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ABSTRACT 

Visualizing atoms and molecules in motion remains a formidable challenge within structural 
chemical biology. Significant advances in the generation of ultrashort and bright X-ray 
pulses have provided the technical framework to facilitate the study of complex 
biomolecules with atomic resolution. For the first time, it was possible to convince nature’s 
machinery to reveal their temporal structural dynamics by initiating native reactions in 
photoresponsive systems and observe the molecular dance of life by ultrafast time-resolved 
serial femtosecond crystallography. However, given the exceedingly small fraction of 
naturally photoactive proteins within nature’s diverse repertoire of proteins, the vast 
majority remain elusive to detailed, time-resolved structural studies. 

A major objective in the forefront of structural biology is to extend the scope of time-
resolved X-ray diffraction beyond light responsive proteins to include substrate dependent 
systems. Photocages constitute a generic method of introducing a biologically relevant 
substrate to its associated protein with spatiotemporal control. Numerous challenges 
remain, some of which are addressed in this thesis. 

In this work, the native reaction between cytochrome c oxidase and oxygen released from an 
oxygen photocage is studied by time-resolved serial femtosecond crystallography. These are 
difficult experiments, both from a theoretical and technical perspective. Nevertheless, we 
can provide structural evidence for enzymatic turnover following the release of oxygen from 
the photocage. In this thesis, novel oxygen photocages and singlet oxygen responsive 
materials have been developed towards addressing contemporary challenges in various 
scientific fields. An unexpectedly successful study of structural rearrangements in a pH-
responsive ion channel following acidification by a photoacid via time-resolved X-ray 
solution scattering further cements the scientific versatility provided by photocages in the 
study of temporal dynamics of proteins.  
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SVENSK POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

För att förstå livets minsta byggstenar står strukturbiologin inför en enorm utmaning i att 
visualisera atomer och molekyler i rörelse. Denna enorma uppgift är motiverad av den 
direkta kopplingen mellan proteiners dynamiska struktur och funktion. Tack vare nyliga 
teknologiska innovationer har vi kunnat belysa och observera den molekylära dansen av 
proteiner i rörelse. Detta har möjliggjorts med hjälp av ultrakorta och intensiva 
röntgenpulser som genereras av moderna synkrotron- och frielektronlaserfaciliteter runt om 
i världen. För första gången har vi, genom att utlösa den naturliga reaktionen i ljuskänsliga 
proteiner, kunnat följa deras rörelser med hjälp av tidsupplöst röntgenkristallografi för att 
förstå vilka strukturella delar av proteinet som leder till dess funktion. Men eftersom endast 
en bråkdel av alla proteiner i naturen är ljusaktiverade, är större delen av proteinernas 
universum fortfarande dolt för oss. Ett stort mål inom strukturbiologin är att bredda 
forskningsfältet till att även omfatta proteiner som inte är ljuskänsliga och som i stället har 
som uppgift att reagera med diverse molekyler i kroppen och i vår omgivning.  

I denna avhandling används fotokapslar, molekyler som kemiskt kan frisätta en biologisk 
aktiv substans genom belysning, som ett hjälpmedel för att möjliggöra studier av naturens 
fulla repertoar av proteiner. Genom att använda fotokapslar kan vi kontrollerat introducera 
biologiskt relevanta ämnen till diverse proteiner, och på detta sätt styra när och var 
reaktionen sker. Denna metod öppnar nya dörrar för att utforska den stora majoriteten av 
proteiner som tidigare varit utanför vårt räckhåll, och ger oss nya verktyg för att förstå de 
grundläggande processerna i livet genom att möjliggöra tidsupplösta studier mellan protein 
och substrat.  

Med varje andetag reagerar miljontals av cytokrom c oxidas och konverterar syre till vatten, 
samtidigt som den frigjorda energin kan användas för essentiella biokemiska processer.  
Denna livsviktiga reaktion studeras i denna avhandling genom att frigöra syre från en 
fotokapsel och studera den strukturella dynamiken hos cytokrom c oxidas med tidsupplöst 
seriekristallografi. Vi tillämpar även liknande fotokapslar för syres energetiska kusin, 
singlettsyre, i utvecklingen av funktionella gel-material. Avslutningsvis demonstrerar vi att 
strukturella förändringar kan induceras hos en jonkanal när vi sänker lösningens pH på en 
mikrosekundskala med hjälp av en pH-fotokapsel som frigör protoner efter belysning.  
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AIM OF THIS THESIS 

The aim of this thesis has been to develop and implement photocages towards structural 
studies of substrate dependent proteins. One scientific objective was to utilize an oxygen 
photocage to initiate the native reaction between cytochrome c oxidase and molecular 
oxygen and to study the structural dynamics with the use of time-resolved serial 
femtosecond crystallography. Furthermore, we developed novel oxygen photocages derived 
from molecular oxygen and the excited singlet state oxygen. We also aimed to explore 
various other photocages in structural studies of substrate dependent systems.  
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THEORY AND BACKGROUND 

A breath of fresh air has not always consisted of what we today take for granted; 78 % nitrogen (N2), 
21 % oxygen (O2), about one percent argon and 0.04 % (and growing) carbon dioxide (CO2). I don’t 
like change. Whether it's relocating to a new building in the final months of a Ph.D. education or 
adjusting to the consequences of the changes in the composition of the air we breathe. Such changes 
bring little but aches and hardships. Yet, there's one distant change that must be considered 
somewhat of an improvement, a change that led to our oxygen rich environment. 

2.5 billion years ago, photosynthetic cyanobacteria evolved do something that we currently 
struggle with: making good use of the abundant CO2 in the atmosphere. This was a 
successful strategy, considering that cyanobacteria, or rather their descendants, continue to 
thrive to this day. One major by-product of this evolutionary event was the reconstitution of 
atmospheric gases, marked by the formation of vast amounts of O2. This marked the 
beginning of the era of aerobic organisms, often referred to as the “Great Oxidation Event” 
or “the “Rusting of the Earth”.[1] Annually, around 200 billion tons of CO2 is converted into 
various organic building blocks via the photosynthetic process and leads to the liberation of 
about 140 billion tons of O2.[2] The formation of molecular oxygen through photosynthesis is 
an endergonic process, meaning it requires energy. Very few things of value come without 
effort or work, and the same is true for the chemistry of life. A debt of energy must be paid 
and the accepted currency within living cells is adenosine triphosphate (ATP). Upon ATP 
dephosphorylation into adenosine diphosphate (ADP) the energy conserved within the 
chemical bond in liberated. To settle the various biochemical energy debts in our bodies, a 
copious amount of ATP is consumed and needs to be resynthesized on daily basis, ~ 50 kg to 
be somewhat imprecise. A breath-taking > 90 % of the oxygen that we inhale is reserved for 
cytochrome c oxidase (CcO), the terminal electron acceptor in the electron transport chain, 
mediating the four-electron reduction of molecular oxygen to water.[3] During this process, 
protons are pumped across the inner mitochondrial membrane, generating a proton motive 
force that settles the various energy debt associated with the synthesis of ATP. It is 
imperative that the pumped protons move unidirectionally, that is; once a proton has been 
transported across the membrane it should not leak backwards. How does nature prevent 
this? Why does nature do it this way? These are questions that despite decades of rigorous 
scientific investigations remains to be resolved.  It would be inappropriate to attribute this to 
a lack of effort considering the numerous explanations that have been proposed so far.[4,5] A 
better question one might ask is; what tool has been missing that could finally settle this 
debate. For years, measuring the output and input into nature’s black box has only been able 
to tell us so much.  

The primary research objective for this thesis has been to employ time-resolved X-ray 
crystallography—a tool with the potential to unveil the inner workings of nature’s black box 
and put it in the spotlight. Ultrafast time-resolved crystallography is enabled by recent 
scientific breakthroughs in the generation of X-rays with high intensity and short duration, 
mediated by synchrotron and X-ray free electron laser facilities around the world. The 
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nature of the technique and the radiation source used demands a sophisticated method of 
initiating the native reaction of interest. What is still lacking is a chemical director to 
synchronize the millions of identical black boxes. We hypothesized that the incorporation of 
a photocage, an inactive derivative of the natural substrate, that can be activated upon light 
illumination, could act as this director and with blast of a laser, initiate and synchronize the 
chemical orchestra of life. 

1.1 VISIBLE LIGHT  
Twelve years ago, during a high school visit to Chalmers University, I found myself face-to-face with 
a “nerdy” Ph.D. student of physics (or so I assumed). The question he posed (repeatedly) still lingers 
vividly in my memory: “What is light?”. Armed with a rare moment of having done my homework, I 
answered silently in my own head, regurgitating what I had studied late the previous night – “Light 
is both a particle and a wave.” To my surprise, a classmate echoed my response, and the Ph.D. 
student, with a mischievous grin, exclaimed, “Yes! This is true... but... What is light?” Little did I 
know, this playful game would stretch on for another 10 - 15 minutes.  

In 1865, in his seminal work, “A Dynamical Theory of the Electromagnetic Field”, Maxwell 
took on the goliath task to unravel the fundamental laws governing light. While he didn't 
explicitly define light itself, he made an astounding prediction - the existence of 
electromagnetic waves that travel at the speed of light. This led Maxwell to propose that 
light is fundamentally an electromagnetic phenomenon and a form of electromagnetic 
radiation.[6] Light, as described by Maxwell, propagates as a wave characterized by its 
frequency (f), wavelength (λ), and speed (c), inherently tied together as described by 
Equation 1 ; where c = the speed of light. 

(1) λ f = c 

Light has an associated energy, which was subsequently demonstrated by two scientific 
giants, Max Planck and Albert Einstein, who demonstrated that light comes in quantized 
bundles referred to as photons. This energy (E) of a photon is a product of its frequency (f) 
and Planck’s constant (h = 6.626 ∙ 10-34 J s) according to Equation 2.  

(2) E = h f 

Light interacts with matter and of particular importance is the interaction between light and 
another fundamental particle, the electron. The properties and behavior of the electron is 
fundamentally tied to the very core of  chemistry as it is typically the actions of electrons 
that dictates the outcome of chemical reactions. When a photon and an electron interact, 
there is a chance that a chemical change will occur. This change is dependent of the energy 
of the photon and the chemical and physical environment of the electron. If the photon 
possesses sufficient energy, it can excite an electron to a higher energetic state, more 
commonly referred to as an excitation. The chemistry of these excited states, mediated by 
light, is what is studied in the field of photochemistry and is governed by two rather 
intuitive laws[7]:  
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(1) Only light absorbed by a substance is effective in bringing about a chemical 
change. (The Grotthuss–Draper law) 

(2) For every single photon absorbed, only one substrate can react. (The Stark–Einstein 
law) 

When an electron is excited, it transitions to a higher energy orbital from its highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 
This generates an excited singlet state that upon intersystem crossing (ISC) yields an excited 
triplet state. Typically, it is the chemistry of the excited triplet state that is involved in 
bimolecular reactions due to its extended lifetime compared to the corresponding singlet 
state, prolonged by the spin forbidden transition between singlet and triplet states.[7] The 
study of these various transitions is commonly performed by ultraviolet/visible (UV/Vis) 
spectroscopy. When a molecule, typically dissolved in a solvent with minimal light 
absorbing properties, is exposed to light of varying wavelengths it will absorb photons with 
the appropriate energy that matches a specific electronic transition. This is exploited in 
UV/Vis spectroscopy where the sample is exposed to a range of wavelengths (typically 
between 200-800 nm) to probe for all possible electronic transitions in this region. The 
absorption of light by a molecule is expressed through the Beer-Lambert law, shown in 
Equation 3, where A is the absorbance, l is the pathlength where light travels through the 
sample, and ε is the molar attenuation coefficient.  

(3) A = ε l c 

The absorbance of light across selected wavelengths is measured as the difference in 
detected transmittance between the sample (I) and a reference sample typically only 
containing solvent (I0), shown in Equation 4.  

(4) T = 𝐼𝐼𝐼𝐼0 

In the realm of light interactions, there exists a region of particular importance for life, where 
the energy difference between two molecular orbitals aligns with the energy of photons 
within the visible spectrum of electromagnetic radiation. Molecules that exhibit absorbance 
in the visible light range, between 400 – 700 nm, are termed chromophores. In accordance 
with the Grotthuss-Draper law, the detection of light requires an interaction between light 
and a molecule. The absorbance of light has a transformative power to induce further 
chemical change, utilizing the energy acquired from the photons to signal and facilitate 
various biochemical functions. In human vision, the spectral range of light interaction is 
governed by the absorbance of specific chromophores, such as retinal. When a photon with 
the appropriate wavelength is absorbed by retinal it leads to an isomerization reaction 
which prompts a signaling cascade reaction by inducing a conformational change of the 
associated protein. This is how our eyes knows that a photon of a specific wavelength has 
made it to the right place. It is important to note that not every absorbed photon necessarily 
results in a chemical reaction or change. The likelihood of a chemical reaction upon photon 
absorption is quantified by the quantum yield (ϕ). If ϕ = 1, it indicates that one absorbed 
photon leads to one chemical reaction representing a 100 % quantum efficiency. The 



 

3 
 

nature of the technique and the radiation source used demands a sophisticated method of 
initiating the native reaction of interest. What is still lacking is a chemical director to 
synchronize the millions of identical black boxes. We hypothesized that the incorporation of 
a photocage, an inactive derivative of the natural substrate, that can be activated upon light 
illumination, could act as this director and with blast of a laser, initiate and synchronize the 
chemical orchestra of life. 

1.1 VISIBLE LIGHT  
Twelve years ago, during a high school visit to Chalmers University, I found myself face-to-face with 
a “nerdy” Ph.D. student of physics (or so I assumed). The question he posed (repeatedly) still lingers 
vividly in my memory: “What is light?”. Armed with a rare moment of having done my homework, I 
answered silently in my own head, regurgitating what I had studied late the previous night – “Light 
is both a particle and a wave.” To my surprise, a classmate echoed my response, and the Ph.D. 
student, with a mischievous grin, exclaimed, “Yes! This is true... but... What is light?” Little did I 
know, this playful game would stretch on for another 10 - 15 minutes.  

In 1865, in his seminal work, “A Dynamical Theory of the Electromagnetic Field”, Maxwell 
took on the goliath task to unravel the fundamental laws governing light. While he didn't 
explicitly define light itself, he made an astounding prediction - the existence of 
electromagnetic waves that travel at the speed of light. This led Maxwell to propose that 
light is fundamentally an electromagnetic phenomenon and a form of electromagnetic 
radiation.[6] Light, as described by Maxwell, propagates as a wave characterized by its 
frequency (f), wavelength (λ), and speed (c), inherently tied together as described by 
Equation 1 ; where c = the speed of light. 

(1) λ f = c 

Light has an associated energy, which was subsequently demonstrated by two scientific 
giants, Max Planck and Albert Einstein, who demonstrated that light comes in quantized 
bundles referred to as photons. This energy (E) of a photon is a product of its frequency (f) 
and Planck’s constant (h = 6.626 ∙ 10-34 J s) according to Equation 2.  

