe measurements of the off-state support an isomerisation of the chromophore to
a cis neutral and rearrangement of the Arg66 residue is complete within 65 ps. We do not find any
evidence to suggest that ground state isomerisation occurs after the first 100 ps. Further support for this
is provided by the measured trans/cis ground-state isomerisation barrier of 91 kJmol~! (chapter 5). To
overcome this barrier a hot ground-state would be required. If a hot-ground state were present in high
concentrations hot-bands would be observed at red-shifted frequencies compared to the fundamental
transitions due to the anharmonic potential of vibrational transitions [331]. In the PP and PDP spectra
the only sign of vibrational cooling is the narrowing and slight blue-shift of the GSB at 1644 cm™~! with

increasing pump-probe delays.
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The pump-dump data shows a definite suppression of the GSB signals by around 50% which is
particularly evident at 1644 cm™'. This confirms that the dump pulse is causing stimulated emission
from the S; excited state. The final 1 ms and 2 ns spectra (figure 6.5) show much lower photoproduct
yields as indicated by the much weaker positive difference spectra features. This provides further support
for the isomerisation reaction occurring as an excited state process. To compare the photoproduct yields
between the PP and PDP data, the ESA amplitude of the phenol-3 bands were compared in the 1 ms
spectrum. This band was chosen as it shows clear signals in both the final spectra and is not influenced
by any obvious GSB signals which would decrease the amplitude. Considering this band alone, the
dump reduces the photoproduct amplitude by around 3 times. However, the amplitude of these signals
is small and close to the noise level of the measurement. With the more intense accumulation of
the negative time-point, a more accurate impact of the dump pulse on photoproduct yields could be
assessed. It should also be noted that the 1 ms spectra is derived from the -40 ps measurement and so
depends on the overlap of the previous pump spot with the next pump area. As the 400 nm pulse was
slightly large than the 515 nm it is possible this measurement in the dump data set does not include
fully dumped population. Overall, consideration of the raw and globally-fitted EADS shows almost no
product formation. This is strong evidence that the isomerisation occurs in the excited state and is

prevented with the dumping of the excited state population.

6.5 Conclusions

In this chapter steady steady state FTIR difference spectra of rsKiiro have been assigned and shown to
resemble the difference spectra of Dronpa. Ultrafast transient absorption measurements revealed the
excited state isomerisation of the rsKiiro chromophore occurs with rearrangement of the Arg66 followed
by isomerisation within 66 ps. The presence of a dump pulse was then shown to cause stimulated
emission and prevent product formation. Future work should concentrate on extracting branching
ratios through scanning of the dump time and measurement of vibrational dephasing times through
evaluation of the perturbed free induction decay rates. Unfortunately, this was not possible in this work
due to the large optical Kerr effect observed at time-zero. Additionally, further time points should be

collected beyond 2 ns to study the ground state evolution of the protein to the final cis neutral state.
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7 Neutral to Cation Switching of a GFP-
like Protein Resolved Using Dynamic
Crystallography and FTIR Spectroscopy

In this chapter, the photoswitching states of a mutant of rsKiiro, known as JvT75 (rsKiiro M159T), is
investigated. Time-resolved room-temperature serial synchrotron crystallography, UV /Vis and steady-
state FTIR difference are used to assign the conformational and protonation states of the chromophore
at neutral and low pHs. At pH 8.4 JvT75 undergoes the same switching behaviour as seen in rsKiiro:
500 nm illumination drives an anionic-cis/trans-neutral reaction with associated fluorescence switching
off. Subsequent illumination with 400 nm light then results in the well-studied back-reaction from
trans-neutral to cis-anionic. At pH 5.5 protonation of the chromophore leads to a large blue shift in
the ground state electronic spectrum and a loss of fluorescence. Illumination with 400 nm light of the
low pH species is found to drive a cis-neutral /trans-cationic reaction with high yields which is reversed
under 450 nm illumination. This pH dependence of isomerisation mechanism is unreported and seems
to be a new class of reaction in reversibly switchable proteins. The work in this chapter extends our
understanding of the acid/base equilibrium in fluorescent proteins and presents a well-suited system for
studying ultrafast photoswitching in both trans/cis cis/trans directions within a single protein due to

high inter-conversion yields at neutral/low pH respectively.

Note to the reader: The serial crystallography experiments in this chapter were led and devised by
this author. The beamtime was a collaborative experiment with Diamond Light Source. In particular,
Pierre Aller, Agata Butyn, Danny Axford, Robin Owen, Selina Storm, Sam Horrell and Nic Devenish
were all instrumental in ensuring the success of these experiments. This work is being prepared for

publication as:

Baxter, J. M. et al. Neutral to Cation Switching of GFP-like Protein Resolved Using Dynamic

Crystallography and FTIR Spectroscopy (in preparation,).
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7.1 Introduction

The chromophore in GFP-like proteins has two titratable sites, the hydroxyl group at the phenolic site
and imidazolinone ring nitrogen at the heterocyclic site. Protonation/deprotonation of these sites leads
to the generation of cationic, zwitterionic, neutral and anionic forms of the chromophore, as shown in
figure 7.1. The pK, for protonation of the isolated chromophore, known as 4’-hydroxybenzylidene-2,3-
dimethyl-imidazolinone (HBDI) is 2.5 for the cationic species and is 8.5 for deprotonation, generating
the anionic state [332, 333]. As mentioned in chapter 2, the strongly fluorescent on state of most RSFPs
corresponds to an anionic cis state of the HBDI chromophore and the off, to a neutral trans [199]. There
are some notable exceptions in the eqFP578 [334] and qFP611 families [335] which are red FPs and
have a strongly fluorescent trans state chromophore. However, the protonation state of the trans-state
is unclear and it seems the fluorescence in these proteins originates from a m — 7 stacking interaction

between the chromophore phenol ring and a nearby histidine [334].
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Figure 7.1: Possible protonation states of the cis chromophore.

In the drive to understand the fluorescent nature of GFP and the photophysics of RSFPs the isolated
HBDI molecule has been the subject of extensive spectroscopic and theoretical studies. It is well known
that the reducing flexibility of the HBDI molecule around the methyl bridge promotes fluorescence
emission over radiationless decay from the excited state [330, 336]. Numerous theoretical studies have
made high-level quantum chemistry calculations of the excited-state potential energy surfaces of the
chromophore as summarised by Meech [337]. The key findings are that excitation of the chromophore
decreases the bond order over the methyl bridge. This allows an almost barrierless rotation of the
double bond between the phenol ring and imidazolinone heterocycle. This twisting motion increases
the ground state energy until the S; and Sy surfaces cross through a conical intersection at an angle
around 90° [230, 338, 339]. Therefore, experimental observations in solution at room temperature
show almost no fluorescence: the HBDI molecule is free to twist and relax down to a ‘hot’ ground
state in a radiationless transition. Fluorescence is only observed in solution with cooling below the
glass transition temperature [340, 341] or when increased friction is introduced with viscous solvents
[336]. Svendsen et al. showed experimentally that in the gas phase, at low temperatures (100 K) the
anionic cis HBDI is fluorescent as the excited state population is trapped by a barrier which reduces

the rate of internal conversion through the conical intersection [342]. As this barrier extends the S;
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lifetime increased fluorescence yields are observed. These theoretical and experimental studies suggest
that fluorescence rates will be highest when HBDI is rigidly confined to planar conformations. In
proteins, the HBDI chromophore is stabilised and constrained by hydrogen bonds from surrounding
residues within the chromophore environment. A study of HBDI in multiple FPs (Dronpa, rsFastLime,
asFP-A143S, mTFP0.7 and IrisFP) has correlated increased planarity of the cis chromophore with the
highest fluorescent yields, in agreement with experiments on isolated HBDI [343|. Furthermore, the
increased rigidity of the protein matrix surrounding the chromophore has also been associated with
greater fluorescence yields - presumably due to reduced ability for twisting-related relaxation processes
[337, 344]. Tt is therefore reasonable to assume that characteristics of the isolated HBDI can be used as

a basis to explain the photophysical behaviour in RSFPs.

The first efficient RSFP, Dronpa, has been subject to the largest number of experiments investigating its
switching mechanism (as reviewed in previous chapters). Steady-state FTIR spectra assigned the ground,
on-state, of Dronpa to the cis-anionic and the on-state to be a neutral trans [5]. Initially, mechanisms
of off to on switching proposed an ESPT pathway|213]. However, ultrafast IR transient absorption
measurements showed strong evidence that deprotonation was a ground state process in the trans-cis
and cis-trans reactions [5-8]. Furthermore, Warren et al. and Laptenok et al. suggested detailed
mechanisms for the steps of isomerisation of the trans-cis reaction (as discussed in chapter 6). Visible-TA
measurements by Yadav et al. [233] confirmed ps rate constants for protonation/deprotonation observed
by Warren et al. and Laptenok et al. |5, 7| and suggested the chromophore is in an acid-base equilibrium
of the anionic and neutral forms. Higashino et al. studied Dronpa using Raman spectroscopy. They
varied the pH and determined a pK, of 5.2 for titration of the chromophore and showed it maintained
a cis geometry at low pH [345]. Overall, current spectroscopic studies have identified the protonation of
the chromophore in the ground-state products of Dronpa. The trans-cis isomerisation mechanism has
been the subject of multiple ultrafast studies which have suggested mechanisms for switching in this
direction (chapter 6). However, the cis-trans mechanism remains much poorly characterised, primarily

as low yields make spectroscopic measurements challenging.

Although Dronpa is the most studied RSFP, GFP is the most widely studied FP, due to its ubiquitous
use throughout the life sciences since the 1990s. The evidence for the acid/base equilibrium in Dronpa
(described by Higashino et al. |345]) is founded in observations in wild-type GFP (avGFP): Fluorescence
yields of avGFP are relatively insensitive to changes in pH [196, 346] whilst an S65T mutant showed
greatly reduced fluorescence below its pK, of 6.0 [347, 348]. In avGFP, the Ser 65 donates a hydrogen
bond to nearby Glu 222 which promotes the deprotonation of the Glu 222 carboxylate group [349]. The
close proximity of this negatively charged Glu 222 to the chromophore then prevents the chromophore

and glutamic acid from both being anionic due to electrostatic repulsive forces. Photoacidity of
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chromophore excited state results in ESPT which creates the cis anionic chromophore as the phenol
proton is shuttled along a series of hydrogen-bonded water molecules to the Glu222 residue [350].
Mutation of S65T (or similarly S65C [197]) withdraws the donation of the hydrogen bond to the Glu
222 which returns it to the neutral state and blocks the ESPT pathway [347]. As a result, the S65T
GFP chromophore is in an acid-base equilibrium, mostly occupying the anionic state above pH 6.0
[347, 348]. These assignments were made based on crystal structures of S65T mutant above and below
the pK, [347]. Interestingly, the low and neutral pH structures were very similar in the chromophore
structure and differed only in side-chain conformation. In the protein JvT75, studied in this chapter,
residue 65 is a cysteine instead of the serine in avGFP. This means JvT75 is likely to follow similar

acid/base structural behaviour as the S65T mutant and of Dronpa.

In this chapter, the low and neutral pH behaviour of a mutant of the reversibly switchable fluorescent
protein, JvT75 will be investigated. This protein is an S142A mutant of rsKiiro, equivalently an L62A
S142A M159T mutant of Skylan-NS which was introduced in chapter 2. Time-resolved room-temperature
synchrotron serial crystallography is used to obtain 6 structures of JvT'75 at two different pHs and under
multiple illumination conditions. These structures are used in conjunction with steady-state FTIR
and UV-Vis spectra to identify a new class of photochromic reaction at low pH. The photoactivated
isomerisation at pH 8 is found to correspond to a cis-anion/trans-neutral with 400 nm illumination
and trans-neutral/cis-anion for illumination with 400 then 500 nm, as is observed in rsKiiro. At pH 5,
however, a new class of switching is observed from the neutral-cis to cationic-trans species under 400
nm illumination. To our knowledge, this reaction has not been reported in photochromic proteins. Its
discovery improves our understanding of photochromic reactions in proteins and opens up opportunities
to understanding the excited state landscape of the cis neutral HBDI chromophore situated in a protein

matrix.