(2) E = h f 

Light interacts with matter and of particular importance is the interaction between light and 
another fundamental particle, the electron. The properties and behavior of the electron is 
fundamentally tied to the very core of  chemistry as it is typically the actions of electrons 
that dictates the outcome of chemical reactions. When a photon and an electron interact, 
there is a chance that a chemical change will occur. This change is dependent of the energy 
of the photon and the chemical and physical environment of the electron. If the photon 
possesses sufficient energy, it can excite an electron to a higher energetic state, more 
commonly referred to as an excitation. The chemistry of these excited states, mediated by 
light, is what is studied in the field of photochemistry and is governed by two rather 
intuitive laws[7]:  

 

4 
 

(1) Only light absorbed by a substance is effective in bringing about a chemical 
change. (The Grotthuss–Draper law) 

(2) For every single photon absorbed, only one substrate can react. (The Stark–Einstein 
law) 

When an electron is excited, it transitions to a higher energy orbital from its highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 
This generates an excited singlet state that upon intersystem crossing (ISC) yields an excited 
triplet state. Typically, it is the chemistry of the excited triplet state that is involved in 
bimolecular reactions due to its extended lifetime compared to the corresponding singlet 
state, prolonged by the spin forbidden transition between singlet and triplet states.[7] The 
study of these various transitions is commonly performed by ultraviolet/visible (UV/Vis) 
spectroscopy. When a molecule, typically dissolved in a solvent with minimal light 
absorbing properties, is exposed to light of varying wavelengths it will absorb photons with 
the appropriate energy that matches a specific electronic transition. This is exploited in 
UV/Vis spectroscopy where the sample is exposed to a range of wavelengths (typically 
between 200-800 nm) to probe for all possible electronic transitions in this region. The 
absorption of light by a molecule is expressed through the Beer-Lambert law, shown in 
Equation 3, where A is the absorbance, l is the pathlength where light travels through the 
sample, and ε is the molar attenuation coefficient.  

(3) A = ε l c 

The absorbance of light across selected wavelengths is measured as the difference in 
detected transmittance between the sample (I) and a reference sample typically only 
containing solvent (I0), shown in Equation 4.  

(4) T = 𝐼𝐼𝐼𝐼0 

In the realm of light interactions, there exists a region of particular importance for life, where 
the energy difference between two molecular orbitals aligns with the energy of photons 
within the visible spectrum of electromagnetic radiation. Molecules that exhibit absorbance 
in the visible light range, between 400 – 700 nm, are termed chromophores. In accordance 
with the Grotthuss-Draper law, the detection of light requires an interaction between light 
and a molecule. The absorbance of light has a transformative power to induce further 
chemical change, utilizing the energy acquired from the photons to signal and facilitate 
various biochemical functions. In human vision, the spectral range of light interaction is 
governed by the absorbance of specific chromophores, such as retinal. When a photon with 
the appropriate wavelength is absorbed by retinal it leads to an isomerization reaction 
which prompts a signaling cascade reaction by inducing a conformational change of the 
associated protein. This is how our eyes knows that a photon of a specific wavelength has 
made it to the right place. It is important to note that not every absorbed photon necessarily 
results in a chemical reaction or change. The likelihood of a chemical reaction upon photon 
absorption is quantified by the quantum yield (ϕ). If ϕ = 1, it indicates that one absorbed 
photon leads to one chemical reaction representing a 100 % quantum efficiency. The 



 

5 
 

quantum yield is a valuable measurement of how efficient a photochemical process is. The 
most common method of determining the quantum yield is to benchmark the unknown 
process to a chemical reaction with a known quantum efficiency by chemical actinometry.[8,9] 
While the visible spectrum is important for many biological processes, looking beyond it 
reveals a plethora of other novel interactions, particularly with higher energy photons like 
X-rays. Unlike photons in the visible spectrum, X-rays have substantially more energy, 
allowing them to interact with materials that visible light cannot. 

1.2 X-RAY CRYSTALLOGRAPHY – BUT THIS ONE GOES TO 
ELEVEN 

Light indeed has quite some tricks up its sleeve. It's intriguing how even within the visible spectrum, 
light’s behavior can vary dramatically, from the precision of a short-pulsed laser beam to the 
illumination by a gentle stream of photons provided by a lit candle.  

The electromagnetic spectrum is divided into different regimes, from gamma rays to radio 
waves, as illustrated in Figure 1.  As we venture beyond the visible spectrum, increasing the 
frequency and energy of electromagnetic radiation, we traverse through ultraviolet light and 
ultimately step into the enigmatic world of X-rays. The rules of the game change as the high 
energy allow for novel interactions with matter. X-rays have wavelengths ranging from 10-12 
to 10-9 m and is typically categorized into soft X-rays, X-rays, and hard X-rays, from longer to 
shorter wavelengths. To visualize the interactions between atoms, molecules, and proteins, 
with atomic resolution hard X-rays with a wavelength between 0.1 – 1 Å, are ideally suited 
for this task. 

 

Figure 1. Electromagnetic spectrum ranging from gamma rays to radio waves. Black and white 
illustrations were generated with DALLE via ChatGPT 4.0.  

The fundamental principle first formulated by the father and son team, Henry and 
Lawrences Bragg (both first name William) in 1913 termed Bragg’s law. It is a simple yet 
powerful equation that provides the foundation for how X-rays diffract in a crystal lattice 

 

6 
 

(Equation 5). Where λ is the wavelength of the X-ray, d is the distance between the planes, n 
is an integer and θ is the incident angle of the X-ray.  

(5) nλ = 2d sin(θ) 

When a crystal is exposed to X-rays of suitable wavelength and intensity, the dense cloud of 
electrons within the orderly crystal scatters the incoming X-rays. This interaction leads to 
constructive interference dictated by Bragg’s Law, culminating in a discernible pattern with 
spots of varying intensity. The coherence of in-phase X-ray waves determines the strength of 
these spots captured by a detector, each carrying information about the crystal’s dimensions, 
symmetry, and atomic coordinates. However, stationary crystals (Figure 2, top) limit the 
intersection with the Ewald sphere (Figure 2) —a conceptual sphere with a radius of 1/λ—
with the crystals reciprocal lattice, capturing only a portion of potential diffraction data. By 
rotating the crystal, the reciprocal lattice is likewise rotated, bringing different atomic planes 
into reflective positions, allowing new reciprocal lattice points to intersect with the Ewald 
sphere. This continuous rotation allows a comprehensive dataset to be collected by the 
diffractometer, essential for constructing the three-dimensional model of the crystal. The 
Ewald sphere originates at the X-ray source with a size depending on the wavelength of the 
incident X-rays: the shorter the wavelength, the bigger the sphere.[10] The collected data, 
while rich in intensity information, do not convey the phase of the scattered waves, giving 
rise to the infamous phase problem.  

Figure 2. Top: Left) A schematic representation of the principle of Bragg's law where an incoming 
X-ray beam is diffracted by a crystal where the spheres represent atoms within the crystal. Right) 
Ewald’s sphere illustrating when Braggs law has been satisfied which results in diffraction which 
can be collected with a detector. Bottom:  Left) A crystal mounted in a traditional X-ray 
diffractometer cooled with a stream of liquid nitrogen. Middle) A close up of the crystal which is 
rotated and right) the diffraction pattern obtained after 30s of continuous exposure to the X-ray 
source.  
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To reconstruct the three-dimensional structure, crystallographers rely on indirect methods to 
estimate these missing phases such as; Molecular Replacement (MR), Multiwavelength 
Anomalous Diffraction (MAD) and Single Isomorphous Replacement (SIR).[10] In 
crystallographic studies, the size of the crystal under examination, can significantly 
influence the experimental requirements and complexity of data collection. For small 
organic molecules, “large crystals” are often more readily obtainable. These larger crystals 
scatter X-rays more effectively, yielding clearer diffraction patterns, which mostly can be 
resolved with standard X-ray diffraction equipment, shown in Figure 2.  Smaller crystal will 
scatter X-rays less efficiently and with increasing molecular complexity such as 
biomolecules, this poses a significant challenge in attaining sufficient resolution without 
causing damage to the crystal. In protein crystallography, especially for membrane proteins, 
the crystals obtained are typically very small, often in the micrometer range. Membrane 
proteins are challenging to crystallize due to their amphipathic nature, having both 
hydrophobic and hydrophilic regions, and often have complex and dynamic structures.[11] 
These tiny crystals require more intense X-ray beams to produce high quality diffraction 
data and beams of this caliber are only readily available at technically advanced facilities 
such as synchrotrons or X-ray Free Electron Lasers (XFELs).[12] The facilities of relevance for 
this thesis are shown in Figure 3.  

 

Figure 3. Top: Left) The European synchrotron and radiation facility (ESRF) located in Grenoble, 
France, supported by twenty-two countries and has been conducting X-ray based scientific 
measurements since 1994. In 2022 it received an impressive upgrade which increased the 
performance with a factor of one hundred.[13] Middle) The SACLA facility in Japan, co-located 
with the SPring-8 synchrotron, is renowned for its XFEL. Right) The MAX IV Laboratory in 
Sweden, operational as a user facility since 2016, succeeds the MAX-lab (1987-2015) and with its 16 
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beamlines offering advanced X-ray spectroscopy, scattering/diffraction, and imaging techniques.[14] 
Bottom: Left) The Linac Coherent Light Source (LCLS) XFEL at SLAC National Accelerator 
Laboratory in the United States, operational since 2009. Middle) the SwissFEL at the Paul Scherrer 
Institute (PSI) in Switzerland, operational since 2016. Right) The European XFEL, located in 
Germany has been operational since 2017.  

The advent of synchrotron radiation marked a significant advance for X-ray crystallography. 
Synchrotron radiation is produced when a charged particle, such as an electron, is 
accelerated to near-light speeds and forced to travel in a curved path by a magnetic field.[15] 
This acceleration leads to the emission of extremely bright and intense X-ray radiation, 
which was initially deemed a nuisance by frustrated particle physicists as it represented a 
loss in energy. However, it did not take long until it was realized that this could be used to 
generate X-rays of exceptional brightness, with tunable wavelengths, and very short pulses. 
This made it ideal for a wide range of scientific applications.  For crystallographic 
applications, the brilliance of the synchrotron radiation enabled the study of significantly 
smaller and more imperfect crystals than those typically required for traditional X-ray 
sources. The enhanced beam brightness significantly reduced the required exposure time to 
collect a diffraction pattern, allowing for rapid acquisition of large datasets. Furthermore, 
the ease at which the wavelength could be tuned has facilitated the routine use of specific 
analytical techniques and expanded the toolbox of X-ray based studies.  

While traditional Cu-based X-ray diffractometers typically requires exposure times ranging 
from seconds to minutes, synchrotron-based experiments frequently employ exposure times 
in the range of microseconds to milliseconds. This reduction in exposure time and increase 
in brilliance not only yielded an increase in  time efficiency; it also opened the door for 
completely new scientific avenues. Particularly, for the study of atoms in motion. This 
breakthrough is analogous to the advances made in camera technologies. From hours-long 
portrait sittings suffered through by early nobles and kings, to modern cameras capturing 
sub-microsecond events with high temporal and graphical resolution. A similar revolution 
has now transformed time-resolved crystallography. The brief duration of X-ray pulses in 
synchrotron sources intersected with the timescale of enzyme catalysis. The enzymatic 
turnover number (kcat), varies widely from the very slow (10-2 s-1) to the very fast (105 s-1), as 
seen in enzymes like carbonic anhydrases[16] and acetylcholinesterase[17] respectively. 
According to the BRENDA database, which compiles various kinetic parameters for 
enzymes, the median enzymatic reaction rate is approximately 13.7 turnovers per second 
(Figure 4).[18] The integration of synchrotron radiation into crystallography now allowed for 
the visualization of snapshots of these enzymatic events, correlating structural changes with 
functional outcomes at unprecedented speeds. However, this was still far away from the 
scale of rapid intermolecular movements during the timescale of the actual chemical 
reaction and the associated movements of the protein machinery.  
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Figure 4. a) An overview of the relative proportions of enzymatic reaction rates. Figure adapted 
from ref.[18] b) Approximate time-scale of relevant events which are typically studied with the 
various X-ray based techniques in addition to traditional crystallography such as small angle x-ray 
scattering (SAXS) and wide angle x-ray scattering (WAXS) in time resolved studies. Additionally, 
it shows what method of reaction initiation is suitable for observing different types of molecular 
dynamics. Figure is adapted from ref.[19]  

The advances of XFELs marked the final piece of the puzzle. This technology differs from 
how synchrotron radiation is generated by its linear configuration, generating X-ray pulses 
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by accelerating a high energy electron beam through an undulator magnet. The X-ray pulses 
generated by XFELs are of extraordinary intensity and ultrafast duration, enabling 
observations of molecular dynamics on the femtosecond timescale. Initially, there was 
skepticism regarding the feasibility of these high-intensity X-rays and protein crystals due to 
the inherently fragility, akin to firing a high caliber bullet though glass. Not a completely 
unfair comparison but fortunately it differs where it matters. It was predicted that 
diffraction resulting from the interaction of the X-ray and crystal occurs before the inevitable 
destruction of the crystal has had time to unfold. This phenomenon is central to modern 
protein crystallography and is referred to as the principle of “diffraction before 
destruction”.[20,21]  

Nothing is free in life or science; a price must be paid for this fortunate phenomenon. The 
destructive nature of the XFEL necessitates a different method for data collection.  Unlike 
traditional methods where a single or handful of crystals are rotated to capture data from all 
angles, the crystals need to be replenished after each exposure to an XFEL beam. This led to 
the development of serial femtosecond crystallography (SFX). In a SFX experiment, a stream 
of crystals in aqueous or a viscous fatty matrix is extruded from an injector system and 
passed through an X-ray beam. This results in a more complex data analysis process as the 
diffraction patterns are collected from many different crystals in random orientations. 
However, as a consequence of the ultrafast duration of the X-ray pulse, the diffraction data 
is generated before the onset of radiation damage. Radiation damage is a common topic of 
discussion regarding synchrotron data of proteins containing redox sensitive moieties such 
as metalloenzymes.[22–24] After the initial success story of the first solved SFX structure with 
XFEL radiation, photosystem I, a light responsive protein complex responsible for bio-solar 
energy conversion, it was only logical to further push the limits of what this new technique 
could achieve.[25] Due to the ultrafast nature it provided novel access into the avenue of light 
induced structural changes in the picosecond range. Reaction intermediates quickly started 
to appear in the scientific literature following the implementation of time-resolved (TR)-
SFX.[26,27]  

In a typical TR-SFX experiment of a photo responsive system, the crystals are extruded from 
a microjet,[28] a pump-laser is used to initiate the photochemical reaction, which is then 
subsequentially probed by the X-ray pulse (illustrated in Figure 5). For the first time, it was 
possible to visualize the molecular dance of life. This has been shown to be a very successful 
method for light responsive systems.[29] However, it left a lot on the table considering the 
miniscule proportion of light responsive proteins in the total repertoire of proteins in 
nature’s toolbox.[19] To facilitate the study of substrate dependent proteins, with comparable 
spatiotemporal control, novel approaches to initiate the reaction of study have been 
suggested, such as: liquid mixing jets,[30] picolitre “drop on drop” rapid diffusion,[31] 
temperature jumps,[32,33] stimulation by an electric field,[34] each with its associated 
challenges. One particularly interesting approach is the implementation of photocages, 
where the natural substrate of the enzyme is chemically modified which renders the 
substrate unreactive. Until a light pulse activates the substrate which will be discussed in 
greater details later.  
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Figure 5. The typical experimental setup in a TR-SFX based experiment typically performed at 
XFELs where a sample injector delivers the protein crystals to the X-ray beam as a thin jet. Laser 
illumination is performed shortly prior to the interaction of the protein crystal and the X-ray beam 
at a determined time delay to trigger a photochemical reaction.  
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1.3 OXYGEN – A BREATH OF FRESH AIR 
“Without darkness there can be no light.” The same saying holds true for molecular oxygen as the 
excess of O2 in our atmosphere is a consequence from light emitted by the sun. The tie between oxygen 
and light is biblical in the literal sense. Life as we know it starts with cellular respiration, and what 
other experimental method of study is more suitable to study the interplay between oxygen and light, 
but one dependent of light itself.  

Oxygen manifests itself in many different shapes and forms in nature. It can be found in 
minerals, metal oxides, carbonates, phosphates, water, proteins, and carbohydrates. In the 
gaseous state it is a diatomic molecule comprised of two oxygen atoms bonded together. 
Much of its chemical versatility stems from its ability to adopt various electronic 
configurations. In contrast to other homonuclear molecules, the oxygen we breathe 
possesses a paramagnetic triplet ground state (3O2) with an open-shell electronic 
configuration featuring two unpaired electrons (Figure 6).  

 

Figure 6. Electronic configuration of molecular oxygen in the ground state (3O2) and the singlet 
state (1O2).  

 

Figure 7. Various reactions between singlet oxygen and organic molecules. Also shown is the 
ligation of molecular oxygen to hemoglobin and the Strecker reaction of amino acid which is 
partially responsible for wet carboard tasting beer following improper packaging and storage with 
residual oxygen.  
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According to Hund's rule, electrons fill up molecular orbitals in a way that maximizes the 
number of unpaired electrons.[35] This arrangement helps explain why, despite being a 
diradical, molecular oxygen is surprisingly stable and unreactive under normal 
conditions.[36] However, it does react readily with other radicals. Oxygen reacts 
exothermically with almost all organic compounds, as one might expect for a substance 
which is added as an additive to rocket fuel. However, most chemistry students will 
remember that a balloon filled H2 and O2 will float around until it is ignited with a match, 
preferably attached to a very long stick, and go off with a loud bang due to a high energy 
activation barrier.[37] Reactive oxygen species derived from molecular oxygen are frequent in 
nature and in biological systems. A harsh lesson learned by most homebrewers is the 
autooxidation of beer by oxygen-driven reactions such as the Strecker degradation of amino 
acids (Figure 7) which leaves a lingering taste of wet carboard on the tongue.[38]  

In the 1930s, Hans Kautsky proposed the existence of an “activated form” of molecular 
oxygen. However, this idea did not gain significant attention until three decades later when 
it peaked the interest of the broader scientific community.[39,40] The first excited singlet state  
(1O2) of molecular oxygen is reached when the two unpaired electrons are forced to combine 
within the same molecular orbital, which changes the reactivity drastically. The relative low 
excitation energy of 1O2 (1.0 eV)[41] aligns seamlessly with its prevalence in nature. Singlet 
oxygen is produced by various routes, in the chemical laboratory it can be produced in large 
amounts by the reaction of peroxynitrite and hydrogen peroxide, a common chemistry 
demonstration to visualize the chemiluminescent properties of singlet oxygen.[42] It can also 
be formed as a by-product of enzymatic reactions such as peroxidases and oxygenases and 
directly in cells by direct energy transfer to ground state molecular oxygen by various 
excited species present.[43] Today, a more common method of singlet oxygen generation is 
the combination of light and a photosensitizer. The photosensitizer in the ground state (S0) 
absorbs light and reaches an excited singlet state (S1) which is rapidly converted to a long-
lived triplet (T1) state via ISC. This triplet state has a sufficiently long lifetime to participate 
in bimolecular reactions and will with high efficiency excite molecular oxygen to its excited 
singlet state.[44] Rather impatient with a short lifetime (~3 µs in water[37]), in the absence of a 
reaction partner, 1O2 readily relaxes back to the ground triplet state 3O2 via radiative or non-
radiative processes. 1O2 is a highly electrophilic species which readily participates in a 
variety of chemical reactions with alkenes, dienes, polycyclic aromatic rings, and frequently 
participates in ene-type reactions and cycloadditions (Figure 7).[43]  

Singlet oxygen is produced endogenously in many biological systems, often to the detriment 
of the host. When concentrations exceed the cells endogenous 1O2 scavenging system 
cytotoxic damage occurs and rapidly leads to necrosis.[45] Even upon generation of low 
concentrations of 1O2 this tends to trigger a response that leads to programmed death of the 
cell.[46] Biological systems have evolved a response to destroy cells which are associated with 
1O2 production. Photodynamic therapy (PDT) is routinely used in the treatments of certain 
types of cancer. It relies on photochemical generation of singlet oxygen by illuminating the 
desired area with red light. Light is then absorbed by a photosensitizer (PS) which can 
further react with molecular oxygen to excite it to the singlet state. 1O2 subsequently triggers 
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destruction of the cancerous cells via oxidative damage. However, wider implementation of 
this technique faces challenges. The hypoxic environment of certain tumors significantly 
restricts the efficiency of PDT. Furthermore, the excitation of the PS is dependent on light 
penetrating to the affected area in addition to the efficient accumulation of the PS in 
tumors.[47–49] Recent strategies to circumvent these limitations include the development of 
oxygen generating materials in conjunction with PDT.[50] Employing a singlet oxygen carrier 
for direct spatiotemporal release could address many challenges currently facing 
photodynamic therapy (PDT). Endoperoxides derived from acenes have recently been 
explored for this purpose by attachment to gold nanorods,[51] or incorporated into covalent 
organic frameworks[52,53]. Recently it was also shown that the release of 1O2 could be 
triggered by chemically[54] or enzymatically[55] modifying an endoperoxide which then leads 
to an increase in the release rate.  

1.3.1 THERE IS SOMETHING METAL ABOUT OXYGEN  
Not all metals will readily form a bond with oxygen, but amongst the ones that do, one bond stands 
out as particularly intriguing. Not too strong, which would have had detrimental consequences for 
life as we know it, and not too weak as this would have severe consequences, especially for our blood. 
The cultural controversy surrounding blood has deep roots, given the duality as a disease transmitter 
and an indispensable necessity for life, transporting oxygen from our lungs to the rest of the body.  

Oxygen plays a pivotal role in biological systems. Hemoglobin, a crucial protein found in 
blood, serves a vital function in the transportation of oxygen. The nomenclature is logical 
given its chemical composition as a globular metalloprotein containing heme groups. Of this 
we can be quite certain ever since the elucidation of its crystal structure which was awarded 
with the Nobel prize.[56] Nature ingeniously employs various metals in enzymes, each metal 
employed being fine-tuned by structural and electronic factors to fulfil a specific function. 
Within hemoglobin there is an atom of iron which serves a life essential task of binding, and 
equally important, releasing molecular oxygen. With every breath we take, oxygen gas is 
taken up in the lungs, diffused through the alveoli into the blood stream, and taken up by 
the iron metal to form a temporary bond, which is broken once the oxygen molecule has 
been delivered to the correct place in the body. As previously mentioned, oxygen can react 
exothermically with almost any substance, provided sufficient activation energy is available. 
Thus, the precise and controlled way in which nature binds and releases oxygen (Figure 7), 
avoiding unwanted chemical reactions, showcases remarkable spatial and temporal 
regulation of this potentially reactive species.  

O2 is highly effective as an electron acceptor in the oxidation of carbon-based fuels for 
several reasons. Firstly, the reduction of O2 results in the largest free energy release per 
electron transfer, surpassed only by fluorine. Second, O2 in its ground state is a diradical, 
possessing two outer electrons with parallel spins, which contributes to its stability and 
prevalence in Earth's atmosphere.[57] Unlike fluorine, which fortunately sat this one out. 
When oxygen emerged in abundance, nature quickly implemented it as an electron acceptor 
in various metabolic processes. Cytochrome P450 fixates and utilizes molecular oxygen in 
various biochemical hydroxylation, epoxidation and oxidation reactions.[58] Methane 
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monooxygenase catalyzes the biotransformation of methane to methanol, a reaction 
involving the cleavage of the O−O bond in O2.[59] Other enzymes have been tasked with the 
harnessing of the energy conserved withing the dioxygen bond and utilize this to catalyze 
highly energetically demanding processes, one being cellular respiration. This resulted in a 
significant improvement in terms of energy yield demonstrated by the increased efficiency 
of aerobic contra anaerobic metabolic pathways. In aerobic metabolism, for each molecule of 
glucose, four times more energy is generated in contrast to the anaerobic pathways, 
ultimately leading to a more efficient synthesis of ATP.[57] Aerobic respiration is comprised 
of three main stages; glycolysis, the Krebs cycle, and oxidative phosphorylation. Glucose 
metabolism, initiating with glycolysis, culminates in the production of up to 38 ATP 
molecules per glucose molecule. A significant portion, approximately 32 ATP molecules, is 
generated through oxidative phosphorylation. This process involves a series of redox 
reactions where electrons from the reduced form of nicotinamide adenine dinucleotide 
(NADH) and flavin adenine dinucleotide (FADH2) are transferred to O2 facilitating the 
creation of an electrochemical proton gradient across the inner mitochondrial membrane. 
This gradient, known as the protonmotive force, is crucial for ATP synthesis, as it drives the 
ATP synthase enzyme to convert ADP into ATP, harnessing the energy released during 
these essential redox reactions.[60] In eukaryote organisms, this series of complex electron 
transfer events takes place in four protein complexes within the inner membrane of the 
mitochondria. Oxygen enters the stage in the third act, together with the third complex of 
the chain, cytochrome c oxidase.  
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1.4 CYTOCHROME C OXIDASE – WHAT IS MY PURPOSE? 
YOU PASS PROTONS 

Cytochrome c oxidase (CcO) belongs to the terminal heme-copper oxidase (HCO) 
superfamily of enzymes responsible for the chemical reduction of molecular oxygen to water 
according to the reaction scheme below. This process involves the translocation of protons 
across a membrane, creating a protonmotive gradient used for ATP synthesis. 

𝑂𝑂2 + 4 𝑒𝑒− +  4 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
+ +  4 𝐻𝐻𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝

+ →   2 𝐻𝐻2𝑂𝑂 +  4 𝐻𝐻𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝
+   

(Shown above is the pump stoichiometry for the aa3-type oxidases) 

HCOs are divided into three families (A, B, and C), characterized by unique cofactors and 
subunits. Despite variations in pump stoichiometry and efficiency, these families share a 
conserved mechanism for oxygen reduction. Much of the chemistry associated with the 
redox chemistry of CcOs is governed by the different redox sites.[61] The ba3-type CcO is 
comprised of a low-spin (heme b) and a high-spin heme (heme a3) positioned near a copper, 
with two additional copper ions near the enzyme's surface (CuA). The two different copper 
sites play a pivotal role in the enzyme's function. CuA is situated near the enzyme's surface 
and acts as the initial entry point for electrons that are delivered from reduced cytochrome c, 
the natural electron donor for CcO. The dinuclear copper center facilitates rapid electron 
transfer to a nearby heme via electron tunnelling.[62,63] The low spin heme b is characterized 
by a paired electron configuration together with a strong associated field ligand. It exhibits a 
smaller magnetic moment and has more subtle spectral characteristics due to its greater 
energy difference between the HOMO and LUMO. Conversely, high spin heme a3 has an 
unpaired electron configuration with weaker field ligands and displays a larger magnetic 
moment with distinct spectral characteristics. This owing to a lower energy difference 
between the HOMO and LUMO. The low spin heme a3 is crucial in redox reactions and form 
part of the binuclear center (BNC), comprised by low spin heme a3 and adjacent copper ion 
(CuB).  

The BNC is where the crucial four-electron reduction of oxygen occurs. The strategic 
positioning of these copper ions, along with the heme groups, is essential for the efficient 
functioning of CcOs, enabling effective electron tunnelling within the enzyme. The 
difference in redox potential of the high and low spin heme in conjunction with its 
placement relative to the copper sites create a unidirectional chain where the electrons can 
traverse from the surface CuA to the active site embedded within the enzyme (Figure 8).[3,64,65] 
A notable characteristic of CcO is a unique conserved structural feature of the CuB site, 
where one of the three histidine ligands of CuB is covalently bonded to a tyrosine residue. 
This cross-link is essential for the stability and catalytic activity of the enzyme.[66] 
Furthermore, it significantly influences the redox properties, which are essential for the 
chemistry of oxygen reduction. An  important consequence of the cross-link is a lowering of 
the phenolic proton pKa from 10 to approximately 8.5 which is thought to facilitate a more 
efficient proton transfer.[67]  
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The aa3-type oxidases belong to the A-family and are the largest and most well studied 
group of CcOs. The first crystal structure was solved from Paracoccus denitrificans almost two 
decades ago, achieving an impressive resolution of 2.8 Å at the time.[68] The first crystal 
structure of the ba3-type oxidase was solved shortly thereafter at a resolution of 2.4 Å.[69,70] 
The ba3-type CcO is the major topic of this thesis and further details about CcO will mainly 
be regarding the ba3-type oxidase unless otherwise stated. One major difference is the lack of 
one of the distinct proton transfer pathways in the ba3-type oxidase, which is thought to only 
contain one proton pathway, commonly referred to as the K-pathway analogue of the 
channel in the aa3-type oxidase. This channel is thought to be the path for the protons which 
are to be pumped across the membrane in addition to the protons required to protonate the 
various intermediates in the catalytic reaction cycle to produce water.[71]  

 

Figure 8. Left) ba3-type CcO showing the unidirectional flow of electrons upon chemical reduction 
of the CuA site followed by electron tunneling via heme b →heme a3 →CuB. Also shown is the 
approximate route of proton transfer via the K-channel analogue. Right) Structure of ba3-type 
cytochrome C oxidase from Thermus thermophilus.  