7.2 Methods

7.2.1 UV /Vis Steady State Spectra & Thermal Recovery

As explained in detail in section 2.2.1, UV /Vis spectra acquired from 200-1000 nm of the JvT75 protein
at around 2 mg/ml concentration at pH 5.5, pH 8.4 and pH 10 in a low salt buffer (50 mM buffering
acid, 100 mM NaCl) buffered with 50 mM MES, Tris and HEPES respectively. Samples were converted
using either a 405 or 488 nm laser. Thermal recovery measurements were made by pre-converting the
sample with a 488 nm laser then measuring spectra every 30 seconds using a 0.5 s exposure time over 8
hours. The exposure time and frequency of measurement were kept to a minimum to reduce the actinic
behaviour of the white light probe. Data were fitted and analysed using custom-written MATLAB

scripts.
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7.2.2 FTIR Difference Spectra

Deuterated samples were prepared at high protein concentrations and placed between two Harrick cell
CaF windows as described in detail in 6.2.1. The deuterated buffer was prepared 0.4 pH units below the
desired pH to account for the isotope effect in measurement with the pH probe. Spectra were acquired
using a Bruker ISF 66/S at 4 cm™! resolution using a liquid nitrogen-cooled MCT-A detector. CW
laser illumination with wavelength 405 (500 mW) and 488 nm (100 mW) was directed through a side
port of the spectrometer and defocused onto the Harrick cell using a misaligned 1:1 telescope. An LED
array focused into a fibre (CoolLED) provided illumination with 435 nm (100 mW) or 460 nm (100
mW) by directing the fibre, unfocused at the sample cell. Tllumination times were between 20-30 s to
achieve full conversion. Dry air was used to purge the spectrometer for 1-2 hours between opening of

the sample box.

7.2.3 Time Resolved Serial Synchrotron Crystallography at Low and Neutral pH

Crystals were prepared in batch conditions as explained in section 2.2.4 at pH 8.4 with PEG3350
concentration of 25% and final protein concentration of 15 mgml~! with a final volume of 500 pl.
These conditions formed needle-shaped crystals of dimensions around 2x2x10 pm and density around
107-10® crystals/ml. Crystals at pH 8.4 were diluted by 8 times before injection. Crystals at pH 5.5
were prepared by centrifuging the slurry at 1 g for 2 minutes followed by removal of 300 nl of mother
liquor which was replaced with PEG3350 buffer at pH 5.5. This was repeated 3 times to ensure the
pH was close to 5.5. A colour change from bright yellow to dim yellow was immediately observed on
exchanging the buffer which indicated the pH was below the pK, value. Preliminary experiments on

larger batch trials showed the final pH was 5.5 £ 0.1 after buffer replacement.

Time-resolved serial synchrotron crystallography (TR-SSX) measurements were made at the Diamond
Light Source, i24 beamline. A 100 mW 488 nm unfocused laser with a beam profile around 3x2 mm
was directed onto a fixed target serial crystallography chip [127] shown in figure 7.2 (a). Lasers of
wavelength 405 and 488 nm laser were combined collinearly using a long pass dichroic mirror (Thorlabs,
FEL0450). The 405 nm beam was attenuated with a 1 OD neutral density filter and focused with a
lens (300 mm focal length) placed just before the dichroic mirror. This focused the 405 nm beam and
left the 488 nm unfocused. TTL modulation was used to set a pulse length of 1 ms for the 405 nm
laser. The half-life of the laser rise time was around 600 ps and approximately linear meaning the laser
was just below full power by the end of the pulse. The fall time was very short (around 10 ps). The
405 nm laser was focused to a spot size of 12x41 pm as measured by a knife-edge scan (see figure 7.2
(b)) and had a CW power of 21.0 mW at the focus. The preillumination routine consisted of exposing
an entire city block to the 488 nm laser for 10 s. The X-ray diffraction data were taken using an X-ray

detector exposure time of 10 ms, attenuation of 0 %, wavelength of 0.9801 A, beam-size of 7x7 pm and
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Figure 7.2: (a): Looking down on the beamline setup a 405 and 488 nm laser are combined collinearly on
a long-pass dichroic mirror (DM). The 405 nm laser is focused using a 300 mm focal length lens onto the
lithographic silicon chip. The chip is translated by ‘fast’ stages which move between wells at a repetition rate
of around 20 Hz. The chip orthogonal to the X-ray, i.e. the plane into the page but is shown here for clarity.
Diffraction data are collected by the X-ray detector behind the chip.(b): Knife edge scans demonstrating the
FWHM focus size of the 405 nm laser.

Dectris Pilatus3 6M detector at a distance of 320 mm. Initially both DIALS [163] and CrystFEL [102]
using indexing methods XGANDALF [152] and iMOSFLM [284] to index and merge the data. It was
found XGANDALF gave the best merging statistics so was used for processing downstream. Detector
distance was only coarsely refined in steps of 1 mm as the unit cell distributions and indexing rates did
not change significantly with different detector distances. Data from CrystFEL was merged ignoring

partialities as detailed in chapter 4.

Structure factors were calculated from intensities using Phenix with the massage option [176]. Q-
weighted difference electron density was calculated as detailed in section 3.2.3 and refinement of
structures was done using restrained refinement in REFMACS [237] and real-space refinement in coot
[289]. Omit maps were calculated by setting the chromophore occupancy to 0 and performing ‘0’ rounds
of refinement in REFMACS. Approximate occupancies were calculated as detailed in 5.2.4, through
minimisation of crystallographic R-factors. A model containing both cis and trans conformations was
generated and the occupancy changed in 1 % intervals from 0 % cis (100 % trans) to 100 % cis (0%
Trans) and R-factors calculated after 5 cycles of Rigid body refinement. The minima of Rpee and

Rwork were used to estimate the population of cis/trans conformation in the dataset.
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7.3 Results

7.3.1 UV /Vis Steady State Spectra, Fluorescence Measurements & Thermal Re-

covery

As mentioned in chapter 2, the spectrum of JvT'75 dramatically shifts depending on the pH (figure
7.3). At pH 10, in the dark/unilluminated the 503 nm band is strongly absorbing and assigned to the
cis anionic state as in Dronpa [326]. Illumination with 500 nm generates the 390 nm absorption peak,
assigned to a neutral trans which recovers following first-order rate law, as shown in 2.7 (b). At pH
8.4, the 490 nm peak dominates although some absorption at 390 nm is seen. This state is also assigned
to be cis anionic. Illumination with 500 nm causes a small increase in the intensity of the 390 nm peak
and a blue shift of 10 nm to 380 nm. The recovery of this state does not follow a simple 1st order
trend, as shown in figure 7.3 (b). At pH 5.5, the dark spectrum of the protein changes dramatically.
The 503 nm peak is absent and only a 380 nm peak is present which is assigned to a cis neutral state.
This absorption profile looks very similar to the pH 8 trans-state but is stronger. Excitation of the
cis neutral with 400 nm light causes a bleach in the 380 nm peak and a +10 nm redshift assigned to
the formation of a trans conformation. Excitation at 430-450 nm of the trans neutral state at pH 5.5
then reversibly switches back to the original ‘dark’ state spectra, the cis neutral. The fluorescence
emission for the cis neutral and trans states was extremely weak. However, the cis anion state showed
appreciable fluorescence with excitation between 450-500 nm. The fluorescence spectra are shown in

chapter 2 and exhibit a strokes shift of around 9 nm.
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Figure 7.3: (a) Stationary UV /Vis spectra of JvT75 in different states. Absorption spectra are plotted on an
arbitrary scale, and normalised to each other. (b) Thermal recovery rates of the anionic cis peak at pH 8 and
10. The 490 nm peak is seen to recover over time and follows different kinetic rate equations depending on the

pH as indicated by the fitted equations in the legend.

A scheme to account for the change in the rate of the thermal recovery is shown below. An initial state
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of the neutral trans conformation (Aryans) which can directly isomerise (upon photo-excitation) and
deprotonate with rate kg, to form the anionic cis species (Bcis). An alternative pathway of isomerisation
to a neutral cis (Acjs) with rate constant kaa and acid-base equilibrium with forward and back rate

constants of kap and kga to regenerate the anionic cis state.

Beis + H"
ATrans kAB kBA
£
&
ACis

The acid base equilibrium constant, K, can be written in terms of the concentration of the reactants
(indicated with square brackets), the buffer pH and the pK, of JvT75 which was measured in chapter 3

to be 8.17:
[Beisl[HY]  [Beis]107PH

[ACZS] - Ka - 10—17Ka

The rate equations for the scheme suggested above can be written as:

9 Atrans| = —kaa[ATrans] — krsolATrans)
ot
O|Bcis
[Gf = kap[Acis) — kpa[Beis][HT] + krso[ ATrans]
a A 1S
[af ] = —kAB[ACis} + kBA[BCis][H+] + kAA[ATrans]

Substituting: ki = kagl0 PHHPKe _ fp 107PH

ATrans _kAA - kIsa 0 0 ATTans
0
9 | Acis [ = kaa 0 —k Acis
BC’is klso 0 kl BCis

Solving for the Eigenvalues gives:

)\1 =0 (Trivial) )\2 = kl )\3 = _kAA — k]so

With the corresponding Eigenvectors:

0 0 _(kl + k'AA + k]so)/klso
v1 = 1 U2 = -1 U3 = (kl + k[so)/klso
0 1 1
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Defining kops = kaa + k1so this gives a solution of the form:
[Beis](t) = ao + a1 exp (kit) + ag exp (—kopst)

In this solution, k; acts as a sigmoidal function which only becomes significant at pHs close to and
below the pK,. This means in the high pH limit (pH 10) the rates will follow first order rate laws whilst
this will not be seen at pH 8.4. Fitting the pH 8.4 thermal recovery gives values of 0.3, 0.77, 9.2e-7 s~ 1,
0.97, -1.2e-4 s~ ! for oy, a1, ki1, ao and kops. The pH 10 data was fitted by using the high pH limit of:

[Beis)(t) = g + a1 + az exp (—kopst) = B + az exp (—kopst)

With coefficients of 0.99, -0.93 and 1.2e-4 s~! for 3, s and kops.

7.3.2 FTIR Difference Spectra Assignment

Note to the reader: The difference spectra plotted in this section follow the convention set in chapter
6 and by Warren et al. [5], Kaucikas et al. [8] Lukacs et al. [6] and Laptenok et al. [7]| for probing the
‘back’ reaction. Therefore, positive peaks in the FTIR difference spectrum refer to the unilluminated

state whilst the negative peaks refer to the photoproduct (against usual convention).

The initial approach for the assignment of difference spectra of JvT'75 was with direct comparison
to the Dronpa stretching frequencies reported by Warren et al. [5]. Figure 7.4 shows a comparison
of difference spectra of Dronpa and JvI75 in 2Hy0 at pD 7.8 and 8.4 respectively. A majority of
spectral features are conserved between the two proteins although differences are seen particularly
in the fingerprint region (1280 - 1380 cm™!) and in the carbonyl region (between 1640-1680 cm™!).
Overall, the assignments support a neutral trans and anionic cis chromophore in the off and on state
respectively at pH/pD 8.4, table 7.1 and 7.2 summarise the assigned peaks. Local minima in the on
state 2HyO spectrum at 1655, 1630, 1574, 1547, 1499 and 1150 cm ™! are assigned to be characteristic
of v(C=0), v(C=C), Phenol-1, v(C=N/C=C), Phenol-3 and phenol respectively. Correspondingly,
assignment of the off state follows: 1680, 1651, 1616, 1562, 1514 and 1177 cm ™ for modes of v(C=0),
v(C=C), Phenol-1, v(C=N/C=C), Phenol-3 and Phenol.