The reaction mechanism for oxygen reduction has been a hot research topic for decades but 
still there are gaps of knowledge. Oxygen enters the catalytic cycle through a well-defined 
hydrophobic channel and makes its way to the BNC. The catalytic reaction cycle is initiated 
when O2 binds and ligates to heme a3 in the fully reduced enzyme (R). In Figure 9, the 
mechanistic cycle for oxygen reduction to water is shown for the aa3-type cytochrome c 
oxidase. This results in the formation of a short-lived intermediate A (~10 µs) that upon 
cleavage of the dioxygen bond yields either the PR or PM state, depending on the initial redox 
state of the enzyme, and one proton is taken up in the active site from the cross-linked 
tyrosine.[67] In both P-type states, the BNC is oxidized, the iron in heme a3 converts from Fe2+ 
to Fe4+ and the copper from Cu1+ to Cu2+. The reaction proceeds directly to the PR state when 
the reaction is initiated from the fully reduced state (four electrons), otherwise it proceeds 
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first via the PM state. The PM state is formed when there is no electron available immediately 
after oxygen ligation and is associated with a longer time constant (200 µs as opposed to 30 
µs) for the transition from A → PM, presumably due to the requirement of a more 
demanding rearrangement withing the BNC. The PR and PM state both share the same 
optical absorbance properties but the PM is unique due to its charge distribution and the fact 
that it is EPR active due to the interaction between CuB and ferryl heme a3.[65] The subsequent 
protonation of the PR state occurs on the time scale of 100 µs which results in the formation 
of the F-state, which is typically associated with a significant change in the optical 
absorbance properties due to the altering of the heme axial symmetry caused by either the 
protonation of the OH ligand of CuB or the loss of a newly formed water from the coppers 
coordination sphere.[3] However, the absence of optical absorbance changes associated with 
the PR → F transition in the ba3-type oxidase could indicate a distinctive feature of its 
reaction mechanism. Since the formation of the F-state does not cause a significant change in 
the absorbance spectrum it is likely that the proton acquired during the PR to F transition is 
not located within the BNC and could instead be transferred to the crossed-linked 
tyrosine.[72] Alternatively, it could also be provided via the propionate groups of heme a3 
assisted by nearby histidine and aspartate residues, along with surrounding waters.[73]  

The charge translocation associated with the transition from the F to O state in ba3-type 
oxidase closely mirrors what is observed in the aa3-type oxidases during the same transition. 
This similarity across the CcO enzyme family highlights a conserved mechanism in the 
proton pumping despite variations in the intermediate state characteristics.[72] The formation 
of the F-state is presumed to result in water leaving the BNC and one proton being pumped. 
The final step in the oxygen reduction process is the transition to the fully oxidized OH state. 
This phase is marked by characteristic spectral changes, indicating that the OH state 
formation coincides directly from the decay of F-state when an electron reaches the BNC 
from heme b. Interestingly, this oxidized state (OH) is not equivalent to the oxidized state of 
the enzyme as isolated (O). If no further electrons are present the OH state can shift to a more 
stable form which is the O state. Single electron injection experiments of OH and O showed 
that upon single electron reduction of OH the electron makes it to the BNC rapidly while 
upon single electron reduction of O mainly ends up on CuA and the low spin heme over 
several milliseconds.[74] The resulting single electron reduction of the OH state results in the 
pumping of one proton whereas in the O state  there is no proton translocation. The OH state 
is postulated to have a hydroxide ligand, with short Fe–OH–Cu bond distances, and the 
transition to the O state have been suggested to arise from hydration and mainly differ in 
the coordination of Cu with an additional fourth ligand in the form of a water molecule.[75]  
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Figure 9. A proposed catalytic cycle for the reduction of molecular oxygen to water in the aa3-type 
cytochrome c oxidase. Adapted from ref[65]. 
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In the catalytic cycle of A-type CcO (Figure 9), each step associated with a single electron 
reduction is linked to the pumping of one proton. However, in B-type oxidases like the ba3, 
the proton pumping is less efficient with only about 0.5 H+ pumped per electron.[76] For 
effective proton translocation across the membrane, a proton must be picked up on one side 
and subsequently released on the other side of the membrane. This process is facilitated by 
the proton loading site (PLS), a crucial component in the proton pumping mechanism. The 
PLS is believed to consist of a group of residues that alter their proton affinity (pKa) during 
the reaction sequence, enabling a “catch and release” mechanism for protons. The proton 
pumping mechanism is believed to first proceed through an initial single electron reduction 
and uptake of a proton to the PLS, and a proton is subsequently transferred to the BNC for 
the chemistry. It is postulated that electrostatic repulsion between the two protons 
eventually causes the release of the proton at the PLS.[76] A structural explanation for the 
intricacies of how redox events such as these reductions and oxidations of various metal 
centers translates into proton pumping still eludes researchers to this day. The precise 
nature and location of the PLS in CcO remains uncertain and is thought to vary among 
different oxidases. Several candidates for the PLS have been proposed, including the 
propionate of heme a3 and nearby amino acids. In A-type oxidases, each electron reduction 
event in the catalytic cycle corresponds to both the loading and release of a proton at the 
PLS. In contrast, the ba3-type oxidase likely associates one redox event with either the 
loading or release of a proton, contributing to its lower proton pumping stoichiometry.[73,77,78] 
Furthermore, a structural basis for the prevention of back-leakage of protons following 
proton pumping is still lacking.[79]  

1.5 TIME IS OF THE ESSENCE 

1.5.1 PHOTOCAGES 
A photocage is a chemical compound engineered to undergo a light-mediated 
transformation and rendering the photoproduct an active substrate. This typically involves 
covalent attachment of a photolabile protective group on a reactant. The first utilization of a 
photocage in biological systems dates back to 1975 and is credited to Kaplan, Forbush, and 
Hoffman.[80]  Their collective effort closed the gap between the synthetic organic chemistry 
community, where photolabile protective groups were already established, to other 
branches within the natural sciences. The first photocage based on a biomolecule was 
developed by attaching an ortho-nitrobenzyl protective group on ATP, utilizing a free 
hydroxyl moiety of the phosphate group as the chemical handle for attachment of the 
photocage (Scheme 1). This also established a convention within the photocage community 
by naming this new protected substrate “caged ATP”. The authors demonstrated the caged-
ATP to be chemically inert towards an ATP dependent Na/K-ATPase under “dark-
conditions”, meaning the typical experimental conditions while excluding exposure to light. 
Following light illumination and subsequent deprotection of the σ-nitrobenzyl protective 
group, no adverse reaction was detected beyond the naturally occurring ATP mediated 
reaction.[81] This approach was also applied to several derivatives of cyclic adenosine 
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monophosphate (cAMP).[82] Derivatives of the photolabile protective group, σ-nitrobenzyl, 
are still used to this day due to their relative ease of synthesis in addition to being 
chemically compatible towards most typical biochemical experimental conditions. σ-
nitrobenzyl is today commonly replaced with a (nitrophenyl)ethyl (NPE) moiety after it was 
revealed that the photoproduct from the σ-nitrobenzyl, a nitrosoaldehyde, was harmful in 
some biological contexts. The photoproduct of NPE decaging, a nitroso acetophenone, was 
deemed less likely to interfere since it is less reactive and came with an additional benefit of 
an increased rate of de-caging.[83] Various derivatives of the NPEs have been synthesized 
(Scheme 1, b-f) and implemented in biochemical studies as substrate cages. Incorporation of 
electron rich substituents on the nitrophenyl ring such as methoxy (-OMe) (Scheme 1, c) and 
methylenedioxy (Scheme 1, d) or replacing the ring altogether with a nitrodibenzofuranyl 
moiety (Scheme 1, e) induce a red shift the absorbance spectrum which is desirable 
considering that these compounds almost exclusively absorb high energy UV-light (> 300 
nm).  

 

Scheme 1. a) The structure of Caged ATP. b) The generic structure of the NPE type photocage and 
c) to f) showing structural modifications to the NPE in order to fine tune the properties of the 
photocage.  

It is important to note that these modifications comes with a trade-off: they result in a lower 
overall quantum efficiency of the reaction.[84] Additionally, replacing the methyl substituent 
between the substrate and the aromatic ring with a carboxylic acid (Scheme 1, d) increases 
the aqueous solubility with the compromise of a few additional synthetic steps.[85] The NPE 
type of photocage has been very successful for the caging of various O- and HN- 
nucleophiles and incorporation of carbonate or carbamide linkers have shown to increase 
the efficiency of uncaging by increasing the thermodynamic driving force of the reaction by 
the expulsion of CO2 (Scheme 1, f).[86] Initially, photocages were used in studies where 
temporal resolution was not critical, and continuous light sources sufficed to activate the 
substrate gradually, as demonstrated for enzymes depending on inositol[87] and cADP-
Ribose[88]. However, as researchers progressed towards more challenging systems, there was 
a growing necessity for optimizing the photocage quantum yield and decaging rate. The 
evolution of σ-nitrobenzyl and NPE photocages underscored the importance of careful 
design of the photocage for biochemical applications, highlighting the need to balance 
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various parameters for optimal performance. Subsequently, in the design of a photocage, 
several parameters must be considered.[19,89] 

1) Photo-decaging rate 
2) The absorption spectrum and extinction coefficient (λ) 
3) Quantum yield (ϕ) 
4) Stability and solubility 

In time-resolved experiments, the process and associated mechanism of decaging is crucial, 
especially when the reaction under study is of rapid nature. The rate of decaging must be 
faster than the reaction being observed, or at least well-characterized and consistent, to 
ensure accurate timing. This allows for the selection of an appropriate time delay, 
preventing premature probing of the sample before the full effect of the pump laser is 
realized. Depending on the type of photocage, several steps might be required for the final 
decaging of the substrate following photoactivation. The NPE photocage demonstrates this 
particularly well, where a “caged proton” photocage releases its substrate (a proton) on a 
timescale much faster than other derivatives of NPEs releases its substrate (Scheme 2).  The 
irreversible acidification is achieved due to the high acidity of the leaving group (pKa ~2) 
enabling efficient “pH-dives” close to pH 2.[90] The detailed mechanistic study of the 
decaging of the caged proton photocage revealed that the rate of decaging differs depending 
on experimental conditions such as the initial pH and the extent of pH change induced 
following the laser pulse.[91] Generally, the decaging rate is dependent on the property of the 
leaving group. A better leaving group will provide a greater thermodynamic driving force 
following excitation.  

 

Scheme 2. The reaction mechanism of NPE based photocage I (caged proton) which upon 
photolysis results in the rapid release of a proton on a much faster time scale compared to NPE 
photocages where a nucleophile is otherwise released in the IV → V transition as opposed to the 
chemical proton released in the II → III transition.  

The Grotthuss–Draper law intuitively explains the second parameter to consider, the 
absorbance of light, inherently tied to the absorbance spectrum and molar extinction 
coefficient of the photocage. Photocages normally requires light in the 200 – 400 nm range,  
as this energetic light is necessary to overcome the energy barriers associated with the 
decaging mechanism. Ideally, light with lower energy would almost always be favorable 
since this would reduce the risk of light mediated side reactions. This consideration is 
particularly important in the UV range below 300 nm, where proteins containing aromatic 
amino acids exhibit significant absorbance of light. The presence of chromophores or other 
light-absorbing substances in the system adds further complexity, often necessitating 
compromises to address these additional factors. The introduction of light into the sample 
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must be precisely controlled, both spatially and temporally, usually managed with a 
nanosecond pump-laser with a set wavelength. The selection of wavelength for the light 
activation is often not trivial. The sample thickness in the experiment can lead to non-
uniform light absorbance throughout the sample and thus, a non-homogenous reaction 
initiation. This occurs because the optical density causes light to become more and more 
diluted as it traverses and is absorbed throughout the sample.[19] The intensity of light has 
caused much controversy, especially within the field of TR-SFX, where theoretical and 
practical aspects of chemistry collide. It is common that a much higher fluence of the laser 
pulse is used than what would be theoretically required based on the overall quantum 
efficiency of the process and absorbance properties of the sample. This has caused much 
debate whether certain observed effects, especially those on a very rapid time scale and 
when only minor changes are observed, can be solely attributed to the chemistry and not to 
secondary effects from the pump laser such as multiphoton effects or heat.[92–95] This is 
potentially more detrimental when the protein itself acts as the chromophore or has 
significant absorbance at the wavelength of irradiation. Conversely, when designing a 
photocage, the aim should be to ensure efficient light absorption and a high extinction 
coefficient. To counteract the consequences of a poorly absorbing photocage, the 
concentration can be increased to such an extent that essentially all photons that enter the 
sample will be absorbed (i.e., the optical density is much greater than 1) assuming that 
another important parameter is met, high aqueous solubility. Hence, the combination of low 
aqueous solubility and poor light absorbance is typically a challenge to resolve whereas if 
one parameter is lacking, one might compensate by increasing the other. 

Upon photon absorption by a photocage, multiple outcomes are possible, influencing the 
overall quantum yield of decaging. This yield is determined by various factors, including 
the relaxation of the excited state, reversibility of the reaction and availability of other 
photochemical pathways not leading to the desired photoproduct. Quantum yields can 
surpass 1 (> 100 %) which at first glance might seem counterintuitive considering the second 
law of photochemistry, the Stark-Einstein law*. However, as demonstrated in the case of a 
nitric oxide (NO) photocage (Scheme 3) , the answer lies in the reaction mechanism where 
two equivalents of the substrate (NO) are produced with a ϕ350 ~1.6.[96]  

 

Scheme 3. The mechanism for the photolysis of a nitric oxide photocage upon illumination by 350 
nm light to produce two molar equivalents of nitric oxide.  

Hence, the quantum yield of the photocage correlates to the laser fluence requirements 
previously discussed. Furthermore, the stability of the photocage towards the experimental 

 
* Historically, it has not been a very successful strategy to dispute Einstein, and this is certainly not for a lack of trying. 
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conditions is of utmost importance for a time-resolved measurements which will be a major 
topic of discussion later in this thesis. 

1.5.2 CAGED OXYGEN 
Working with substrates that are highly reactive can be a double-edged sword when 
incorporating them into photocages. A very reactive substrate typically transfers this 
reactivity to the photocage which has both pros and cons. The case study in this thesis, and 
major source of sleepless nights is exclusively attributed to oxygen photocages, which upon 
excitation releases molecular oxygen. Despite its position as a powerful oxidizing agent in 
the electrochemical series, molecular oxygen typically exhibits a rather sluggish kinetically 
nature in reactions at ambient temperatures. The full redox potential is typically only 
realized when the reaction is carried out as a concerted four-electron process, akin to various 
enzymatic oxidation reactions.[97] It should be noted that this kinetic sluggishness is 
responsible for the coexistence between most organic compounds and the oxygen rich 
environment necessary to sustain life as we know it, which could be argued has some merit 
to it. Bypassing the spin restriction is necessary to react with O2 and is typically referred to 
as “activating” dioxygen which is achieved through three primary methods. Spin inversion 
to singlet oxygen via photosensitized reactions, by coordination of dioxygen to a metal 
complex or by the generation of oxygen radicals. In the context of producing a 3O2 

photocage, this rules out the first and third method as this no longer leaves oxygen in the 
ground state. A crude observation with regard to the release of small molecules in the 
gaseous state (CO, NO and O2) is that these are commonly released from transition metal 
complexes, with some notable exceptions.[98] 3O2 form complexes with various transition 
metals, as shown in Figure 10, either via coordination to one central metal ion or by acting as 
a bridging ligand between two metals.  

 

Figure 10. Some of the relevant different binding modes of molecular oxygen to transition metals: 
a) η1-superoxo b) µ-superoxo c) µ-peroxo d) η2 -superoxo. Shown is also the molecular orbital 
interaction between the HOMO of the metal and LUMO of oxygen.  

When oxygen binds to a metal, the antibonding 2p* orbital of O2 accepts an electron from the 
filled d-orbital of the metal which results in oxygen adapting the formal oxidation state of 
either a superoxide (O2−)  or peroxide (O22−). This change in electron distribution significantly 
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law of photochemistry, the Stark-Einstein law*. However, as demonstrated in the case of a 
nitric oxide (NO) photocage (Scheme 3) , the answer lies in the reaction mechanism where 
two equivalents of the substrate (NO) are produced with a ϕ350 ~1.6.[96]  

 

Scheme 3. The mechanism for the photolysis of a nitric oxide photocage upon illumination by 350 
nm light to produce two molar equivalents of nitric oxide.  

Hence, the quantum yield of the photocage correlates to the laser fluence requirements 
previously discussed. Furthermore, the stability of the photocage towards the experimental 

 
* Historically, it has not been a very successful strategy to dispute Einstein, and this is certainly not for a lack of trying. 
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conditions is of utmost importance for a time-resolved measurements which will be a major 
topic of discussion later in this thesis. 

1.5.2 CAGED OXYGEN 
Working with substrates that are highly reactive can be a double-edged sword when 
incorporating them into photocages. A very reactive substrate typically transfers this 
reactivity to the photocage which has both pros and cons. The case study in this thesis, and 
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nature in reactions at ambient temperatures. The full redox potential is typically only 
realized when the reaction is carried out as a concerted four-electron process, akin to various 
enzymatic oxidation reactions.[97] It should be noted that this kinetic sluggishness is 
responsible for the coexistence between most organic compounds and the oxygen rich 
environment necessary to sustain life as we know it, which could be argued has some merit 
to it. Bypassing the spin restriction is necessary to react with O2 and is typically referred to 
as “activating” dioxygen which is achieved through three primary methods. Spin inversion 
to singlet oxygen via photosensitized reactions, by coordination of dioxygen to a metal 
complex or by the generation of oxygen radicals. In the context of producing a 3O2 

photocage, this rules out the first and third method as this no longer leaves oxygen in the 
ground state. A crude observation with regard to the release of small molecules in the 
gaseous state (CO, NO and O2) is that these are commonly released from transition metal 
complexes, with some notable exceptions.[98] 3O2 form complexes with various transition 
metals, as shown in Figure 10, either via coordination to one central metal ion or by acting as 
a bridging ligand between two metals.  

 

Figure 10. Some of the relevant different binding modes of molecular oxygen to transition metals: 
a) η1-superoxo b) µ-superoxo c) µ-peroxo d) η2 -superoxo. Shown is also the molecular orbital 
interaction between the HOMO of the metal and LUMO of oxygen.  

When oxygen binds to a metal, the antibonding 2p* orbital of O2 accepts an electron from the 
filled d-orbital of the metal which results in oxygen adapting the formal oxidation state of 
either a superoxide (O2−)  or peroxide (O22−). This change in electron distribution significantly 
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impacts the O–O bond length. Amongst the known dioxygen-metal complexes, several have 
shown to be photoresponsive and release oxygen in the triplet state. Such examples includes 
complexes based on iridium[99], synthetic heme (iron),[100] rhenium[101] and molybdenum[102]. 
However, these are not viable platforms for the development of biologically relevant 
photocages since these complexes are only soluble in organic solvents. A metal of particular 
interest is cobalt which shows a diverse range of interactions with oxygen whilst also being 
relatively stable at ambient temperatures. Cobalt complexes exhibits diverse reactivity 
towards molecular oxygen, this effect is evident in the varying O–O bond distances 
observed in different motifs. In μ-superoxo type cobalt complexes, the O–O distances range 
from 1.24 to 1.35 Å in contrast to μ-peroxo complexes that typically has longer O–O 
distances ranging between 1.30 to 1.48 Å.[103] Bridged µ-peroxo-µ-hydroxo (Scheme 4, 
complex A1 - A2) and µ-peroxo-µ-amido (Scheme 4, complex A3)  binuclear cobalt(III) type 
complexes were discovered to release molecular oxygen thermally, chemically, and 
photochemically in the 1970s.[104]  

 

Scheme 4: Top) The proposed reaction mechanism for the formation of binuclear µ-hydroxo-µ-
peroxo cobalt (III) complexes under basic conditions in the presence of excess oxygen in a protic 
solvent. Bottom) Early µ-peroxo-µ-hydroxo and µ-peroxo-µ-amido binuclear cobalt (III) type 
complexes discovered to release oxygen upon thermal or photochemical external stimuli.  

Cobalt(III), with its electronic configuration of [Ar]3d6, forms a variety of complexes, an 
overwhelming majority being octahedral with a low-spin electronic configuration.[105] This 
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conveniently means that most of these complexes are diamagnetic and can be characterized 
by conventional nuclear magnetic resonance (NMR) spectroscopy as opposed to more 
specialized techniques†. The mechanism (Scheme 4) under basic conditions is proposed to 
proceed via deprotonation of the ligand and subsequent oxygen ligation, resulting in an 
intermediate such as intermediate C. This could proceed to react with an additional 
equivalent of B to presumable form the binuclear oxygen-adduct D with an overall formal 
+2 charge. Upon coordination of the hydroxide ligand to both metal centers this yields the 
final complex A1 with a formal charge of +3.  The addition of 0.5 molar equivalents of a base 
is thought to significantly increase the reaction rate by favoring the formation of 
intermediate B but is not strictly needed for the reaction.  The binuclear µ-hydroxo-µ-peroxo 
complex A1 is photoresponsive and will upon UV-light irradiation irreversibly decompose 
to reform the initial species E and release molecular oxygen in the triplet state, representing 
the first example of a caged oxygen complex.  

Isotopic labelling studies with 18O2 has confirmed that it is indeed the O2 originating from the 
peroxide bridge that is released upon photoexcitation. Furthermore, the photochemically 
released oxygen is thought to only comprise 3O2 as no significant formation of 1O2 has been 
detected experimentally.[104,106–110] Details regarding the precise nature of the intermediates 
following photolysis remains elusive but Co+3 have suggested to form but ultimately result 
in the formation of mononuclear Co+2 species. Both reduction and aquation can occur 
simultaneously, adding complexity to the photochemical behavior of these systems. The 
photorelease of oxygen is proposed to proceed by a concerted mechanism with a superoxide 
to cobalt(III) electron transfer from the excited state of the complex upon the excitation by 
light.[106] The mechanistic studies of these complexes are mainly based on optical absorbance 
spectroscopy. These compounds exhibit two moderately intense charge transfer bands near 
360-450 nm resulting from a π*(𝑂𝑂2−2) ligand to metal charge transfer (LMCT) transition. This 
characteristic absorbance band disappear upon photodissociation of oxygen and opens a 
convenient window to track the photorelease dynamics of O2 from complexes of this type.[111] 
A major limitation of these early ammonium and ethylenediamine based complexes was the 
limited solubility in aqueous medium. In addition to this, the quantum yields of the 
photochemical oxygen liberation were low (> 0.1 %). It is therefore not surprising that these 
compounds saw limited use as tools in biochemical studies and was considered more of a 
chemical curiosity amongst a few dedicated cobalt enthusiasts at the time.  

More than two decades later, MacArthur and Einarsdóttir et. al. demonstrated that 
introduction of a bipyridine (bpy) ligand produced a compound with improved 
photophysical properties compared to their ethylenediamine counterparts. This (µ-hydroxo-
µ-peroxo)bis[bis(bipyridyl)cobalt(III)] (HPBC) compound (caged oxygen) exhibits a 
significantly improved light mediated oxygen liberation efficiency compared to complexes 
like A1-A3 with a photochemical quantum yield (ϕ355) of ~ 0.04.[112]  

 

 
† At least from the perspective of an organic chemist. 
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† At least from the perspective of an organic chemist. 
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Figure 11. Time-resolved spectroscopic investigations into the mechanistic cycle of CcO by mixing 
reduced CcO with the HPBC caged oxygen photocage. Also shown is the absorbance spectrum for 
oxidized CcO (blue) and reduced CcO (orange).  

Initially prepared as a perchlorate salt with limited aqueous solubility, a more soluble nitrate 
salt was prepared with significantly improved solubility; and allegedly a ~10 fold increase in 
quantum efficiency‡.[113] Einarsdóttir et. al. subsequently demonstrated that a caged oxygen 
compound could upon photodissociation generate a sufficient concentration of oxygen to 
ligate to/react with: deoxy hemoglobin,  the fully reduced bovine aa3 and bacterial ba3 type-
CcO under experimental conditions suitable for UV/Vis spectroscopic studies.[112,114,115] 
Similar results could be achieved when the two-electron semireduced carbon monoxide 
bound (MVCO) ba3 type-CcO was employed which in addition to the reaction with oxygen 
also demonstrated the equivalent reaction with nitric oxide by a ruthenium based 
photolabile NO carrier.[116] It is furthermore stated that under the reported experimental 
conditions§: the HPBC type photocages are stable and compatible with the biochemical 
reducing agents employed in the studies (sodium ascorbate + ruthenium hexamine,[114] 
dithiothreitol[113]). The undeniable successful implementation of caged oxygen complexes in 
spectroscopic studies gave rise to questions regarding the application towards more 
challenging systems. Although it would become apparent why a mixing approach (Figure 
11) was employed in previous investigations of this system which is not clearly explained in 
the associated publications.  

  

 
‡ Although not impossible, it is definitely not common that the exchange of counterions significantly changes the quantum 
yield to this extent. 
§ It should be noted that this is conveniently phrased. When this phrase is used, no further comments are made regarding the 
stability even slightly outside the scope of the experimental parameters. 
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1.5.3 PHOTOCAGES IN TIME-RESOLVED X-RAY BASED 
STUDIES 

I am sure that people around my generation (1994) will fondly remember the joy when a teacher, often 
a substitute teacher, entered the classroom equipped with the thick TV on wheels. I remember one of 
these days clearly when we were introduced to an educational TV-show, “once upon a time”, where 
hemoglobin was reduced to a talking red ball with legs, arms and eyes. Visually, we could follow 
hemoglobins as they went to work in our bodies and I remember thinking, “if I could just see more 
things in the textbook this clearly, it would make things so much easier”. With the emphasis on 
“seeing”. Modern science must have heard my wish and responded with the development of modern 
time-resolved X-ray based methods for visualizing and understanding the chemistry of life. 

Studying how proteins interact with substrates through X-rays to visualize the “substrate-
structure-function” relationship is an emerging field of research. The field is still in its 
infancy, undoubtably with challenges to discover and overcome before establishing itself as 
a household name.[19,94] However, three pivotal studies have set things in motion by 
attacking some of the first challenges, paving the way for more research in this area. A 4-
hydroxyphenacyl caged fluoroacetate (Scheme 5) was implemented in a time-resolved 
crystallographic experiment which demonstrated the successful decaging of the substrate 
and subsequent binding to Rhodopseudomonas palustris fluoroacetate dehalogenase (FAcD) 
upon which the natural catalytic reaction of the enzyme could be visualized.[117] FAcD has a 
slow catalytic turnover rate in the order of 10 seconds, likely a consequence of the strong 
nature of the C–F bond, the strongest bond in traditional organic chemistry.[118] This slow 
nature of catalysis of FAcD was exploited to probe a large amount of time points 
simultaneously by an innovative technical solution for laser activation and subsequent X-ray 
probing termed the “hit and return – HARE” method.[119] The devil is in the details. The 
success of this study can partially be attributed to a convenient red shift of the absorbance 
spectrum of the photocage when exposed to the experimental conditions. This is likely an 
effect from the pH (8.5) which is close to the expected pKa for 4-hydroxyacetophenones (~8*). 
(The addition of the fluoroacetate moiety is not expected to significantly change the pKa*). 

 

Scheme 5. Caged fluoroacetate and the associated mechanism for photoliberation of fluoroacetate. 
The rapid nature of the release of the substrate from the 4-hydroxyphenacyl type photocage stems 
from the formation of the bicyclic intermediate which is later hydrolyzed to form an ester.  

This likely results in an equilibrium where more than 50 % of the caged fluoroacetate is 
expected to shift toward the deprotonated phenolate, which is known to result in a different 
absorbance spectrum.[120] This allowed for more efficient decaging utilizing light with a 
wavelength of 344 nm, well above the typical very narrow absorbance maximum for the 4-
hydroxyphenacyl type photocage which has a strong spectral overlap with the absorbance 
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maximum (280 nm) for aromatic amino acids such as tryptophan and tyrosine. There will 
always be an additional time delay tied to the diffusion of the released substrate within any 
system employing a photocage. Caged fluoroacetate in the caged state was found to occupy 
a solvent channel in the enzyme prior to light activation. The extent to which a photocage 
diffuses into a protein crystal could significantly impact the time-delay between 
photoactivation and interaction with the substrate.  

Prior validation of reaction initiation in crystals is critical but often a difficult challenge. 
Factors that are particularly relevant to consider are: the porosity of the crystal, size of the 
photocage and released substrate, temperature, accessibility within the protein structure and 
potential interactions with the protein.[119,121,122] It is not obvious what the direct consequences 
would have been for this study if the caged fluoroacetate did not access the solvent channel 
and instead would have needed to diffuse into the crystal following decaging. Hence, 
potential diffusion is important to consider in future studies for substrates where diffusion 
could be influencing the temporal resolution of the experiment. Furthermore, the 
experimental sample composition of a successful TF-SFX experiment should be noted. The 
protein concentration prior to crystallization into crystals with the following dimensions: 
20x20x30 µm3, was 0.5 mM and upon 1:1 dilution with 100 mM caged fluoroacetate gave the 
final 0.25 mM protein to 50 mM photocage and the authors have estimated this to represent 
4-14 equivalents of photocage per active site.  

The first reported TR-SFX study to successfully employ a photocage utilized caged NO 
(Scheme 3) to liberate nitric oxide in the presence of nitric oxide reductase, isolated from the 
fungus Fusarium oxysporum (P450nor).[123] The enzyme contains heme groups which enables 
the binding of NO to the heme. In its natural environment and in the presence of NADH, 
P450nor will reduce NO to form N2O. The binding of NO and ligation to the heme was 
captured by SFX, 20 ms after UV laser excitation, and resolved to a resolution of 2.1 Å. This 
XFEL based TR-SFX study was conducted on a sample consisting of P450nor crystals (20-50 
x 20-50 x 10 µm3) which corresponds to a concentration of heme groups around 16 mM. The 
photocage concentration was 14 mM but since it can release two equivalents of NO it is 
effectively closer to 28 mM which results in a near 2:1 relationship between protein and 
photocage. The careful consideration to the various experimental parameters, and 
subsequent compromises made, were determining factors for the successful outcome of the 
experiment. Several key discoveries were made that are important to consider for future 
work. The laser fluence was reduced below what would theoretically be optimal when only 
considering the optical absorbance properties of the sample and the quantum yield of the 
photocage. A pulse energy of >1.4 nJ/µm2 was found to result in a decrease in the absorbance 
spectrum of the heme in microcrystals of P450nor and pulse energies beyond 4 nJ/µm2 lead 
to physical damage to the crystals. (It should be kept in mind that it is often difficult to 
compare laser fluences between different experiments). The laser fluence employed for the 
TR-SFX experiment generated a NO-bound structure with approximately 50 % occupancy, 
which is argued could have been higher if a higher laser power was used. However, it is not 
obvious that achieving 100 % occupancy would lead to any additional scientific insights. 
Additionally, the authors reason that photorelease of NO beyond its aqueous solubility by 
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increasing the laser fluence or by increasing the concentration of photocage could lead to 
other practical issues from bubble formation. This is something to consider for gaseous 
substrates or in general when the solubility of some component is expected to change upon 
photolysis, it is after all a dynamic system when photocages are involved. 