Assignments for the pD 5.5 spectra can be made with comparison to the JvT75 pD 8.4 difference
spectra seen in figure 7.5. Immediately it is clear that the spectra share similar features although there
are clear differences in the intensity of the carbonyl stretching region (1600-1700 cm~1), and a clear
decrease in intensity of the phenol-3 peak around (+)1499 cm~! compared to the pD 8.4 spectrum.
Confident assignment can be made to the dark state: 1572, 1551, 1509 and 1155 cm ™! for the Phenol-1,
C=N/C=C, Phenol-3 and Phenol modes. The 400 nm illuminated state (figure 7.6) assignments for
this region are clear with peaks at 1611, 1565, 1516, 1176 cm ™" for the Phenol-1, C=N/C=C, Phenol-3
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Figure 7.4: Steady-state FTIR difference spectra for JvT75 and the wildtype Dronpa [5]. Spectra for JvT75
are plotted at pH/pD 8.5 , illumination conditions are indicated in the legend. Prominent peaks discussed in the

text are labelled on the top and bottom axes as indicated by the dashed lines.
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lines.

and Phenol modes. These modes are notably blue shifted compared to the pD 8.4 peaks. Larger shifts
are seen in the carbonyl stretching region of the chromophore where peaks at 1624 and 1658 cm™! are
assigned to the unilluminated state for v(C=C) and v(C=0) vibrations. The illuminated (negative)
state peak at 1645 cm™! is assigned to the v(C=C) bands. A double bleach feature similar to the peaks
at 1692 and 1710 cm™! (pD 8.4) were assigned to C=0 by Lukas et al. [6] whilst Warren et al. [5]
and Kaucikas et al. [8] do not make the same assignment based on isotope (!H/?H) exchange shifts
which were inconsistent with harmonic frequency calculations [5, 8]. In JvT75 at pD/pH 5.5 (figure
7.6) no 2H0 isotope shift is seen for the 1698 cm ™! positive peak whilst the negative peaks at 1690
and 1710 cm~! (pD 8.4) shift by +2 and +3 cm™! after 'H substitution. As the isotope shift is small
both the 1690 and 1710 cm ™! are assigned to the C=0 stretch. Overall the assignment in the low pH

data suggest a neutral cis conformation of the chromophore in the dark/unilluminated state (positive

features). Whilst illumination with 400 nm light is assigned to isomerisation to a cationic trans state.

The peaks at 1668/1682 cm™! in the 2Hy0/'Hy0 spectra (figure 7.6) were tentatively assigned to the
Arg 66 Vgsym(CNgH;") stretch at pD/pH 5.5. At pD/pH 8.4, peaks at 1665/1682 cm~! 2Hy0/ H,0
peaks are equivalently assigned to the Arg 66 Vgsym(CNgH;") (figure 7.4). The small shift in the 2H,0
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peak is potentially caused by a prominent side peak but gives some uncertainty to the assignment.
The vsym(CNgH;") is then assigned as 1595/1595/1597/1599 cm ™! in the 2H,O(pD 8.4) /' HoO(pH

8.4)/2H20(pD 5.5)/'HyO(pH 5.5) difference spectra.
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8.4 and 5.5. Photoconversion with 500 and 435 nm is referred to in the legend.
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Dominant Component JvT75 pD 8.4 JvI75 pH 84 JvI75pD 5.5 JvI75pH 5.5

C=0 1655 1665 1658 1664
Arg 66 asym(CN3H;") 1665 1682 1668 1682
C=C 1630 1629 1624 1626
Arg 66 sym(CN3H;") 1595 1595 1597 1599
Phenol-1 1574 1574 1572 1574
Phenol-2 - - - -
C=N/C=C 1547 1549 1551 1545
Phenol-3 1499 1497 1509 1510
Phenol 1150 1148 1155 1153

Table 7.1: Dark state assignments of JvT75 at pD/pH 5.5 and 8.4. All values in cm™*.

Dominant Component JvT75 pD 8.4 JvT75 pH 84 JvTI75pD 5.5 JvI75pH 5.5

C=0 1680 1676 1710/1690 1713/1692
c=C 1651 1651 1645 1651
Phenol-1 1616 1607 1611 1614
C=N/C=C 1562 1560 1565 1560
Phenol-3 1514 1520 1516 1521
13C5 Sensitive N.D. 1375 N.D. N.D.
Phenol 1177 1176 1176 1177

Table 7.2: Photoconverted state assignments of JvT75 at pD/pH 5.5 and 8.4. All values in cm™!.

7.3.3 Crystallography

In total, 61,864 crystal diffraction images were merged into 6 datasets for conditions: pH 8.4 dark, pH
8.4 500 nm illumination, pH 8.4 400 nm only illumination, pH 8.4 500 followed by 400 nm illumination
(pre-conversion followed by a flash), pH 5.5 dark and pH 5.5 400 nm. The limiting resolution was found
to be 1.75 A as determined by a value of 0.5 in Fourier shell correlation [313]. Merged statistics, in table
A.18 and A.19 show the refined unit-cell parameters for each condition varied less than 0.9 % in volume.
This should minimise the scaling required in the calculation of isomorphous Fourier difference electron
density meaning accurate maps can be calculated using a single set of ‘dark’ phases. Refinement gave
coordinates with Rwork/Riree values of 0.19-0.20/0.22-0.23 which is around the 50th percentile of all
submitted PDB refinement statistics for structures between 1.65-1.85 A. This indicates that refinement
was complete and successful as statistics are appropriate for the applied resolution limits. Merging

statistics, such as CCy/, and Rgplit, were all appropriate for TR-SSX data and maintained similar
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values for all conditions.

(a) pH8 Dark (b) pH8 400 nm  (c) pHS8 500 nm (d) pH8 500/400 nm (e) pH5 Dark (f) pH5 400 nm

Figure 7.8: Chromophore omitted 2F,-F. maps of serial crystallography data under different illumination

conditions. Positive density is shown in blue, plotted at 3o level.

The 2F,-F. chromophore omit-density, shown in figure 7.8, immediately suggests a cis conformation in
the dark state at pH 8.4 and pH 5.5, as is consistent with cryo-MX structures (chapter 2) and TR-SSX
measurements (at pH 8.4) of rsKiiro. The pH 8.4 data with 500 nm illumination converts the cis
conformation to a trans-state. As is typical in negatively switching FPs, 400 nm light then reconverts
the chromophore back towards the cis state as seen in the pH 8.4 500/400 nm map. Additionally,
400 nm illumination only of the pH 8.4 state (with no 500 nm preillumination) causes no change in
electron density and the cis conformation is maintained. However, at pH 5.5, 400 nm illumination shows
switching towards the trans-state with high yields. Occupancy refinement of this condition is shown in
figure A.13 and summarised in table 7.3. Here, the highest level of structural homogeneity in seen in
the pH 5.5 Dark state at 96/73 (4/27) % cis (trans) occupancy for the R/Rpyee respectively. Population
transfers calculated from the occupancy refinement suggest the low pH cis-trans isomerisation reaction
occurs with higher yields than the neutral pH trans-cis. Looking at the R-factor minima, population

transfers of 30 and 17% are determined from these reactions at pH 5.5 and 8.4 respectively.

It was concluded in chapter 5 that R-factor minimisation was less accurate than the difference density
minimisation method for occupancy determination. As the structures obtained in this chapter are
heterogeneous in population it is challenging to define a ‘pure’ structure for use other occupancy
determination methods. Previously, (chapter 3), we have used cryo-MX to obtain initial coordinate
models for these states. However, for JvT75 at low pH, this was not possible as the tris-buffer pH is
temperature dependant [351]. This makes protonation during cooling possible meaning it is challenging
to capture a low pH ‘pure’ structure. Therefore, room temperature SSX is one of the only ways to

accurately resolve these structures.

Q-weighted difference electron density (DED) maps are shown in figure 7.9, and their 1-dimensional
representation is shown in figure 7.10. Both support the assignments made by studying the omit maps,
clearly showing the cis-trans difference density signal for the pH 8.4 500 nm and pH 5.5 400 nm data

(when compared with the equivalent dark structures). The shape and position of the DED signals
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State Cis Occupancy at Rpree min (%) Cis Occupancy at R min (%)
pH 8.4 Dark 69 81
pH 8.4 500 nm 46 27
pH 8.4 500 then 400 nm 48 44
pH 5.5 Dark 96 73
pH 5.5 400 63 43

Table 7.3: Occupancy populations of the cis chromophore refined coordinates for JvT75 in different conditions.

suggest that the conformational changes of the protein at neutral and low pH are very similar despite
the different illumination schemes. The pH 8.4 500-400 nm differences support the conclusions of the
occupancy refinement; it shows weaker signals than the pH 5.5 dark - 400 nm map which implies the
yields of photoisomerisation are lower. This is also supported by the DED signal distribution in the 1D
difference maps which, are stronger in the pH 5.5 dark - 400 nm than the pH 8.4 500 nm - 500-400 nm
(figure 7.10). This increases confidence in the conclusion that the yield of cis-trans photolysis is higher

in the pH 5.5 condition compared to the trans-cis at pH 8.4.

DED calculations are extremely sensitive to changes in structure, meaning they can be used to
support/confirm atomic movements which are difficult to assign when only using refined coordinates.
There are modest differences in the chromophore phenol ring angles between the pH 5.5 and the pH 8.4
cis conformation which are highlighted by the signals in the difference density (figure 7.9 (a)). Water
134, 111 and 128 form part of the hydrogen bonding network to the chromophore phenol at pH 8 as
seen in figure 7.11 (a). At low pH water 111 is not seen. This alteration to the hydrogen bonding
network is evidence for the cis neutral state as opposed to the cis anion if the the second lone-pair of

the oxygen is bonded with the proton instead of donated to the H bond.

Looking at the 1D integrated electron density of the pH8 Dark - pH5 Dark map in figure 7.10, strong
signals are seen in the region of residues 142-143, 146-147 and 201. These are all residues that are
associated with the crystal contacts between protein molecules. The strongest signals are seen on residue
201, a proline, which is shown in refined coordinates to shift by 0.9 A. This movement is imparted onto
the opposing crystal contacts at residues numbers 142-147 which justifies the strong DED at these
residues. In the pH 8 500 nm - pH 5 400 nm similar signals are seen but they are also polluted by

differences in cis/trans population so are not as distinguishable in figure 7.10.

Structural changes at neutral and low pHs of the trans-state are highlighted by the difference density in
7.9 (e) and coordinate plots in figure 7.11. Movement of histidine 194 and a slight shift downwards

of the chromophore is seen in the low pH DED which is reflected in the extrapolated coordinates.
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Figure 7.9: Q-weighted difference electron density maps of different states of JvT75 plotted in magenta and
blue at 30 level. Shown in purple, grey, cyan and yellow are the refined coordinates for pH 5.5 trans, pH 5.5
cis, pH 8.4 trans and pH 8.4 cis respectively. The secondary structure of the 8 barrel is shown in dark grey.

Residues around the chromophore (numbers: 173, 194 and 201) associated with isomerisation are also shown.