 

 

 
Figure 12. Different types of illumination schemes typically employed in TR-SFX, TR-WAXS and 
TR-SAXS experiments where the repetition rate of the X-ray and pump laser are synchronized to 
collect as much reliable data as possible. The alternating dark and light scheme provide access to 
both the active state and the reference dark state on a chemically identical sample which 
strengthens the reliability compared to running two separate dark and light measurements on 
different samples. Small differences in preparation could bias the interpretation. a) the most 
common illumination scheme used where the spacing and use of two dark probes increases the 
probability of obtaining a true dark reference. b) The illustration shows how if the pump laser and 
X-ray pulse is not timed properly, only dark states might be collected or only partially illuminated 
sample. c) This case where light and dark1 are both probed by the light pulse is unfortunately 
encountered sometimes. d) For long time-points in a flow-based experiment it becomes more 
difficult to align the laser and the X-ray probed area due to inherent inaccuracies associated with 
the flowrate and one might instead change the illumination method. Continuous illumination from 
a laser diode is a suitable alternative for some systems and enables essentially any time delay to be 
probed.  

No further reaction was observed following ligation of NO, even in the presence of excess 
NADH which is required for the reaction to proceed further. This is attributed to an effect in 
in the crystalline phase that supposedly prevented efficient supply of NADH to the active 
site. Spectroscopic evidence is provided that suggest that the formation of the next 
intermediate for the reaction is slowed down by a factor of 20 in microcrystals. The X-ray 
probe following the laser excitation thus cannot capture this slow intermediate via TR-SFX 
viscous jet delivery and an alternative experimental setup would be required to resolve this. 
In this work, to demonstrate that the NO-ligation is indeed triggered by the light induced 
decaging, an alternating scheme of dark and light was employed during data collection. 
(Figure 12, illumination scheme a) This serves the purpose of eliminating the possibility of a 
dark reaction being operative and secondly, it enables one strength of TR-SFX to be 
exploited. The analysis is based on difference electron density maps and small differences 
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increasing the laser fluence or by increasing the concentration of photocage could lead to 
other practical issues from bubble formation. This is something to consider for gaseous 
substrates or in general when the solubility of some component is expected to change upon 
photolysis, it is after all a dynamic system when photocages are involved. 

 

 

 
Figure 12. Different types of illumination schemes typically employed in TR-SFX, TR-WAXS and 
TR-SAXS experiments where the repetition rate of the X-ray and pump laser are synchronized to 
collect as much reliable data as possible. The alternating dark and light scheme provide access to 
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strengthens the reliability compared to running two separate dark and light measurements on 
different samples. Small differences in preparation could bias the interpretation. a) the most 
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probability of obtaining a true dark reference. b) The illustration shows how if the pump laser and 
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and associated occupancies can still be interpreted chemically.[124] The electron density from 
the dark data can be subtracted from the light data and the whatever is left will in theory be 
the electron density changes triggered by the light probe.[125] It was discovered during the 
analysis of the data from dark1 that this was contaminated with light, reminiscent of a C -
type illumination scheme shown in Figure 12. The illuminated area is probed in both light 
and dark1 X-ray probes while “dark2” is still a proper dark, meaning it did not receive any 
activation by light. This can be caused by multiple experimental errors such as by a 
mischaracterized laser profile, wrong flowrate in correlation to the laser and X-ray probe 
frequency, or by severe inconsistency in the flow of the sample.  

A third relevant study employed X-ray solution scattering, a complementary technique to 
crystallographic methods, where the interaction between proteins in solution and X-rays are 
explored. Time-resolved small- and wide-angle X-ray scattering (TR-SAXS/TR-WAXS) 
experiments allows access to the study of proteins that might be too challenging to crystalize 
whilst still providing valuable information about the structural dynamics of the 
system.[126,127] As with TR-SFX, the technique has proven successful for light responsive 
systems such as photosynthetic proteins and photoreceptors.[128,129] The first example of the 
implementation of a photocage in a time-resolved X-ray based study suitably employed the 
first ever described photocage, caged ATP (Scheme 1a). The work showcased the 
photorelease of ATP and subsequent binding to the nucleotide-binding domains of bacterial 
lipid flippase MsbA. The ATP mediated dimerization was recorded in solution using time-
resolved X-ray solution scattering (XSS).[130] To deliver the sample to the X-ray beam, most 
liquid scattering experiments employs thin glass or quartz capillaries. In this work, a 1 mm 
quartz capillary delivered the protein (0.5 mM) together with the caged ATP (1.5 mM) and 
utilized a 355 nm laser pulse to trigger the dimerization. The σ-nitrobenzyl photocages have 
very low absorbance at the wavelength of irradiation (430 M-1cm-1). This is stated to be 
advantageous since this will ensure that the light is evenly distributed throughout the 
sample and subsequently yield a uniform reaction initiation. This represents a situation 
where only around 14 % of the emitted light is absorbed by the sample, estimated by 
Equation 6 to calculate the fraction of light absorbed. The authors estimated that the 
photolytic yield of ATP under the experimental conditions to be around  ~0.95 mM based on 
a quantum yield of ~0.6 and the pump power used in the experiment.  

(6) 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙ℎ𝐹𝐹 (𝑜𝑜) = 1 − 10−𝐴𝐴 

Taken together, these three studies demonstrate that time resolved X-ray based studies of 
the structural dynamics of proteins with photocages are possible, although associated with 
many trials and tribulations.  
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1.6 KCSA – OR WAS IT KSCA? AN ADDITIONAL PROTEIN 
UNDER INVESTIGATION  

I sat down in a meeting with my co-supervisor which typically started with a thorough summary of 
recent developments in the world of cricket. Quickly discussions followed regarding more relevant 
topics such as Covid-19 and other ongoing world events. Then, nearing the end of the almost two 
hours meeting I was asked regarding the possibility of implementing a photocage to quickly acidify a 
solution for a potential project. Over the course of my PhD, I was given a great amount of freedom to 
plan my own time and whenever I found it suitable, simply try something without telling my 
supervisor(s). Because really, wants to hear about expensive failures, and yes, I have to say there were 
more than I care to, or will admit. However, here I could for the first time with confidence say that 
this would be an easy task. I had already completed the synthesis of such a compound based on a gut 
feeling that it might come in handy.  

Ion channels constitute a crucial component of cellular membranes, playing a vital role in a 
diverse range of biological processes. They act as gatekeepers and control the flow of ions 
across membranes, an essential part of neuronal transmission, muscle contraction, and the 
regulation of heartbeats.[131] Various channels exists for selective transportation of sodium, 
chloride, calcium and potassium.[60] The K-channel streptomyces A (KcsA), was the first 
potassium ion channel to be structurally elucidated by X-ray crystallography,[132] which was 
later awarded with the Nobel prize in chemistry in 2003. KcsA exists as a tetramer, each 
monomer being 17.6 kDa, and is often used as a model system due to its relative simplicity 
compared to other K+-channels. The importance of understanding the structure and function 
relationship for this class of proteins stems from their implication in several disease and 
disorders.[133] KscA consists of only two of the otherwise six transmembrane domains 
compared to related eukaryotic potassium channels. The two domains present contains the 
important pore region, in which the selectivity filter and activation gate is located. These 
motifs have been of large interest for many scientific studies.[132] KscA stands out from other 
K+- channels by being pH-gated instead of being regulated by changes in membrane 
potential, so called voltage-dependent. The conformational change of KcsA is regulated by 
the cytoplasmic pH and will at levels below pH 4 have an increased probability for adopting 
an open conformation and closed conformation above this pH.[134] Various mechanism for 
explaining the pH gating has been proposed and at what site in the channel this occurs has 
yet to be experimentally proven to a satisfactory degree.[134]  
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Figure 13. The structure of the monomer of KscA from Streptomyces as predicted by Alphafold.[135]  

The structural changes in the channel upon opening and closing are considered to be in the 
size range where it is not necessary to achieve atomic resolution, instead alternative 
techniques such as SAXS and WAXS can be used. Initially, it was thought impossible to 
resolve site specific structural dynamics in proteins by SAXS/WAXS. Low signal to noise as a 
consequence of protein overlap with other signals was rapidly addressed by various 
technical advances.[136] Improvements in the interpretation of SAXS and WAXS data with 3D 
models has further enabled more and more complicated structural dynamics to be resolved 
by these techniques.[137] The work presented in this thesis will showcase the implementation 
of a photocage to rapidly acidify a solution of KcsA and the observed structural changes by 
time resolved X-ray solution scattering.  

1.7 LOW MOLECULAR WEIGTH ORGANOGELATORS AND 
OXYGEN? 

I repeatedly asked myself the question, how did I end up here, as I found myself in a bit of a 
conundrum trying to explain how organogels and structural biology logically ties together in a PhD 
thesis in organic chemistry. They don’t. But they could, you just have to use your imagination. I have 
to admit that I don’t find gels particularly interesting by themselves… However, I was curious about 
what access to a semi-solid material could bring, especially when combined with my actual scientific 
interest, which is in the design and implementation of photocages in order to address scientific 
problems. So, please bear with me when I must give a short introduction to the upside-down world of 
“gels”.  

1.7.1 GEL DEFINITIONS: A NECESSARY EVIL 
 “It is easier to conclude that you have a gel than it is to define what it actually is.” – Henrik Sunden. 

The definition of a gel is a sensitive topic in material chemistry. The American delicacy from 
the 1960-70s “Jell-O” and various other household commodities such as hair gel might come 
to mind. These are gels, but they are arguably very different with regards to their properties. 
One is sturdy and mostly retains its shape, to the delight of young children observing the 
jiggy dance as Jell-O made its way to the dinner table. Others are soft and depending on the 
type of hair gel might even cause some debate whether it should even be allowed to fall 
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under this classification. It is more practical to define gel forming materials as; compounds 
(gelators) that form a matrix which immobilizes a liquid, ideally constituting less than 1 % of 
the total mass of the solvent and gelator combined.[138] This should generate a gel-like 
material exhibiting solid-like behavior derived mainly from the gelator as opposed from the 
solvent. The property of the formed gel depends on the nature of the matrix that forms upon 
gelation. Gels derived from polymerization of monomers can cross-link and covalently lock 
in and encapsulate the solvent-gelator interactions. This typically results in permanent gels 
that cannot be regenerated. Much interest has been given to a specific class of gelators, the 
low molecular weight gelators (LMWG), due to their unique ability to self-assembly into 
one-dimensional supramolecular structures. The formed structures can then cross-link by 
various supramolecular interactions such as intertwining, branching or by forming insoluble 
structures, thus capturing solvent and driving the gelation process.  

This self-assembly is driven by typical intermolecular interactions such as π-interactions, 
hydrogen-bonding and Van der Waals interactions.[139] In order to facilitate the gel driving 
interactions, some form of activation is required and the reason for this will vary depending 
on the type of gelator. Common activation routes for gelation involves, heating/cooling, pH 
changes or sonication. Gels obtained from LMWGs are often stiff of nature while breaking 
under relatively low physical strain, reverting back to a liquid. One of the many challenges 
in this field is the design and prediction of molecules that can efficiently form a gel. As an 
indication of how difficult this is, many modern gelators are still serendipitously discovered 
as opposed to predicted based on computer models or chemical intuition. Although, there 
has been significant advances in the field of rational design of gelators in recent 
years.[138,140,141] The strength or stiffness of a gel based on a LMWG depends on the 
equilibrium between the network built within the matrix and dissolved gelator still in 
solution. In order to assess the ability of a gelator to form a gel the minimum gelation 
concentration (MGC) is often referred to which is a benchmark for gelation efficiency. This is 
commonly investigated by a rather crude and often criticized method, the inverted vial test 
(Figure 14).  

 

Figure 14. An overview of the inverted vial test showing a) An OTHO organogelator in a 4 ml 
glass vial typically used for the inverted vial test. b) The addition of solvent and subsequent 
solvation of the OTHO. c) The result of a successful inverted vial test where after heating and 
subsequent cooling, the dissolved OTHO has formed a gel capable of supporting its own weight 
and successfully completing the inverted vial test. d) The inverted vial test in action.  
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This crude evaluation passes the definition of a gel if lack of flow is observed in an upside-
down vial following gelation. The critique is often associated to the lack of further 
rheological characterization and the lack of standardization associated with the inverted vial 
test.[142] Rheology is the study of how matter flow (or in this case, does not flow) and is a 
common method for characterizing the properties of gels. It measures the property of a 
material to resist deformation under stress. Based on the performance it can be helpful to 
define a gel as "weak" or "strong" based on the intensity of interactions where strong gels are 
more solid-like and weak gels are less well defined and could even include traits more 
resembling viscoelastic liquids. The elasticity, quantified by the shear modulus (G), vary 
between weak and strong gels.[141] This is typically divided into two components: the storage 
modulus (G') and the loss modulus (G''), where the storage modulus (G') represents the 
elasticity and the loss modulus (G'') is related to viscosity. A higher G' value suggests a more 
elastic gel and a high G'' value is indicative of a more viscous gel more likely to flow under 
stress.  

1.7.2 THE OXOTRIPHENYLHEXANOATE (OTHO) GELATOR 
The serendipitous discovery of a vial that had spontaneously formed a gel, was a pivotal 
moment that led to focused research on a specific class of molecules known as the 
oxotriphenylhexanoate (OTHO) gelators. The synthesis of gelators can be a time-consuming 
and lengthy process, involving multiple steps to produce the desired target in order to 
investigate its properties. However, OTHO gelator (Scheme 6, top) stand out due to their 
relative ease of synthesis, which involves a multicomponent reaction that efficiently creates 
a compound of high molecular complexity in a single step. The OTHO framework is 
versatile, supporting various substitutions at different sites without losing its effective 
gelation properties.[143–145] The OTHO features a 1,6-ketoester with three strategically 
positioned aromatic rings which are suggested to mediate the important π-interactions for 
gelation. The synthesis of OTHOs involves the formal conjugate addition of unsaturated 
aldehydes to chalcones mediated by a N-heterocyclic carbene (NHC) dialkyl imidazolium 
ionic liquid (Scheme 6). The mechanism shown in Scheme 6 is proposed to proceed via the 
following steps.  
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Scheme 6. Top) The multicomponent OTHO forming reaction. Bottom) The proposed reaction 
mechanism for the OTHO forming reaction.  

Deprotonation of the NHC pre-catalyst by a base such as 1,8-Diazabicyclo(5.4.0)undec-7-ene 
(DBU) generates the free carbene that performs a 1,2-addition to the unsaturated aldehyde. 
Following proton transfer, Breslow intermediate II is formed and undergoes an oxy-Cope 
rearrangement reaction to yield III. This reaction can typically proceed via two transitions 
states (TS) which will lead to different diastereomeric outcomes, where the chair-type TS 
will generate a syn-configuration and the boat-type TS will generate an anti-configuration in 
the final product. The OTHO precursors have stereoelectronic properties that optimize the 
required orbital overlaps of the double bonds in the boat type conformation as opposed to 
the chair, leading to exclusively anti-configuration between the Ar2 and Ar3 aromatic rings. 
This was confirmed with X-ray crystallography of several OTHO derivatives and was also 
shown to be important for the gel formation properties. Following the oxy-Cope 
rearrangement intermediate III is formed which upon tautomerization proceeds to form 
intermediate IV that will be released in the presence of a primary alcohol to yield the 
desired OTHO and regenerating the free carbene.[146,147]  
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gelation. The synthesis of OTHOs involves the formal conjugate addition of unsaturated 
aldehydes to chalcones mediated by a N-heterocyclic carbene (NHC) dialkyl imidazolium 
ionic liquid (Scheme 6). The mechanism shown in Scheme 6 is proposed to proceed via the 
following steps.  
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Scheme 6. Top) The multicomponent OTHO forming reaction. Bottom) The proposed reaction 
mechanism for the OTHO forming reaction.  

Deprotonation of the NHC pre-catalyst by a base such as 1,8-Diazabicyclo(5.4.0)undec-7-ene 
(DBU) generates the free carbene that performs a 1,2-addition to the unsaturated aldehyde. 
Following proton transfer, Breslow intermediate II is formed and undergoes an oxy-Cope 
rearrangement reaction to yield III. This reaction can typically proceed via two transitions 
states (TS) which will lead to different diastereomeric outcomes, where the chair-type TS 
will generate a syn-configuration and the boat-type TS will generate an anti-configuration in 
the final product. The OTHO precursors have stereoelectronic properties that optimize the 
required orbital overlaps of the double bonds in the boat type conformation as opposed to 
the chair, leading to exclusively anti-configuration between the Ar2 and Ar3 aromatic rings. 
This was confirmed with X-ray crystallography of several OTHO derivatives and was also 
shown to be important for the gel formation properties. Following the oxy-Cope 
rearrangement intermediate III is formed which upon tautomerization proceeds to form 
intermediate IV that will be released in the presence of a primary alcohol to yield the 
desired OTHO and regenerating the free carbene.[146,147]  



 

37 
 

 

Scheme 7. Recent applications of OTHOs in material science. OTHO A is the simplest OTHO 
which served as a starting point for further diversification in subsequent studies.  

The adaptability of the OTHO framework and ease of synthesis has facilitated the 
development of a range compounds for diverse applications in the field of material science. 
Notable examples are shown in Scheme 7 with hydrogel derivatives (OTHO B and C),[148] 
multi-color emission in the gel phase (OTHO D),[149] light mediated gel writing and 
erasing,[150] as a chromatographic stationary phase with catalytic activity (OTHO E),[151] 
photon up-conversion OTHO F-H,[152] some of these structures are shown in in Scheme 7. 
Furthermore, chemists with a keen eye for motifs that can bind oxygen would certainly pay 
extra attention to OTHOs such as F-H, due to the presence of a phenyl-anthracene (PA), a 
moiety that is known to reversibly bind and release oxygen in the singlet state.  
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2. RESULTS AND DISCUSSION 

“We did this not because it was easy – but because we thought it would be easy”. Upon joining the 
Oxidase project, I initially worried about what I would do for the final years of my PhD. The project 
seems simple and straightforward; mix a photolabile oxygen cage with a protein, blast it with a laser 
and collect several different time-points to visualize the oxygen reduction mechanism at an atomic 
resolution to make a molecular movie. Simple enough. Did we succeed in this endeavor? No, 
absolutely not, at least not in the way we intended to. Do I think it is achievable? Absolutely, or at 
least probably! If at first you don’t succeed; try, try and try again. Most good stories contain a phase 
of adversity and challenges, which is eventually overcome by the protagonist followed by an: “and 
they lived happily ever after” ending. Is this such as story? Is it even a good story? We have 
progressed the story through the initial few chapters, containing numerous failures and character 
developing moments. Will there be a happy ending for TR-SFX with photocages in the end? Only 
time can tell.  

2.1 PAPER I: EVALUATION AND DEVELOPMENT OF 
OXYGEN PHOTOCAGES FOR TIME-RESOLVED X-RAY 
STRUCTURAL STUDIES 

Paper I aims to address some of the numerous challenges associated with the utilization of 
oxygen photocages to study oxygen dependent enzymes such as CcO. We aimed to expand 
the scope of oxygen photocages from time-resolved absorbance spectroscopy to TR-SFX. 
This necessitated the validation of a homogenous reaction initiation in reduced 
microcrystals of CcO following spatiotemporal release of molecular oxygen by a single laser 
flash. Our work demonstrates that HPBC type photocages can release supersaturated levels 
of molecular oxygen upon excitation of a single laser pulse. This allowed the validation that 
a homogenous reaction initiation can be achieved in microcrystals of reduced CcO with an 
oxygen photocage.  

2.1.1 HOUSTON, WE HAVE A PROBLEM! 
Our journey began with the synthesis of caged oxygen compound HPBC 1, which was 
synthesized as the nitrate salt according to a literature procedure (Figure 15a), resulting in 
the binuclear cobalt complex with three nitrate counterions.[113] This resulted in the target 
compound in the form of a brown powder as opposed to the described black crystalline 
solid. Following optimization of the reaction conditions, a more reliable protocol was 
developed which consistently resulted in high purity product (consult the supplementary 
information associated with Paper I for more details). We verified by absorbance 
spectroscopy that photolysis of an aqueous solution containing HPBC 1 resulted in the 
formation of molecular oxygen, evident by the disappearance of the characteristic LMCT at 
400 nm and visible bubble formation (Figure 15b).[113] Initially, HPBC 1 was described and 
isolated as a perchlorate salt with limited aqueous solubility and a lower quantum yield for 
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light induced oxygen release. The significant discrepancy in reported quantum yields raised 
questions since such a large difference is unlikely to arise by simply changing counterions. 

 

Figure 15. a) Synthesis of HPBC 1. Reaction conditions: bpy (2.0 eq.), NaOH (0.5 eq.) and O2.  

To confirm whether or not this was correct, we synthesized the perchlorate (PF6) in addition 
to the tetrafluoroborate (BF4) derivative of HPBC 1 by the addition of salts containing the 
respective counterion which resulted in precipitation of the target compounds. All three 
salts of HPBC 1 shared identical absorbance spectrums and photolytic properties when 
exposed to UV-light. If there was a difference in quantum yield this should have been 
apparent and we thus concluded that one of the reported quantum yields must be incorrect. 
This prompted us to reinvestigate the quantum yield for HPBC 1 by chemical actinometry 
which revealed that the original report for the perchlorate derivative was correct, with a 
quantum yield of ~0.04 at 355 nm.  

Next, we turned our attention into validating that we could replicate the oxygen mediated 
turnover of reduced CcO upon photolysis of HPBC 1. A more severe issue was discovered at 
this stage when attempting to reproduce results from a previous study of HPBC 1 and 
CcO.[114] It stated that “a spectrum taken 1 min after mixing a solution of the cobalt complex 
with the reduced unliganded enzyme” does not result in premature oxidation of CcO or 
deterioration of the caged oxygen compound HPBC 1. That is, the caged oxygen compound 
does not react with the enzyme or its reducing agents prior to light activation. However, 
when we replicated this experiment, we observed a rapid deterioration of HPBC 1. 
Typically, CcO is produced in the reduced state via two methods: by treatment with excess 
sodium ascorbate (NaAsc) together with a mediator, or by treatment of excess sodium 
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dithionite (NaDt). We exposed HPBC 1 to equimolar amounts of both reductants, which 
resulted in complete decomposition within a few seconds for NaDt and minutes for NaAsc 
(Figure 16). This presented a significant challenge; under these conditions it would not be 
possible to pre-mix the photocage with the reduced CcO. The consequences of this for a 
potential SFX based experiments were severe and would necessitate a sophisticated sample 
delivery system that can accommodate a very rapid mixing under anaerobic conditions. It 
should be noted that there has been significant development towards mix and inject systems 
that can achieve mixing resolutions in the range of seconds in the last few years.[153,154] 
However, it is still relatively new and is not something that is routinely available at XFELs 
and synchrotrons which would make an already complicated experiment more difficult. 
Initial testing with developing a 3D-printed LCP mixing device for in-house testing further 
discouraged pursuing a mixing strategy. To circumvent the redox incompatibilities between 
the photocage and reducing agents, we decided to investigate if it was possible to stabilize 
the caged oxygen compound.  

 

Figure 16. Mixing of caged oxygen HPBC 1 (5 mM) with 5 mM NaDt (left) and 5 mM NaAsc + 
phenazine methosulfate (1.5 µM, mediator) (right) showing the degradation of HPBC 1 over time 
based on the disappearance of the 400 nm absorbance peak, followed by UV/vis spectroscopy. The 
measurement was performed under flow conditions by rapidly mixing the individual components 
in a 0.3 mm quarts capillary in a custom 3D printed flow cell.  

2.1.2 SYNTHESIS OF CAGED OXYGEN PHOTOCAGES 
We rationalized that by employing more electron donating ligands this would increase the 
electron density around the cobalt atoms and make the complex less prone towards 
chemical reduction. In addition to investigating more electron donating ligands, we also 
explored a variety of different ligands in order to gain a better understanding of HPBC type 
photocages. Our investigation soon revealed that the synthetic procedure for HPBC 
compounds, while straightforward, was extremely sensitive to minor structural changes to 
the bipyridine ligand. For a more in-depth discussion of ligands that did not yield HPBC 
compounds, see Paper 1 and its accompanying supplementary material. It was consistently 
observed that the formation of any precipitate during the synthesis generally precludes the 
successful formation of an HPBC-type complex. Furthermore, as opposed to HPBC 1 which 
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is easily produced in large amounts, any structural modification decreases the tendency to 
crystallize and demands tedious purification by slow vapor diffusion. In the end, HPBC 
compounds 2-7, shown in Scheme 8 were synthesized and we proceeded to investigate the 
spectroscopic, photolytic and redox properties. Detailed information regarding the 
synthesis, purification and characterization of novel HPBC compounds can be found in the 
supplementary information for Paper I. Crystal structures were obtained for HPBC 1, 2, 4, ,6 
and 7. Additionally the photoproduct of HPBC 1, 3 and 6 were also obtained and can be 
found in Paper I and the associated supplementary information.  

 

Scheme 8: Successfully synthesized and characterized HPBC compounds 2-7 and the yield of 
isolation following slow vapor diffusion purification. All compounds were isolated as the nitrate 
salt except for HPBC 6 which was isolated as the hexafluorophosphate (PF6) salt.  

The absorbance spectrum for HPBC compounds 1-7 confirmed the presence of the 
characteristic π*(𝑂𝑂2−2) LMCT transition at 400 nm which disappeared upon light irradiation. 
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The formation of equimolar amounts of molecular oxygen was also confirmed 
independently using a fluorescence oxygen sensor (Ocean optics, NeoFox using the patch-
based FOXY formulation), shown in Figure 17.  

 

Figure 17. The release of molecular oxygen determined by a fluorescent oxygen sensor for HPBC 
1-4 (50 µM). HPBC 5 exhibited premature degradation during preparation at room temperature 
which prevented the detection of equimolar concentrations of oxygen and was excluded. The 
image on the right shows the sequence of illuminating HPBC 1 (5 mM) with 385 nm LEDs in a 
sealed cuvette, showing the evolution of oxygen gas. Additionally, HPBC 6 and 7 were not 
sufficiently soluble in aqueous solution for this experiment.  

The quantum yield for the oxygen liberation was determined by chemical actinometry for 
several wavelengths and the results are summarized in Table 1. The redox stability was 
investigated by cyclic voltammetry and by mixing with the relevant biochemical reducing 
agents in a 1:1 molar ratio in a flow cell. Based on the results summarized in Table 1, it 
becomes apparent our initial hypothesis: that a HPBC complex based on a more electron 
donating ligand should be more resilient towards reduction, indeed hold true. HPBC 3, with 
methoxy (-OMe) substituents in the para-position of the bipyridine rings, shows a significant 
improved stability towards NaDt and NaAsc + PMS (Table 1, Entry 3). Surprisingly, HPBC 2 
showed that similar improvements in stability was achievable with a methyl group (Table 1, 
Entry 2). HPBC 4 with a methyl substituent in the meta-position is only marginally more 
stable than unsubstituted HPBC 1 (Table 1, Entry 4). Phenanthroline derivative HPBC 5 has 
the least electron donating ligand which is reflected in the observed redox stability towards 
reductants with the shortest half-life (Table 1, Entry 5). It was also observed that a solution 
of HPBC 5 would deteriorate at an appreciable rate even at room temperature, restricting its 
potential use as a viable photocage. HPBC 6 (PF6 -salt) and 7 (-NO3 salt) were almost 
completely insoluble in aqueous solution (> 50 µM) which also precludes its use in 
biochemical studies. The peak anodic current obtained from the cyclic voltammetry also 
agrees well with the obtained mixing data. A rather unfortunate observation is that the 
stability towards reduction seems to also correlate with a decrease in the quantum yield for 
the light induced oxygen release, which was lower for all HPBC compounds that were 
tested across all wavelengths.  
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Table 1. Relevant data for HPBC compounds 1-7 from Paper I. Determined half-lives of HPBC (5 mM) mixed 
with NaAsc (5 mM) + Phenazine methosulphate (PMS) (1.5 µM) and NaDt (5 mM). The peak anodic current was 
measured for HPBC 1-7 (150 µM) with cyclic voltammetry in MeCN (NBu4PF6: 0.05 M) with a sweep rate of 100 
mV/s. Values are reported vs Ag/AgCl reference electrode with a  working electrode consisting of glassy carbon 
and a platinum counter electrode.  