The negative density on the imidazolinone ring nitrogen is potentially indicative of a protonation or
increased delocalisation caused by the formation of a hydrogen bond with the Glu212 residue, only seen
in the low pH structure. The absence of this bond at pH 8.4 is contrary to Dronpa where the trans-state
chromophore forms a hydrogen bond with the equivalent residue, Glu211 at pH 7.8 [218]. The 1D
signals between the low and neutral pH trans states (pH 8.4 500 nm - pH 5.5 400 nm in figure 7.10 )
are indicative of differences in cis/trans populations and changes to the crystal contacts which were
also seen in the dark structures at low /neutral pH. Firstly, this indicates the trans occupancy between
these conditions is slightly different as is supported by the occupancy refinement results in table 7.3,
with 57 and 73 % trans population calculated for pH 5.5 400 nm and pH 8.4 500 nm respectively.
Secondly, the signals around residues 142-147 indicate the trans structure shows similar crystal contact
rearrangements to those seen in the cis structure although the differences are weaker, perhaps because

the phases/scaling are of lower accuracy.
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Figure 7.10: 1-Dimensional representation of integrated difference electron density within 2 A at 3¢ level along
each atom of the protein chain, all plotted on the same scale (normalised difference electron density). Highlighted
on the top axis are residue numbers of interest around the chromophore and crystal contacts as discussed in the

main text. Code to produced this figure is based on the published tool by Wickstrand et al. [250].
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Figure 7.11: (a-d): LigPlot+ [329] plots showing the hydrogen bonding environment (green lines) around the

chromophore, interacting residues, spectator residues and distances (in A) for different crystal structures.
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7.4 Discussion

JvT75 shows cis-trans isomerisation in both acidic and neutral pH with similar atomic coordinate
modification but distinctively different visible excitation requirements and spectral features. At low pH,
this isomerisation occurs reversibly with a change in protonation state to a trans-cation, a new class of
reaction not previously observed in reversibly switchable fluorescent proteins (RSFPs). At neutral pH
the isomerisation occurs from an anionic cis to a neutral trans which is also reversible. This stark change
in protonation state is intriguing and suggests that a protonation change is required for isomerisation,
as is the conclusion of a number of theoretical studies [232, 352, 353], although these studies are on
different proteins and therefore chromophore environments. The ultrafast switching mechanism of
negative switching FPs in the Anthozoa family is debated and early steps of the isomerisation reaction
remain unclear from current ultrafast spectroscopy measurements, especially in the forward direction
(cis-trans) [5, 7, 8, 233]. The high yields of the cis-trans reaction at pH 5.5 relative to the neutral pH
trans-cis reaction are possibly caused by increased internal conversion rates, evidence by the quenching
of fluorescence. These characteristics make JvT75 a unique target for gaining insight into excited state

motions of the cis-trans reaction which is poorly studied in negative-type switching FPs.

The shifts in visible spectra and the thermal recovery rates modelling both suggest an acid-base
equilibrium of the chromophore cis state as suggested in Dronpa [345]. While the protonation state
changes are confirmed by the FTIR, the TR-SSX confirms the isomerisation state and shows the reaction
is complete after 10 ms. This is expected as the slowest rate constants in similar RSFPs, rsEGFP2,
Dronpa, and IrisFP, are assigned to the deprotonation step which is on ps timescales [5, 7, 233, 235].
Confirmation of the visible spectral assignments is seen in the crystal structures. The blue-shifted 380
nm visible absorption is clearly due to a cis conformational as seen in the pH 5.5 dark coordinates
whilst the 390 nm peak, caused by 400 nm illumination of the pH 5.5 species is clearly due to the
trans-state. The pH 5.5 trans peak is red-shifted compared to the pH 8.4. This is most likely due to a
combination of the change in protonation state of the trans conformer and stabilisation caused by the

hydrogen bond formed with Glu212 (figure 7.11) which is not seen at pH 8.4.

lI’Trans (I)Trans CI)CZ'S

Dronpa 131° 30° 8 °
JvI75 pH 8.4 120° 40° -3°
JvT75 pH 5.0 121° 42° 1°

Table 7.4: Out of plan bending angle, ® and dihedral angle of the phenol ring torsion, ¥ of the crystallographic

chromophore coordinates of Dronpa and JvT75 as seen in figure 7.12.

The protonation states of the pH 8.4 and pH 5.5 dark condition are confirmed by the FTIR difference
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pH 8 Cis
[ Dronpa Cis

I pH 8 Trans
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Figure 7.12: Chromophore alignment from the crystal structures of JvT75 at pH 5.5, pH 8.4 and Dronpa. The
Dronpa structures were obtained from the protein data bank with IDs: 2POX (trans) and 210V (cis).

spectra which support an anionic-cis and neutral-cis states respectively. The anionic-cis state assignment
is supported by similar visible and IR spectral features in the FPs of Dronpa and GFP [5, 219, 323, 324].
The cis neutral assignment is supported by the large blue shift in electronic spectra and agreement
of harmonic frequency calculations (table A.15 [5]) with the difference spectra. Calculations of the
HBDI cis neutral chromophore [5] (table A.15) suggest weakened absorption at the phenol-3 cis peak,
a stronger C=C band and an upshifted C=0 stretch which is seen in the pH/pD 5.5 dark - 400 nm
difference spectra. This is strong evidence for the neutral protonation state of the cis chromophore
at pH 5.5 as opposed to the cis-anionic at pH 8.4. Furthermore, a change in hydrogen bonding is
seen around the chromophore in the cis low pH crystal structure. A donating Hydrogen-bond network
through Thr159 is disrupted presumably because the neutral chromophore phenol cannot support the
extra hydrogen bond, unlike the anion. A cis-zwitterionic state, with protonation of the imidazolinone
nitrogen, is calculated to show strong Phenol-2 absorption as an on-state peak (table A.15). This is not

observed in the difference spectra meaning the assignment of a zwitterionic state would be unjustified.

Overall, the assignments of the photo-converted species (negative peaks) at pH 8.4 (500 nm illumination)
and pH 5.5 (400 nm illumination) are to a neutral-trans and cationic-trans respectively. At pH 8.4,
assignment of the trans cationic state would be unprecedented as both the visible spectra and FTIR
difference spectra very closely resemble the trans neutral species in Dronpa [326]. The assignment at
pH 5.5 is less clear and will be discussed in here: A slight red-shift of the UV peak from 380 (pH 8.4
trans) to 390 nm (pH 5.5 trans) is potentially characteristic of a cationic trans-species as similar shifts
are seen in the electronic spectra of the HBDI chromophore in solution. In HBDI, peaks at 385, 395 and
450 nm are known to correspond to the anionic, cationic and neutral chromophore [333]. Additionally,

protonation of the chromophore would most likely be on the nitrogen N4 of the imidazolinone (figure7.1
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(c)). Glu212 forms a strong Hydrogen bond (length 2.71 A) with this nitrogen, as seen in figure
7.11 (d), which suggests a change in the protonation state of the chromophore or the Glu212 residue.
Interestingly, a very similar Glu212 donating interaction has been suggested as an intermediate in the

FP Kindling by Grigorenko et al. [354].

The strongest evidence for a trans cationic assignment at low pH is the agreement of harmonic frequency
calculations [5] and observed bands relating to the C=0 stretching modes. Calculations predict an
up-shift in #(C=0) of +54 cm™! between neutral and cationic trans-state HBDI molecule. In this
study, a shift of +10 cm™! is observed between the neutral and low pD measurements. Some shifts are
expected if the chromophore twisting angles differ significantly [8], however, the TR-SSX structures
show the trans conformations are very similar (figure 2.3 and table 7.4) meaning any large shifts in
chromophore stretching frequencies are unlikely to be caused by changes to the chromophore geometry.
We can therefore confidently conclude that considering the restrained and slightly distorted trans
geometry of the chromophore (compared to harmonic calculations [5]), the shift of 10 cm™! in v(C=0)
between pD 8.4 to pD 5.5 is due to the formation of a cationic trans-state at low pH. Furthermore,
harmonic frequency calculations (table A.15 [5]) suggest the cationic trans should have downshifted
v(C=C), Phenol-1, Phenol-2, »(C=N/C=C) and Phenol-3 modes. The assignments to these modes all
follow this trend except the Phenol-3 stretch which is unexpectantly upshifted compared to the trans

neutral assignment.

An alternative assignment for the (—)1710 cm™! peak at pD 5.5 was considered: the only protein
stretching modes between 1700-1710 cm ™ (in 2H20) is a stretch at 1706 cm ™! from a Glu C=0 mode
[325]. This could be interpreted as a signal originating from the Glu 212, indicating deprotonation/proton
donation occurs with cis-trans isomerisation of the chromophore. However, several reasons make
this assignment unlikely. Firstly, the 1713/1710 cm™! 2Hy0/'H30 shift is too small compared to
the expected shift of +6 cm™! given by Bathy et al.. Secondly, an additional strong asymmetric
(Vasym (COO™))stretch would also be expected close to 1567 cm™! in 2H,0 and between 1556-1560 cm ™
for 1H,O. Deprotonation of the illuminated state would imply protonation of the dark state so an
upshifted positive Glu(COOH) stretch would also be expected. However, none of these spectral features
are seen. Finally, the protonation state of Glu212 (Glu211/Glu222 in Dronpa/GFP) is predicted to
be neutral at pH 8 as it is involved in the regulation of the proton transfer mechanism. In avGFP,
Glu222 maintains an H bond through serine 65 which stabilises the anionic state glutamic acid which
acts as a proton acceptor from the photoacidic chromophore. In Dronpa and GFP S65T, however,
there is no donating hydrogen bond to Glu211/222 so the neutral state is maintained. Since JvT75 is
most-similar to Dronpa a neutral Glu212 is most likely maintained at pH 8. If the Glu212 is neutral at

pH 8 it almost certainly does not undergo deprotonation at pH 5. Therefore, the 1710 cm™! band must
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originate from the chromophore and is very similar to the signals assigned in chapter 6 for rsKiiro so is

assigned to an additional C=0 stretch.

Comparison of the refined chromophore geometry of the off/on states of Dronpa crystals and low
pH/neutral pH, cis/trans in JvT75 crystals (figure 7.12) reveals subtle changes to coordinates which
also explains the frequency shifts in carbonyl and alkene IR absorption bands in JvT75 compared to
Dronpa. The shifts of the cis state spectrum can be attributed to the slight change in C—C_,=C angle
and the change in the dihedral angle of the phenol ring torsion (¥.;s) from 8° to —3°/1° for Dronpa
and JvT75 pH 8.4/5.5 as seen in figure 7.12 and table 7.4. The frequency shifts in trans coordinates
are larger as the out of plane stretching angle (®7,qns) and Wrppqns change by around 10 *compared
to Dronpa. Kaucikas et al. show that decreased bending of the phenol (towards a planar geometry)
blue shifts the C=0 and C=C vibrational frequency as does decreasing the ¥ angle. Given the more
planar geometry of the JVI'75 crystal structure these calculations, therefore, support the blue shift of
the C=0 and C=C bands in the FTIR spectra of JvT75 at pD/pH 8.4 in comparison to Dronpa. The
shifts at low pH, are too large to be explained by a distorted geometry and so supports protonation

state assignment of a cation.

The fingerprint region differs between Dronpa and JvT75 at pD 8.4. Both share dominant peaks at 1364
em ™! and around 1321 (1323) em™! and 1293 (1294) cm™! but a shifted peak is seen at 1402 (1389)
ecm~! for JvT75 (Dronpa). Similar signals are seen in the fast-switching Dronpa mutant (M159T) were
Kaucikas et al. attribute this to skeletal deformations of the chromophore which may be associated
with an equilibrium of the chromophore in a non-planar geometry [8]. The JvT75 spectra at pD 5.5
show similar changes in the fingerprint region to the pD 8.4 species which are presumably also due to
slight deformations of the chromophore. However, a new negative peak at 1352 cm™! is also seen which

is unassigned as is the loss of the peak at 1075 cm ™! seen in the pD 8.4 data.

The 1-Dimensional DED between the pH 8 dark and pH 5.5 structures shows difference signals
throughout the protein structure, as seen in figure 7.13. The pK, value for each residue in the pH
8.4 dark structure was calculated using the program PROPKA3 [355] which empirically models the
pK, for each titratable residue in the protein. It was proposed that structural differences could be due
to changes in the protonation state of particular residues which would mean difference density would
correlate with pK, values. Figure 7.13, shows relative pK, plotted with 1D difference density signals.
It shows there is very little correlation between the calculated pK, and difference density signal which
perhaps indicates that changes in pH affect solvation channels through the structure instead of causing

the formation of charged residues.
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Figure 7.13: Calculated pK, values for titratable cites using PROPKA3 [355] are plotted on the left axis for
each residue in the protein chain (top axis label). Residues without titratable groups do not show a bar in the
plot. Plotted on the right axis is the 1 dimensional difference electron density between the pH 8 Dark and pH 5
Dark structures in arbitrary units integrated up to 2 A and above 30 level along each atom of the protein chain.
Code to generate this figure is based on the published tool by Wickstrand et al. [250]. Atom number refers to

the PDB file sequential numbering of all atoms in the protein structure.

7.5 Conclusions

Overall, the experiments in this chapter have extensively characterised a new RSFP reaction dynamic
and provided ground-state structures, visible and infrared assignments. These high-resolution crystal
structures along with spectral assignments will provide a strong foundation for future quantum chemistry
calculations of the cis-neutral /trans-cation isomerisation which is currently unstudied. Furthermore,
ultrafast spectroscopy using IR-TA complemented by Vis-TA may allow insight into a new excited-state
surface of the chromophore and give mechanistic insight into this new reaction type. Further work
could also be done to characterise the ground state activation energy barriers. Especially as one of the
key findings of chapter 5 was the large magnitude of heating in TR-SSX experiments. Although the
spectroscopy and crystallography are extremely complimentary, the yield differences at neutral /low pH
could be due to heating over disproportionately sized ground state barriers at the different pHs and

reaction coordinates. Hence the determination of these barriers is important.
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8 Conclusions

Overall, this thesis has presented research from a number of crystallography and spectroscopy experi-
ments that have improved out understanding of the switching mechanisms Anthozoa-type RSFPs. In
chapter 2, mutagenesis was used to engineer RSFPs with improved switching yields and crystallography.
It was found that the L62A mutation increased switching rates across all Eos/Skylan-NS based mutants.
In particular, the protein rsKiiro showed the best properties for study with TR-SFX and so was taken
forward for further experiments. Recent work by S. Boxer and coworkers [224, 231] concluded that
electrostatics heavily influence the chromophore spectrum. It may therefore, be possible to gain further
insight effect of each point mutation by calculating the electrostatic effect of amino acid substitutions
around the chromophore pocket. Molecular dynamics simulations could estimate the steric effects of

mutations which may explain the changes in switching rates between the proteins tested.

Chapter 3 measured the Arrhenius behaviour of rsKiiro and resolved intermediate and steady-state
structures on the ground state. The steady-state structures confirmed cis/trans isomerisation with
illumination along with rearrangement of three amino acids in the chromophore region. The cryo-trapped
structures indicated that the final step in the switching reaction (at low temperatures) was a slight
relaxation of the chromophore which supported excited state isomerisation. It would be interesting
to extend the spectral region and sensitivity of these measurements the monitor the 400 nm peak,
fluorescence, and possibly vibrational modes as function of temperature. This may allow a more
in-depth analysis of the ground state surface. It would also be interesting to study other proteins, such
as JVI'75 or rsEGFP2 [192] to see if similar behaviour is observed. Given changes in pK, observed in

JvT75 we may observe different thermodynamic behaviour.

Having established the steady-state conformation of rsKiiro, chapters 4 and 6 then resolved the ultrafast
dynamics in pump-probe and pump-dump-probe schemes spatially, using TR-SFX and spectrally,
using vibrational spectroscopy. Interestingly, pump-probe TR-SFX measurements could not resolve
an excited-state isomerisation product before 100 ps, presumably because the photoproduct is too
disordered to generate detectable light-induced structural differences. The structure resolved was similar

to the trans cryo-trapped structure in chapter 3. Pump-probe TA measurements suggested the Arg 66
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was one of the initial movements, followed by the chromophore isomerisation which occurred within
the electronic excited-state lifetime (~70 ps). The pump-dump-probe TR-SFX measurements allowed
us to assign the observed pump-probe structure to a ground-state structure. This was supported by
the pump-dump-probe IRTA measurements which unambiguously show the isomerisation occurs as an
excited state reaction with the suppression of photoproduct formation with a dump-pulse at a 380 fs
delay to the pump-pulse. There are a number of opportunities to further the work of these chapters.
Extending similar multi-pulse excitation schemes to TR-SFX experiments on similar RSFPs or other
systems such as retinal-proteins [269, 270, 273] or phytochromes [188] could yield important information

for assignment of ultrafast intermediate structures and mechanisms.

Improving sample delivery methods, brighter X-ray sources and better detectors means TR-SSX is
a viable and developing method for studying protein dynamics in crystals [28]. In chapter 5, rsKiiro
was used to demonstrate precise optical control of photolysis yields, resolved using TR-SSX and to
estimate the magnitude of heating by X-rays using the fixed target delivery mechanism. We resolve a
temperature increase of around 90 K which could be extremely detrimental for studying temperature
dependent reactions. Further work should focus on determining temperature increases as a function of
radiation dose rate and using different sample delivery mechanisms. It may be possible to extend the
studies by Warren et al. [307] and imply temperature changes from the measurement of the stokes shift
in ruby microcrystals. The would allow higher accuracy and certainty in the measured of the induced

heating effects.

Chapter 7 investigates the protonation states of the protein JvI'75 using TR-SSX and steady-state
FTIR spectroscopy. We find that above the pK, of 8.2, reversible photoconversion occurs between a
cis-anionic and trans-neutral species. At low pH, however, the photoconversion switches between a
cis-neutral /trans-cationic. The observation of this behaviour is not only novel with respect to all other
switching behaviours reported for RSFPs but also has implications for understanding the mechanism
of numerous other photoswitchable fluorescent proteins. In particular, the assignment of the 390 nm
absorption band to a cis-anionic species will allow for more comprehensive interpretation of visible TA
spectra of rsEGFP2 and rsKiiro. The JvT75 sample is also an extremely suitable target for pump-probe
and multipulse TA measurements on both the cis/trans and trans/cis directions which would be
underpinned by the steady state assignment made in this chapter. Additionally, the higher yields of the

trans/cis reaction and excellent crystallography are well suited to ultrafast TR-SFX measurements.

Overall, this thesis has achieved the aim of improving the understanding of switching mechanisms
in RSFPs. We have presented evidence of new photoswitching behaviour and concluded that RSFP
photoisomerisation (in the case of rsKiiro) occurs in the excited state. Furthermore, results from the

first two-colour excitation and optical control experiment resolved using TR-SFX have been presented.
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These results, along with characterisation of the heating effects of TR-SSX, have also raised important
questions on the limitations of time-resolved crystallography for the study of protein dynamics. Hopefully,

future work can focus on a protein system with slightly more biological significance. s
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JvT75 Cis JvT75 Trans
Overall High Res. | Overall High Res.
High resolution limit (A) | 1.24 1.24 1.26 1.24
Low resolution limit (A) | 53.85 1.26 39.15 1.26
Completeness 100 99.1 94.6 88.5
Multiplicity 6.2 5.7 3.3 2.9
I/sigma 9.4 1.7 8.6 1.8
Rmerge(I) 0.115 1.715 0.069 0.903
Rmeas(I) 0.126 1.89 0.08 1.076
Rpim(I) 0.05 0.785 0.04 0.574
CCy/2 0.998 0.524 0.998 0.439
Wilson B factor (A 2) 7.429 9.07
Total observations 401142 18044 201225 8280
Total unique 65034 3183 61414 2831
Refinement
Reryst 0.178 0.171
RFree 0.2 0.192
R.M.S Bonds 0.015 0.0157
R.M.S Angles 1.9 1.852

Table A.1: Merging and refinement statistics of JvI'75 in the cis and trans states.
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A.2 Cryo-Kinetics and Crystallography

Condition: 0 1 3 4

Autoproc + STARANISO Processing

Cell (A) 38.56 73.46 78.03 38.74 73.49 78.12 38.74 73.63 78.02 38.64 73.74 78.14
Low res. lim. (A) 53.492 53.53 53.551 53.633
High res. lit (4) 1.159 0.939 1.29 1.459
Rmerge (all I4- & I-)  0.122 0.067 0.089 0.135
Rmeas (all I+ & I-) 0.127 0.073 0.093 0.14

Rpim (all I+ & I-) 0.035 0.03 0.026 0.039
Total observations 791089 769150 591566 452492
Total unique 59821 132999 46087 34513
Mean(I) /sd () 12.1 10.2 15.9 10.7
Completeness (ellip.)  94.8 94.6 91.3 94.1
Multiplicity 13.2 5.8 12.8 13.1
CC(1/2) 0.999 0.999 1 0.999
Anom. compl. (ellip.) 94.7 93 91 94

Anom. multi. 6.9 3 6.8 6.9
CC(ano) -0.105 -0.316 -0.223 -0.0042
Refinement

R-factor / R-free 0.11 / 0.16 0.13 / 0.15 0.16 / 0.19 0.16 / 0.19
Bonds 0.015 0.034 0.012 0.012
Angles 1.85 2.21 1.77 1.76
B-factors Anisotropic Anisotropic Isotropic Isotropic

Table A.2: Showing the datasets selected for comparison by making isomorphous difference maps. The top row

refers to illumination conditions labelled in figure 3.4
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Condition: 3a 3aa 4a

Autoproc + STARANISO Processing

Cell (A) 38.57 73.22 77.91 38.51 73.08 77.95 38.67 73.80 78.11
Low res. limit (A) 53.36 53.314 53.645

High res. limit (A) 1.209 1.393 1.336
Rmerge (all I+ & 1) 0.076 0.098 0.087
Rmeas (all I+ & I-) 0.079 0.102 0.091

Rpim (all I+ & I-) 0.022 0.028 0.026

Total observations 702323 427758 496420
Total unique 56025 32764 44451
Mean(I) /sd(I) 18.3 16 15.7
Completeness (ellip.) 94.4 94.5 90.6
Multiplicity 12.5 13.1 11.2
CC(1/2) 1 1 0.999

Anom. compl. (ellip.) 944 94.2 90.4

Anom. multi. 6.6 6.9 5.9

CC(ano) -0.214 -0.115 -0.182
Refinement

R-factor / R-free 0.16 / 0.19 0.16 / 0.20 0.17 / 0.19
Bonds 0.014 0.011 0.014
Angles 1.83 1.68 1.85
B-factors Isomorphous Isomorphous Isomorphous

Table A.3: Showing the datasets selected for comparison by making isomorphous difference maps. The top row

refers to illumination conditions labelled in figure 3.4 (a)

A.3 SFX of rsKiiro
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Figure A.1: Integrated electron density within 2 A of each sequential atom in the protein chain for the Pump
only data (top) and pump-dump data (bottom). Plotted for each time bin is the positive (blue) and negative (red)
electron density. Shown at the bottom is a colour bar indicating the distance from the centre of the chromophore

to the atom number. Figure and caption adapted with permission from Hutchison et al. (unpublished).
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Pump-Probe Pump-Dump-Probe

250fs

400fs

550fs

700fs

850fs

1100fs

Figure A.2: Q-weighted difference electron density for each bin of the pump probe (400 nm) on the left and
of the pump-dump probe (400-515 nm) on the right. The secondary structure (green) of the ground state
coordinates (yellow) are shown with electron density contoured at +30 rms (blue) and -3¢ rms (red). Figure

and caption adapted with permission from Hutchison et al. (unpublished).

207



APPENDIX A. APPENDIX

Pump-Probe Pump-Dump-Probe

%

250fs ., ﬁ/

Figure A.3: Difference maps for the chromophore region, hydrogen bonded water and for the femtosecond
time bins for PP (Left) and PDP (right) data. The coordinates for ground state (yellow carbons) and the
refined coordinates for light data after partiality refinement (grey carbons) are shown with electron density

contoured at +3c rms (blue) and -30 rms (red). Figure and caption adapted with permission from Hutchison et

al. (unpublished).
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FsC

Name

Affiliation

Jasper Van Thor
Christopher Hutchison
Marc Morgan

Rafal Rakowski

Karim Maghlaoui
Violeta Cordon Preciado
Ben Taylor

Flo Glencross

Ann Fitzpatrick

Anton Barty

Gabriel Dorlhiac
Gediminas Galinis
Jonathan Barnard
Douglas Garratt

Josie Ferreira

Ben Taylor

Sian Stockton

Letong Yuan

Volha (Olga) Chukhutsina

Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Diamond Light Source

CFEL

Lawrence Berkeley National Laboratory

Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London
Imperial College London

Imperial College London

Table A.4: SFX Beamtime Participants
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Figure A.4: The Fourier shell coefficient (FSC) and R-Split for the all merged laser off, dark data. An FSC

of 0.5 is chosen for a limiting 1.38, 1.44 and 1.41 A for the LCLS, SACLA and PAL experiments respectively.

Figure and caption adapted with permission from Hutchison et al. (unpublished).
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Figure A.5: LCLS: Pump-probe 0-1 ps (left) and pump-dump-probe 0-1 ps (right): Extrapolated factor, NgxT,
determination through the intersection point of two linear fits to the magnitude of integrated negative electron

density, shown as blue circles. Figure and caption adapted with permission from Hutchison et al. (unpublished).
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Figure A.6: SACLA: Pump-probe 550 fs (left) and pump-dump-probe 550 fs (right): Extrapolated factor,
NgxT, determination through the intersection point of two linear fits to the magnitude of integrated negative

electron density, shown as blue circles. Figure and caption adapted with permission from Hutchison et al.

(unpublished).
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Name:

Dark

Laser-On-400nm

Laser-On-400nm-515nm

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

RSplit (%)

CccC*

CCyj

Refinement
Resolution

No. reflections all/free
R-free / R-factor
Bonds

Angles

35030

15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.35 (1.398-1.350)c

21941a

37542b

51229c

8859960 (583183)a
12622674 (790070)b
14971721 (647523)c
100.00 (100.00)a
100.00 (100.00)b
100.00 (100.00)c
8.568 (5.24)a
6.328 (1.86)b
4.843 (0.40)c
27.23a

32.89b

35.68¢

9.27 (18.03)a

9.51 (79.05)b

9.68 (291.14)c
1.00 (0.98)a

1.00 (0.61)b

1.00 (0.07)c

0.99 (0.94)a

0.99 (0.23)b

0.99 (0.00)c

1.3
54155 / 1872
0.180,/0.154
0.0288

2.767

47590
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.35 (1.398-1.350)c

21941a

37542b

51229c¢

9663635 (454993)a
11562142 (263229)b
11990599 (64419)c
100.00 (100.00)a
100.00 (100.00)b
99.77 (97.73)c
9.793 (5.65)a
7.225 (2.36)b
5.607 (0.61)c
13.84a

16.13b

16.60c

8.76 (16.90)a

9.83 (40.27)b
11.01 (142.12)c
1.00 (0.99)a

1.00 (0.94)b

1.00 (0.62)c

0.99 (0.94)a

0.99 (0.79)b

0.99 (0.24)c

1.5
37523/1814
0.162 / 0.155
0.0598

2.854

39754
18.01-1.80 (1.864-1.800)a
18.01-1.50 (1.554-1.500)b
18.01-1.35 (1.398-1.350)c

21964a

37565b

51252¢

7042698 (265101)a
7928580 (96156)b
8056732 (13369)c
99.96 (100.00)a
99.98 (100.00)b
96.67 (68.35)c
8.272 (4.27)a
5.790 (1.20)b
4.566 (0.88)c
16.96a

19.19b

19.87c

9.83 (22.54)a
11.19 (82.62)b
12.19 (350.70)c
1.00 (0.98)a

1.00 (0.82)b

1.00 (-nan)c

0.99 (0.91)a

0.99 (0.51)b

0.99 (0.05)c

1.5
37510 / 1867
0.182 / 0.178
0.0589
3.014

Table A.5: TR-SSX data merging and refinement crystallography statistics from LCLS data. The letters a, b

and c refer to three separate resolution limits not the crystallographic axes. Table and caption adapted with

permission from Hutchison et al. (unpublished).
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Name:

400nm-150fs-300fs

400nm-3001fs-450fs

400nm-450fs-600fs

400nm-515nm-150£s-300fs

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

R'S[)Ht (%) :

CC*

Ccl/2

8851
15.38-1.80 (1.864-1.800)a
15.38-1.50 (1.554-1.500)b
15.38-1.35 (1.398-1.350)c
21941a

37542b

51229¢

1805581 (85788)a
2158555 (48658)b
2238366 (11858)c

100.00 (100.00)a

99.97 (99.76)b

95.83 (64.77)c

4.366 (2.59)a

3.261 (1.17)b

2.601 (-0.83)c

13.63a

(
(

15.74b

16.31c

20.62 (40.80)a
23.14 (91.06)b
24.29 (221.54)c
0.98 (0.91)a
0.99 (0.74)b
0.99 (0.38)c
0.94 (0.70)a
0.94 (0.38)b
0.94 (0.08)c

8937

15.38-1.80 (1.864-1.800)a
15.38-1.50 (1.554-1.500)b
15.38-1.35 (1.398-1.350)c
21941a

37542b

51229c

1854228 (87736)a
2221023 (51247)b
2303118 (11548)c

99.99 (100.00)a

99.97 (99.76)b

95.72 (62.66)c

4417 (2.63)a

3.295 (1.14)b

2.754 (0.69)c

13.71a

15.92b

16.74c

20.52 (39.65)a

23.02 (88.59)b

24.15 (217.17)c

0.98 (0.91)a

0.98 (0.75)b
0.98 (0.48)c
0.93 (0.72)a
0.94 (0.40)b
0.94 (0.13)c

7082

15.38-1.80 (1.864-1.800)a
15.38-1.50 (1.554-1.500)b
15.38-1.35 (1.398-1.350)c
21941a

37542b

51229¢

1418718 (66546)a
1703429 (39980)b
1767350 (8446)c

100.00 (100.00)a

99.91 (99.43)b
94.08 (52.76)c
3.974 (2.43)a
2.999 (1.14)b
2.486 (0.48)c
13.23a

15.76b

16.53¢

23.38 (44.55)a
25.94 (95.65)b
26.93 (262.02)c
0.98 (0.90)a
0.98 (0.72)b
0.98 (0.30)c
0.92 (0.67)a
0.92 (0.35)b
0.92 (0.05)c

6965

15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.38 (1.398-1.350)c
21946a

37547b

51234c

1232379 (46402)a
1385663 (16018)b
1405717 (1427)c

99.97 (99.95)a

98.69 (90.42)b

84.07 (12.25)c

3.641 (1.96)a

2.26)b

0.07)c

2.751
2.447
16.78a

(
(-

18.31b

20.07c

23.86 (53.95)a
26.15 (140.71)b
26.36 (307.19)c
0.98 (0.88)a
0.98 (0.57)b
0.98 (0.67)c
0.92 (0.63)a
0.92 (0.19)b
0.93 (0.28)c

Table A.6: TR-SSX data merging crystallography statistics from LCLS data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

400nm-515nm-300fs-450fs

400nm-515nm-450fs-600fs

400nm-515nm-600fs-750fs

400nm-515nm-750fs-up

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rispiit (%0):

CC*

CCyo

7445
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.38 (1.398-1.350)c
21957a
37558b
51245¢
1321858 (49215)a
1485405 (17502)b
1505921 (1068)c
99.93 (99.95)a
98.96 (92.60)b
84.22 (9.41)c
3.721 (2.01)a
2.681 (0.75)b
2.478 (1.92)c
16.77a
19.26b
19.11c
22.98 (52.12)a
25.21 (147.71)b
25.46 (263.64)c
0.98 (0.87)a
0.98 (0.69)b
0.98 (0.32)c
0.93
0.93
0.93

0.31)b

(
(
(
(
(
(0.05)c

)
)
0.61)a
)
)

15.38-1.80 (1.864-1.800)a

15.38-1.50 (1.554-1.500)b

15.38-1.40 (1.398-1.350)c

21958a

37559b

51246¢

983632 (37102)a

1107532 (12031)b

1119446 (430)c

99.88 (99.91)a

97.52 (81.91)b

79.44 (4.00)c

3.317 (1.82)a

2.371 (0.77)b

2.216 (2.14)c

16.44a

18.79b

18.48c

26.59 (61.50)a

28.71 (164.21)b

28.80 (-nan)c

0.97 (0.84)a

0.98 (0.49)b
(-nan)c
(0.54)a
(0.14)b
(-

0.91 (-nan)c

5013
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.39 (1.398-1.350)c
21946a
37547b
51234c
881928 (33374)a
991780 (11593)b
1003575 (601)c
99.93 (99.81)a
97.22 (80.65)b
79.30 (5.47)c
3.097 (1.64)a
2.505 (3.14)b
2.212 (0.72)c
16.72a
18.66b
20.17c
28.50 (66.46)a
30.61 (158.01)b
30.69 (244.85)c

0.97 (0.82)a
0.97 (0.65)b
0.97 (-nan)c
0.89 (0.51)a
0.90 (0.27)b
0.90 (-nan)c

9846
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.36 (1.398-1.350)c
21962a
37563b
51250c
1729036 (64348)a
1945978 (24248)b
1975033 (1784)c
99.91 (100.00)a
99.56 (96.93)b
86.82 (15.05)c
4.190 (2.24)a
2.981 (0.74)b
2.587 (-0.48)c
16.97a
19.21b
20.29¢
20.46 (46.97)a
22.84 (155.02)b
23.24 (164.72)c
0.98 (0.91)a
0.99 (0.57)b
0.99 (0.87)c
0.94 (0.70)a
0.95 (0.19)b
0.95 (0.60)c

Table A.7: TR-SSX data merging crystallography statistics from LCLS data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

400nm-515nm-min50fs-150fs

400nm-515nm-neg

400nm-600£s-750fs

400nm-750fs-up

Indexed Patterns: 13591

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rspiit (%):

CC*

CCyyo

4936
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.38 (1.308-1.350)c

21941a

37542b

51229c¢

803288 (34506)a
1008790 (12766)b
1024201 (1156)c
99.94 (99.86)a
97.63 (83.83)b
81.54 (10.20)c
3.169 (1.78)a
2.480 (1.69)b
2.293 (0.17)c
16.26a

18.60b

19.64c

27.92 (60.83)a
30.07 (158.53)b
30.24 (163.15)c
0.97 (0.85)a
0.97 (0.60)b
0.97 (-nan)c
0.90 (0.56)a
0.90 (0.22)b
0.90 (0.42)c

284
15.11-1.81 (1.864-1.800)a
15.11-1.61 (1.554-1.500)b
15.11-1.61 (1.398-1.350)c

21936a
37537b
51224c

43550 (1078)a
46240 (129)b
46327 (6)c
53.18 (20.90)a
34.26 (1.69)b
25.19 (0.06)c
2.943 (4.17)a
3.108 (0.65)b
3.102 (-3.33)c
15.17a

16.91b

11.82c

75.15 (89.99)a
75.17 (-nan)b
75.17 (-nan)c
0.67 (0.31)a
0.67 (-nan)b
0.67 (-nan)c
0.29 (0.05)a
0.29 (-nan)b
0.29 (-nan)c

6109
15.40-1.80 (1.864-1.800)a
15.40-1.50 (1.554-1.500)b
15.40-1.35 (1.398-1.350)c

21941a

37542b

51229c¢

1230614 (57712)a
1472507 (32758)b
1523940 (6677)c
99.99 (100.00)a
99.86 (98.80)b
92.66 (44.74)c
3.691 (2.22)a
2.761 (0.98)b
2.297 (0.52)c
13.82a

16.18b

16.80c

25.04 (46.72)a
27.87 (109.07)b
28.70 (251.11)c
0.98 (0.89)a
0.98 (0.67)b
0.98 (0.46)c
0.91 (0.66)a
0.92 (0.29)b
0.92 (0.12)c

9672
15.38-1.80 (1.864-1.800)a
15.38-1.50 (1.554-1.500)b
15.38-1.35 (1.398-1.350)c

21941a

37542b

51229¢

1943189 (89769)a
2301688 (47550)b
2372926 (8662)c
100.00 (100.00)a
99.97 (99.81)b
94.50 (53.59)c
4.559 (2.70)a
3.376 (1.10)b
2.748 (0.39)c
14.54a

16.60b

17.41c

19.56 (37.93)a
21.89 (93.43)b
22.95 (231.68)c
0.99 (0.92)a
0.99 (0.76)b
0.99 (0.39)c
0.94 (0.74)a
0.95 (0.41)b
0.95 (0.08)c

Table A.8: TR-SSX data merging crystallography statistics from LCLS data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

400nm-min50fs-150fs

400nm-neg

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rspuit (%):

CC*

QCy

6939
15.38-1.80 (1.864-1.800)a
15.38-1.50 (1.554-1.500)b
15.38-1.35 (1.398-1.350)c

21941a

37542b

51229¢

1411466 (67442)a
1704989 (42954)b
1775287 (9868)c
99.99 (100.00)a
99.94 (99.65)b
94.77 (57.49)c
3.903 (2.43)a
2.902 (1.14)b
2.696 (4.68)c
12.78a

15.25b

16.21c

23.92 (45.92)a
26.70 (95.74)b
27.82 (259.45)c
0.98 (0.86)a
0.98 (0.70)b
0.98 (0.23)c
0.91 (0.59)a
0.92 (0.33)b
0.92 (0.03)c

674
14.60-1.80 (1.864-1.800)a
14.60-1.50 (1.554-1.500)b
14.60-1.41 (1.398-1.350)c

21940a

37541b

51228¢

139031 (6484)a
164828 (3137)b
168886 (365)c
90.00 (77.23)a
74.89 (33.61)b
58.26 (3.46)c
2.098 (0.80)a
2.221 (1.61)b
1.833 (0.48)c
10.30a

12.30b

)
)
)
)
13.32c

62.60 (94.66)a
63.19 (114.60)b

63.21 (-nan)c
0.80 (0.50)a
0.80 (0.77)b
0.80 (-nan)c
0.47 (0.14)a
0.48 (0.42)b
0.48 (-nan)c

Table A.9: TR-SSX data merging crystallography statistics from LCLS data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

dark

PDP-100ps

PDP-3ps

PDP

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rpiit (%):

cc*

Ccl/g

77581
18.84-1.70 (1.761-1.700)a
18.84-1.65 (1.709-1.650)b
18.84-1.46 (1.491-1.440)c

262064

28578

42704c¢

9886523 (135932)a
9957691 (88288)b
10044009 (1397)c
100.00 (100.00)a
99.99 (99.93)b
88.38 (13.59)c
12.242 (4.19)a
11.500 (3.37)b
9.357 (4.59)c
22.08a

22.23b

21.18¢

7.45 (28.00)a
7.61 (36.70)b
8.06 (126.90)c
1.00 (0.96)a

25204
18.53-1.70 (1.761-1.700)a
18.53-1.65 (1.709-1.650)b
18.53-1.55 (1.491-1.440)c

26206a
28578b
42704c
3553008 (32192)a
3567097 (17641)b
3575821 (4)c
99.90 (99.07)a
99.28 (93.24)b
72.85 (0.05)c
7.900 (2.86)a
7.486 (2.62)b
7.648 (7.35)c
21.95a

22.08b

22.54c

10.91 (43.80)a
11.08 (56.75)b
11.12 (-nan)c
0.99 (0.90)a
0.99 (0.84)b
0.99 (-nan)c
0.98 (0.68)a
0.98 (0.55)b
0.98 (-nan)c

83187
18.84-1.70 (1.761-1.700)a
18.84-1.65 (1.709-1.650)b
18.84-1.46 (1.491-1.440)c

26209a

28581b

42707c

10902871 (150894)a
10982523 (98384)b
11079889 (1945)c
99.99 (100.00)a
99.99 (99.96)b
89.46 (17.89)c
12.716 (4.26)a
11.936 (3.38)b
9.669 (4.27)c
22.31a

22.48b

21.73c

7.09 (27.15)a
7.25 (35.41)b
7.71 (62.87)c
1.00 (0.97)a

1.00 (0.95)b

1.00 (0.92)c

0.99 (0.88)a

0.99 (0.81)b

0.99 (0.74)c

54743
18.84-1.70 (1.761-1.700)a
18.84-1.65 (1.709-1.650)b
18.84-1.46 (1.491-1.440)c
262062

28578

42704c¢

7427749 (120500)a
7492574 (80164)b
7576103 (1587)c

100.00 (100.00)a

100.00 (100.00)b

88.49 (14.60)c

10.637 (3.99)a

10.016 (3.23)b

8.305 (7.19)c

22.07a

22.21b

21.73¢

8.81 (28.97)a

8.97 (37.75)b

9.40 (90.12)c

1.00 (0.96)a

)
1.00 (0.93)b

1.00 (0.79)c
(0.86)a
(
(

(
(

0.98
0.98 (0.76)b

0.98 (0.45)c

Table A.10: TR-SSX data merging crystallography statistics from SACLA data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

PP

PP-100ps

PP-3ps

PP-min5ps

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rpiit (%):

cc*

Ccl/g

18886
18.53-1.70 (1.761-1.700)a
18.53-1.65 (1.709-1.650)b
18.53-1.50 (1.491-1.440)c

26206a
28578b
42704c¢
4822444 (50790)a
4847105 (30746)b
4872185 (182)c
99.93 (99.42)a
99.75 (97.92)b
79.58 (2.09)c
8.796 (3.18)a
8.295 (2.67)b
7.482 (1.69)c
22.28a
22.42b
21.50c
10.98 (39.35)a
11.16 (51.44)b
11.35 (-
0.99 (0.92)a
0.99 (0.88)b
0.99 (-nan)c
(0.
(0.
(-

nan)c

0.97 (0.74)a

)
0.97 (0.64)b
0.97

nan)c

18886
18.53-1.70 (1.761-1.700)a
18.53-1.65 (1.709-1.650)b
18.53-1.53 (1.491-1.440)c

26205a
28577b
42703c
2258197 (18609)a
2266705 (10743)b
2272675 (25)c
99.37 (94.80)a
97.78 (81.99)b
70.45 (0.29)c
6.574 (2.75)a
6.547 (5.65)b
6.453 (8.15)c
21.80a

21.93b

16.17c

14.57 (50.17)a
14.63 (49.95)b
14.65 (-nan)c
0.99 (0.89)a
0.99 (0.88)b
0.99 (-nan)c
0.95 (0.65)a
0.95 (0.63)b
0.95 (-nan)c

20472
18.53-1.70 (1.761-1.700)a
18.53-1.65 (1.709-1.650)b
18.53-1.53 (1.491-1.440)c

26205a

28577b

42703c

2327708 (29358)a
2342594 (18535)b
2356435 (47)
99.86 (98.80)
99.33 (94.18)b
75.54 (0.55)c
6.303 (2.59)a
6.013 (2.57)b
5.711 (2.14)c
22.25a

C

a

22.31b

21.84c
15.12 (48.15)a
15.26 (49.46)b
15.32 (-

0.98 (0.90)a
0.98 (0.89)b
0.98 (-nan)c
(0.6
(0.6
(-

nan)c

0.94 8)a

)b

nan)c

0.94
0.94

17627
18.53-1.70 (1.761-1.700)a
18.53-1.65 (1.709-1.650)b
18.53-1.53 (1.491-1.440)c

26206a

28578b

42704c¢

1841923 (19475)a
1850853 (11375)b
1857695 (18)c
99.41 (95.38)a
97.90 (82.93)b
71.09 (0.22)c
6.017 (3.88)a
5.823 (4.10)b
5.836 (0.74)c
22.40a

22.39b

21.28c

16.92 (52.66)a
16.98 (53.67)b
16.99 (- nan)c

Table A.11: TR-SSX data merging crystallography statistics from SACLA data. The letters a, b and c refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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Name:

100us-laser-on

1ps-laser-on

neg-1ps-laser-on

Indexed Patterns:

Resolution Limits A:

No. Unique reflection Indices:

No. Merged Reflections:

Completeness (%):

Signal to noise:

Wilson b factor:

Rispiie (%):

CC*

CCy )

60993
78.69-1.55 (1.605-1.550)a
78.69-1.45 (1.502-1.450)b
78.69-1.35 (1.398-1.350)c

34233a

41638b

51398¢

14106334 (252617)a
14357015 (91162)b
14403050 (10532)c
100.00 (100.00)a
99.98 (99.78)b
95.02 (56.33)c
7.601 (1.81)a
6.434 (0.76)b
5.537 (0.18)c
25.62a

26.28b

26.54c

8.64 (56.11)a

8.96 (146.34)b
9.16 (419.81
1.00 (0.91

1.00 (0.63)b

1.00 (0.06)c

)
)e
)a
)

0.99

(0.69)
0.99 (0.25)b
0.99 (0.00)c

0.69)a

51310
78.69-1.55 (1.605-1.550)a
78.69-1.45 (1.502-1.450)b
78.69-1.35 (1.398-1.350)c

34233a

41638b

51398¢

11897106 (217770)a
12107818 (75781)b
12149512 (10075)c
100.00 (100.00)a
99.95 (99.49)b
95.09 (57.28)c
6.644 (1.89)a
5.682 (0.99)b
4.964 (0.87)c
22.49a

22.59b

22.10c

10.58 (56.19)a
11.03 (118.58)b
11.31 (237.53)c
1.00 (0.90)a

1.00 (0.68)b

1.00 (0.50)c

0.98 (0.68)a

0.98 (0.30)b

0.99 (0.15)c

)
)

)
)

)
)

49465
78.69-1.55 (1.605-1.550)a
78.69-1.45 (1.502-1.450)b
78.69-1.35 (1.398-1.350)c

34233a

41638b

51398c

11752976 (247091)a
12005396 (92501)b
12060432 (14662)c
100.00 (100.00)a
99.96 (99.59)b
95.90 (64.79)c
6.648 (1.95)a
5.685 (0.97)b
4.905 (0.56)c
23.39a

23.52b

22.87c

10.18 (53.79)a
10.58 (114.57)b
10.85 (236.85)c
1.00 (0.90)a

1.00 (0.69)b

1.00 (0.55)c

0.99 (0.68)a

0.99 (0.31)b

0.99 (0.18)c

Table A.12: TR-SSX data merging crystallography statistics from PAL data. The letters a, b and c¢ refer to

three separate resolution limits not the crystallographic axes. Table and caption adapted with permission from

Hutchison et al. (unpublished).
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0.29 Ie} 0.288
< R-work
< R-Free
0.288 0.286
0.286 0.284
0.284 0.282
0.282 0.28
0.28 0.278
g R
0.278 0.276
0.276 L L L L ! 0.274
0 0.2 0.4 0.6 0.8 1 0
QOccupancy Occupancy
(a) 100 ps (b) negative 1 ps

Figure A.7: Rwork/Rrree calculation for varied occupancy of refined coordinates. Occupancy refers to the
proportion of ground state (trans) coordinates (dark) compared to the product (cis) coordinates. Rwork (and
Rfree) minimise at 18% (21%) and 12% (16%) for the cis product in the 100 ps and negative 1 ps delays

respectively. Figure and caption adapted with permission from Hutchison et al. (unpublished).

A.4 Quantitative Serial Synchrotron Crystallography of rsKiiro

A.4.1 Steady-State Quantum Yield Measurements of rsKiiro

The yields of both the off to on and on to off reaction were measured using solution of rs-Kiiro. Using
the flash photolysis setup in section 5.2.1. The pump was used as a probe simultaneously. Data were

fitted using python.

Trans to Cis: 405 nm laser was used a a pump / probe focused to 381x302 pm and power of 64.9 pW

kswitch kT H .
Trans —=2<m 27, Cis

The switching rate constant depends on the power density per an area (P), the proportion of absorbed

photons in a sample of absorbance, A, the quantum yield, ¢ and the thermal rate, krg:

Mean OD at 500 nm Yield

Trans to Cis  0.15 5.28+ 0.4 %
Cis to Trans 0.14 35.73 £2.6 %

Table A.13: Measured steady state quantum yields of the Trans to cis and cis to trans reactions in rsKiiro.
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d|T P
_[:ltans] = 7(1 —107Y¢ + krp[Trans]

For the case where OD « 1 a Taylor expansion can be used to approximate the absorbed fraction as:
1—10"4 ~ Ain(10)

Using this approximation and the Beer-Lambert law, the switching rate can be rewritten as:

da|T
_[;tcms] = Perrans®Inl0[Trans| + krp[Trans]

The rate of thermal recovery of Trans state during the flash-photolysis measurement is much smaller

than the rate of photo-induced switching so can be set to zero.

d|T
—[Zjns} = Peprans®Inl0[Trans]

Giving an integrated rate equation of:
[Trans| = [Trans|iexp(—Perransplnl0t)

Assuming the total concentration of Cis and Trans is constant the fraction of Cis population can be
calculated as:

Ncis = 1 = [Trans|exp(—es050In10E)
Cis to Trans: 488 nm laser was focused to 48x54 pum with a power of 7.33 uW

Nrrans =1 — [Cis]iexp(_€488¢ln10E)

A.4.2 rsKiiro Spectra, Absorption Coefficient and Preconversion

The spectra of rsKiiro and Skylan-Ns can be seen in figure A.8. The published maximum absorption
coefficient for Skylan-NS is 133,770 M~'cm™! at 499 nm. rsKiiro absorbs most strongly at 485 nm
with a calculated absorption coefficient of 98,727 M~'ecm™'. At the flash wavelength of 405 nm the
absorption coefficient is calculated as 31,184 M~'ecm™!. Steady-state measurements at a power density
of 0.0315 W /cm? (at 489 nm) gave a switching rate of 0.32 s~! in rsKiiro. The estimated power density
of the 473 nm laser on the chip is around 0.30 W /cm? scaling the rate constant to around 2.3 s~! when
accounting for change in absorption between 473 nm and 488 nm (a ratio of 0.82:1). Over the one
second illumination period, this should preconvert at least 85% of the protein to the trans-state. The
average waiting time for a crystal once preconverted was 45 s during which time an estimated 4.3% of
the population will thermally recover back to the cis on average. This means the minimum expected cis

population before x-ray probing of the crystal will be around 18.6%.

Temperature Increases Tables
A.4.3 Khnife Edge

Knife edge scans were performed for experiments at the synchrotron and in the flash photolysis:
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—— Skylan-NS On 1.0 —— Skylan-NS Off
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Figure A.8: The fluorescent, 'on’ state (left) and ’oft’

were normalised using the aromatic peak at 280 nm.

Wavelength (nm)

state (right) spectra of Skylan-NS and rsKiiro. Spectra

Method k (mm?/mJ) AT (K) T
Rivee 0.562 112.19 54.83 — 180.96
Rwork 0.121 82.73 31.28 — 143.64
Foale-Fobs 0.235 87.26 34.92 — 149.36
Extrapolated 0.218 93.69 40.07 — 157.46
Flash Photolysis 0.274 N/A N/A

Table A.14: Full results of x-ray crystallographic photolysis modelling and associated 95% confidence intervals

o 1.0
3 —— FWHMy=119.67
=
5
£ 051
£
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o 1.0
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E
2
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——
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Position (um)

—-400

(a) Flash photolysis

Norm. Amplitude

Norm. Amplitude

1.0 1

—— FWHMx=62.01
0.5
0.0

-40 -20 0 20 40 60

1.0

—— FWHMy=26.6
0.5
00 __li T T T T T

—60 -40 -20 0 20 40

Position (um)

(b) TR-SSX experiment

Figure A.9: Knife edge scans to determine the focus size during the flash photolysis experiments and SSX.

Plotted is ’knife’ position against amplitude of signal (normalised power measurement).
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A.5 Ultrafast IRTA with Optical Control Reveals rsKiiro Isomerisa-

tion Mechanism

Pump Probe
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Figure A.10: IRTA difference spectrograms from 0 - 2 ns on a logarithmic scale for the pump probe, pump
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Dominant Component cis-N 1Hy0 cis-N-2H,O cis-A cis-Z-1H50
C=0 1767 (351) 1767 (351) 1697 (366) 1758 (696)
C=C 1687 (300) 1687 (300) 1656 (37) 1677 (295)
phel 1644 (473) 1643 (512) 1623 (1277) 1643 (18)
phe2 1618 (47) 1613 (22) 1609 (1903)
C=N/C=C 1601 (59) 1596 (46) 1595 (8) 1585 (112)
phe 1541 (127) 1540 (136) 1570 (21200) 1567 (85)
Dominant Component cis-Z-2HoO trans-A trans-N-1HyO trans-N-2H,0O
C=0 1758 (696) 1690 (358) 1738 (181) 1738 (182)
C=C 1676 (331) 1654 (127) 1679 (252) 1679 (252)
phel 1642 (52) 1628 (699) 1646 (374) 1645 (389)
phe2 1604 (1925) 1593 (113) 1615 (46) 1609 (45)
C=N/C=C 1575 (108) 1551 (1603) 1597 (37) 1592 (28)
phe 1568 (239) 1529 (134) 1543 (106) 1541 (129)

Dominant Component

trans-C-1HyO

trans-C-2H,0O

(trans-N-'HyO)R.

C=0 1792 (207) 1792 (208) 1752 (178) 1752 (178)
C=C 1663 (75) 1662 (70) 1684 (259) 1684 (257)
phel 1620 (644) 1613 (1317) 1647 (284) 1646 (304)
phe2 1601 (894) 1587 (138) 1619 (36) 1614 (19)

C=N/C=C 1590 (92) 1587 (138) 1608 (0.4) 1603 (0.7)
phe 1544 (100) 1542 (146) 1542 (96) 1540 (116)

Dominant Component

(trans-C-'HoO)R

(trans-C-2H20)R

C=0 1806 (186) 1806 (187)
C=C 1663 (67) 1661 (187)
phel 1618 (1010) 1615 (1388)
phe2 1604 (474) 1589 (42)
C=N/C=C 1596 (11) 1582 (59)
phe 1543 (83) 1541 (118)

Table A.15: Harmonic frequency calculations at the B3LYP/6-311bg(d,p) level, for the HBDI chromophore

from Warren et al. [5].
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Figure A.11: IRTA difference spectrograms from -3 - 3 ps on a linear scale for the pump probe, pump dump
probe, dump only and the double-difference maps of pump dump - dump only. The black line shows the arrival

of the pump pulse and the green line shows arrival of 515 nm dump pulse.

A.6 Observation of a Neutral to Cation Switching of a GFP-like Pro-

tein
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Energy Density 0 0.10 0.53 1.78 6.74 14.43
(mJ/mm?)

Resolution (A) 54.17-1.70

Space Group P21212;

Unit Cell (A) a=239.6,b="745,c="789,a=90,5=90,7=90

No. of Reflections 26168 26186 26057 26298 26371 26144
No. of Crystals 12649 10555 14166 18204 13585 10817
Completeness (%) 99.85 99.72 99.65 99.94 99.96 99.81
Redundancy 66.9 50 53.9 93.5 95.2 62.8
I/ o(I) 4.096 3.302 3.778 4.817 4.363 3.785
Ropiit 17.47 21.37 18.75 14.92 16.31 18.79
cc* 0.992 0.989 0.992 0.994 0.994 0.991
Wilson B factor (A 2)  17.83 17.56 17.51 17.52 17.61 16.77

Refinement:

No. reflect. all/free

R/R-free
Bonds
Angles

24164 / 1215
0.171 / 0.211
0.0097

1.58

23910 / 1141
0.176 / 0.219
0.0087

1.554

23983 / 1151
0.170 / 0.216
0.0097

1.611

24180 / 1158
0.156 / 0.195
0.0113

1.669

24154 / 1156
0.170 / 0.209
0.01
1.632

24122 / 1152
0.178 / 0.214
0.0099

1.642

Table A.16: TR-SSX Bragg X-ray diffraction data for varying energy densities.

(A)

rg64(A)

(a) pH 84

(b) pH 5.5

Figure A.12: LigPlot+ [329] plots showing the hydrogen bonding environment (green lines) around the residue

Glu212, interacting residues, spectator residues and distances (in A) for different crystal structures.
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Dominant Composition pD 7.8 On pD 7.8 Off pH 7.8 On pH 7.8 Off

C=0 1665 1688 1665 1690
Arg 66 asym(CN3H;") 1655 1674

Cc=C 1624 1644 1628 1650
Arg 66 sym(CN3H;") 1594 1609

Phenol-1 1574 1615 1572 1617
Phenol-2 1600 N.D.
C=N/C=C 1549 1561 1547 1561
Phenol-3 1497 1524 1497 1518
3¢y 1350 1358 1349 1362
Phenol 1152 1177 1150 1177

Table A.17: On and Off state assignments from Warren et al.|5] of the RSFP, Dronpa in 2H,0 and H,O at
pD/pH 7.8. All values in cm™1.
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Figure A.13: (a-e): Minimisation of crystallographic R-factors for JvT75 TR-SSX data at pH 5.5 and pH 8

under different laser illumination conditions.
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pH 8.4 Dark pH 8.4 500 nm pH 8.4 400 nm

Resolution (A) 39.490-1.75 39.485-1.75 39.460-1.75
a (A) 39.6 39.52 39.6
b (A) 74.5 74.34 74.44
¢ (A) 78.98 78.97 78.92
Completeness (%) 100 100 100
No. Crystals 10790 9342 11917
Red. 351.7 463.1 655.2
SNR 2.834102 3.301172 3.528936
Replit 26.52 21.19 20.2
CCy /9 0.9574746 0.9663334 0.9723949
CC* 0.989078 0.9914023 0.9929775
B-factor (A 2) 29.58 26 25.49
RFree 20 19 19
Rwork 24 23 22

Table A.18: Crystallographic statistics for JvT75 collected at room temperature using fixed target serial
crystallography.
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pH 8.4 500 400 nm pH 5.5 Dark pH 5.5 400 nm

Resolution (A) 39.465-1.75  53.953-1.75 79.210-1.75
a (A) 39.57 39.6 39.5
b (A) 74.38 74.43 74.43
¢ (A) 78.93 78.32 79.21
Completeness (%) 100 100 100
No. Crystals 7696 9015 13104
Red. 397.5 266.4 380.7
SNR 2.99898 2.870947 3.504225
Ryt 23.52 25.9 21.23
CCy /o 0.9445716 0.95066 0.9702119
CC* 0.9856449 0.987272 0.9924116
B-factor (A 2) 25.63 29.84 31.51
RFree 20 20 19
Rwork 23 23 23

Table A.19: Crystallographic statistics for JvT75 collected at room temperature using fixed target serial
crystallography.
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