Entry HPBC T1/2 (NaAsc 
+ PMS) 

T1/2 

(NaDT) 
Quantum yield 

(φ) in water 

Quantum 
yield(φ)  in 

MeCN 

Peak anodic 
current[I] (V) 

1 (1) - bpy 25 s ~0.8 s 

0.04[b] 
0.06[c] 
0.04[d] 

0.03[e] 

0.07[b] 
0.19[c] 
0.19[d] 

0.13[e] 

-0,23 V 

2 (2) – 4Me 19 min 20 s 

0.02[b] 
0.02[c] 
0.02[d] 

>0.01[e] 

0.05[b] 
0.08[c] 

0.08[e] 
-0,34 V 

3 (3) – 4OMe 21 min 13 s 

0.02[b] 

0.02[c] 

0.02[d] 

>0.01[e] 

0.06[b] 
0.10 [c] 

0.08 [e] 
-0,33 V 

4 (4) – 5Me 1 min 2 s 

0.02[b] 
0.02[c] 

0.03[d] 

0.01[e] 

0.07[b] 
0.08 [c] 

0.12[e] 

-0,21 V 

5 (5) – Phen 7 s ~0.7 s n.d[f] n.d[f] -0,17 V 

6 (6) – 
4dtbbpy n.d.[a] n.d.[a] n.d[g] 

0.02[b] 
0.04 [c] 

0.04 [e] 

-0,35 V 

7 (7) – 4Ph n.d.[a] n.d.[a] n.d[g] 

0.03[b] 
0.03 [c] 

0.03 [e] 

-0,27 V 

 

[a]Not determined due to poor aqueous solubility. [b]Using 302 nm monochromatic light. [c]Using 
334 nm monochromatic light. [d]Using 355 nm monochromatic light. [e]Using 392 nm 
monochromatic light. [f]Observed significant decomposition in solution at room temperature. [g]Not 
soluble. [h]Measured in MeCN. [I]Refers to the first reduction peak in the voltammogram. dtbbpy = 
4,4 -Di-tert-butyl-2,2 -dipyridyl. 
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It would be an understatement to say that the results were underwhelming. An 
improvement with regard to the stability was achieved but it comes at the cost of a lower 
quantum yield of O2 release. Furthermore, the improvements in redox stability in HPBC 2 
and 3 were not sufficient to continue with a mixing-free approach with CcO. Early 
screenings of HPBC 1 compatibility towards biochemical reductants had shown that very 
mild reducing agents such as thiol-based glutathione and tris(2-carboxyethyl)phosphine 
(TCEP) did not cause any measurable deterioration. This prompted another question, could 
we find less reductive conditions to reduce the enzyme. Following an extensive screening it 
was found that a large excess of dithiothreitol (DTT) produced CcO in the fully reduced 
state. Incubation with HPBC 1 (1 mM) and DTT (4 mM) showed only minor degradation, 
similar to those observed by prolonged storage at room temperature, by UV/Vis and NMR 
(Paper I, supplementary figure S5, S6). This prompted a compromise to be made. DTT can 
reduce the protein but the reduction is significantly slower than conventional methods, 
typically occurring within 20 minutes as opposed to sub-second. However, this would allow 
us to pursue a mixing free experimental setup for TR-SFX studies.  

 
Figure 18. Absorbance spectrums showing the oxidized spectrum of CcO (blue), the reduced 
spectrum (green), HPBC 1 and reduced CcO mixed after 1 h (yellow) and the same sample after 
385 nm light exposure (red).  This showed that the DTT reduced CcO can be turned over in the 
presence of oxygen.  

Incubating DTT reduced CcO with HPBC 1 in an airtight cuvette for one hour followed by 
exposure of UV-light showed the expected absorbance changes associated with the 
oxidation of reduced CcO (Figure 18, yellow to red, compared against green to blue; note 
that yellow contains the absorbance contribution from HPBC 1).  
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-0,21 V 

5 (5) – Phen 7 s ~0.7 s n.d[f] n.d[f] -0,17 V 

6 (6) – 
4dtbbpy n.d.[a] n.d.[a] n.d[g] 

0.02[b] 
0.04 [c] 

0.04 [e] 

-0,35 V 

7 (7) – 4Ph n.d.[a] n.d.[a] n.d[g] 

0.03[b] 
0.03 [c] 

0.03 [e] 

-0,27 V 

 

[a]Not determined due to poor aqueous solubility. [b]Using 302 nm monochromatic light. [c]Using 
334 nm monochromatic light. [d]Using 355 nm monochromatic light. [e]Using 392 nm 
monochromatic light. [f]Observed significant decomposition in solution at room temperature. [g]Not 
soluble. [h]Measured in MeCN. [I]Refers to the first reduction peak in the voltammogram. dtbbpy = 
4,4 -Di-tert-butyl-2,2 -dipyridyl. 
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It would be an understatement to say that the results were underwhelming. An 
improvement with regard to the stability was achieved but it comes at the cost of a lower 
quantum yield of O2 release. Furthermore, the improvements in redox stability in HPBC 2 
and 3 were not sufficient to continue with a mixing-free approach with CcO. Early 
screenings of HPBC 1 compatibility towards biochemical reductants had shown that very 
mild reducing agents such as thiol-based glutathione and tris(2-carboxyethyl)phosphine 
(TCEP) did not cause any measurable deterioration. This prompted another question, could 
we find less reductive conditions to reduce the enzyme. Following an extensive screening it 
was found that a large excess of dithiothreitol (DTT) produced CcO in the fully reduced 
state. Incubation with HPBC 1 (1 mM) and DTT (4 mM) showed only minor degradation, 
similar to those observed by prolonged storage at room temperature, by UV/Vis and NMR 
(Paper I, supplementary figure S5, S6). This prompted a compromise to be made. DTT can 
reduce the protein but the reduction is significantly slower than conventional methods, 
typically occurring within 20 minutes as opposed to sub-second. However, this would allow 
us to pursue a mixing free experimental setup for TR-SFX studies.  

 
Figure 18. Absorbance spectrums showing the oxidized spectrum of CcO (blue), the reduced 
spectrum (green), HPBC 1 and reduced CcO mixed after 1 h (yellow) and the same sample after 
385 nm light exposure (red).  This showed that the DTT reduced CcO can be turned over in the 
presence of oxygen.  

Incubating DTT reduced CcO with HPBC 1 in an airtight cuvette for one hour followed by 
exposure of UV-light showed the expected absorbance changes associated with the 
oxidation of reduced CcO (Figure 18, yellow to red, compared against green to blue; note 
that yellow contains the absorbance contribution from HPBC 1).  
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2.1.3 SPECTROSCOPIC VALIDATION OF THE REACTION 
BETWEEN CAGED O2 AND REDUCED CCO 

After a significant effort to establish conditions where reduced CcO and the caged oxygen 
photocage could be premixed, we carried on validating that a homogenous reaction 
initiation can be achieved at concentrations and conditions relevant to a SFX experiment. We 
hesitantly decided to continue to employ HPBC 1 for further studies due to concerns 
regarding the diminished quantum yield for the more stable HPBC 2 and 3. We were able to 
demonstrate that concentration exceeding oxygen saturation (>2 mM) could be achieved 
upon excitation of a solution of HPBC 1 in a 0.3 mm quartz capillary (Figure 19). This was 
crucial to validate since a crystalline sample is non-homogeneous and microcrystals of CcO 
is expected to have a local CcO concentration around 2.4 mM. Hence, a high local 
concentration of released oxygen is a prerequisite to enable TR-SFX.  

 

Figure 19. Left) Yield of O2 upon a single 355 nm laser pulse (~1 J/cm2, 5 ns pulse) showing the 
percentage yield (dark blue) and the molar yield (blue) of released oxygen. Right) Close up on the 
capillary containing HPBC 1 prior to light illumination.  

Aqueous solutions of HPBC 1 ranging 0.5 mM to 30 mM were exposed to a single laser 
pulse (355 nm) and the yield of released oxygen was determined by the disappearance of the 
400 nm peak in the absorbance spectrum. At concentrations below 2 mM, full photolytic 
release of O2 was achieved.  The maximum molar yield of O2 was achieved at a 
concentration of 4 mM where a rather impressive >3.5 mM concentration of O2 was reached 
following a single laser pulse. It is important to note that there is a diminished yield upon 
increasing the concentration of HPBC 1 beyond 3 mM due to limited light penetration at 
higher optical densities of the sample. Satisfied with the yield of oxygen release the next 
challenge was to verify that a homogenous reaction initiation can occur with sufficient 
temporal resolution at concentrations relevant for crystallographic studies. Most previous 
spectroscopic studies employed a higher ratio of oxygen to protein, something that would 
be completely unrealistic to achieve for SFX due to the dense/concentrated nature of crystals. 
Therefore, we initially wanted to demonstrate that the reaction could be initiated in an 
aqueous solution at high protein concentrations. This would address the question if a 
sufficient spatiotemporal resolution was achievable at higher protein concentrations which 
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are required for further TR-SFX studies. It was a great relief to observe oxidation of CcO 
upon exposing a sample consisting of reduced CcO (120 µM), DTT (4 mM) and HPBC 1 (2.5 
mM) to a single laser pulse (355 nm, ~1.5 mJ/pulse at the sample position measured with a 
power meter). The most exciting part of this experiment was fine tuning the laser due to the 
poor quantum yield of HPBC 1, which necessitated very high laser fluence to be used. The 
laser spot size had to be optimized to achieve a narrow beam to focus the available light, 
while making sure that the focal point was sufficiently far away from the quartz capillary as 
to avoid accidental laser cutting of the capillary and sample, illustrated in Figure 20. 

 

 

Figure 20. Accidental “laser cutting” of the capillary following a slight misalignment of the laser in 
order to achieve sufficient power to initiate the reaction between HPBC 1 and CcO. The trick here 
is to achieve what is in Swedish referred to as a “lagom” spotsize and laser fluence ratio which is a 
unique Swedish expression referring to just the right amount. 
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Figure 21. TR-optical absorbance difference spectrums of DTT (4 mM), reduced CcO (120 µM, pH 
8) and HPBC 1 (2.5 mM) 2, 10, 50, 100, 200, 500 µs, 1 and 2 ms after a 355 nm laser pulse. The 
spectral contribution of HPBC 1 has been removed and the reduced protein + HPBC 1 was used as 
the blank to obtain the difference spectrums. Characteristics spectral features of the intermediate 
PR are evident at the 50 µs time point. (Figure is taken from Paper I with the permission from the 
authors). 

This was achieved in a sufficient population of the enzyme to distinguish between various 
reaction intermediates for CcO. As a highlight, a high population of the short-lived oxo-
intermediate PR could be resolved with a time delay (Figure 21, 10 - 50 µs, A - B)  consistent 
with the current mechanistic paradigm for CcO. After this time the PR state will transition 
into the F-state which is apparent in Figure 21D from the re-reduction and subsequent 
oxidation of heme b, which is evident from the increase and then decrease of the negative 
peak at 560 nm, associated with heme b. The formation of the oxidized enzyme from the F-
state is then seen as the peak at 610 nm slowly decays in the following milliseconds (Figure 
21, F). This was an important validation; the reaction could be triggered with sufficient 
temporal resolution at high concentrations (Figure 21).  For an in-dept discussion of relevant 
intermediates and time-points see Paper I. It should also be emphasized that it is imperative 
to only use fresh DTT for these experiments since it is sensitive to air and solutions of DTT 
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quickly oxidize and lose reducing potency. To mitigate the oxygen leakage and compensate 
for the slow reduction of CcO, we incorporated an oxygen scrub mixture into our system. 
This consisted of glucose oxidase, catalase, and glucose, which stepwise will consume 
oxygen and prevented samples from oxidizing prematurely whilst not interfering notably 
with the kinetics of the measurement. The oxygen scavenger system proved to be very 
useful for the next step, which was to initiate the reaction in microcrystals of reduced CcO. 
To put the difficulty of this next task into context, please consider the following trivia: 
Protein purification requires 40 L of media each week to produce about 30 mg of purified 
protein. An XFEL experiment for CcO typically consumes about 4-6 ml of crystal slurry. 
Spectroscopists typically avoid using a liquid cubic phase (LCP) as a medium for time-
resolved absorbance spectroscopy measurements for a very good reason. The reason being 
that LCP is quite similar to the viscosity and turbidity of Vaseline which makes the practical 
handling of the sample quite difficult. The sample needed to perform the validation was 
very precious which prompted us to utilize the crystals that were of least interest for 
upcoming XFEL experiments. This was a mistake in hindsight since the crystals used were 
slightly smaller (~5-6 µm) than those actually used for time resolved data collection at XFELs 
later on (typically ~15 µm) since the size of the crystals will affect the diffusion of various 
substrates in the sample which should be kept in mind.  

 

Figure 22. Reduced microcrystals of CcO (50-60 µM) in LCP (orange). Also present in the sample 
was DTT (15 mM) and HPBC 1 (2.5 mM). 1 ms after exposure to a 355 nm laser pulse (blue), 
showing the oxidation of the reduced enzyme, evident by the shift in the soret peak maximum 
from 427 nm towards 412 nm. The spectral contribution from HPBC 1 has been removed for 
clarity.  

However, microcrystals of reduced CcO treated with the oxygen scrub system were mixed 
with HPBC 1 and loaded into a 0.3 mm quartz capillary and exposed to a 355 nm laser pulse. 
This resulted in spectral signals consistent with oxidation of the reduced enzyme. However, 
due to the turbidity of the sample and the additional complications of competing absorbance 
from HPBC 1, and various other components in the sample, only the signal from the soret 
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Figure 21. TR-optical absorbance difference spectrums of DTT (4 mM), reduced CcO (120 µM, pH 
8) and HPBC 1 (2.5 mM) 2, 10, 50, 100, 200, 500 µs, 1 and 2 ms after a 355 nm laser pulse. The 
spectral contribution of HPBC 1 has been removed and the reduced protein + HPBC 1 was used as 
the blank to obtain the difference spectrums. Characteristics spectral features of the intermediate 
PR are evident at the 50 µs time point. (Figure is taken from Paper I with the permission from the 
authors). 
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peak (around 410 nm) shift is observable in our experiment (Figure 22). DTT reduced 
microcrystals of CcO are oxidized by oxygen released by HPBC 1 following excitation with a 
355 nm laser. This was the final piece of the puzzle in terms of validating that it is possible to 
oxidize microcrystals of CcO with oxygen produced from a caged oxygen compound. It 
should be emphasized that we were able to demonstrate that it is possible, but definitely not 
easy. Premature oxidation of the crystalline sample was more problematic than for the 
previous solution-based experiments.  This we partially attributed to the pH which is 5.3 for 
the crystalline CcO sample as opposed to ~7.6 at which the solution-based spectroscopy was 
performed at. Thus, the DTT mediated reduction of the crystalline sample was significantly 
slower than in solution. Furthermore, it was not always behaving consistently and the rate 
of reduction varied significantly. The exact reason for this is still not known but one 
component is definitely depending on crystal size. The consequences of this will be 
discussed in greater details in Paper II.  

The development of the more redox stable HPBC compounds did eventually prove to be 
worthwhile for a side project (unfortunately outside the scope of this thesis) in which we 
investigated an artificial intermediate in the CcO reaction cycle, the carbon monoxide bound 
mixed valence (MVCO) state. This necessitated a prolonged incubation with an oxygen 
photocage where even a small amount of prematurely released oxygen could not be 
tolerated. Initial efforts to scavenge the oxygen released from HPBC 1 were unsuccessful. 
However, upon incubation with HPBC 3, the sensitive MVCO state was intact for around 
one hour which enabled the reaction initiation by a laser pulse to release oxygen to form the 
PM intermediate (Figure 23). In an experiment, exposing MVCO and HPBC 3 to a laser pulse 
allowed observation of the PM state for approximately 30 seconds, a duration not previously 
documented in the literature. The increase in absorbance in the difference spectrum at 610 
nm is indicative of the formation of PM. 

 

Figure 23. Difference spectrum of MVCO (120 µM) and HPBC 3 (3 mM), following a single laser 
pulse (355 nm). The negative feature at 560 nm is a result of a slight over-reduction of the enzyme 
during preparation which is oxidized upon oxygen liberation. The spectral contribution of the 
caged oxygen compound has been removed for clarity. This experiment was performed in solution 
and the blank reference is MVCO + HPBC 3. The spectral characteristics shown are characteristic 
for the PM intermediate which shows an extended lifetime due to the lack of further electron to 
progress the reaction cycle.  
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Efforts are underway to translate these findings into a TR-SFX based experiment. An initial 
attempt was made at MAX IV but failed due to difficulties in attaining a pure MVCO state in 
the crystals in addition to an improvised laser illumination setup. The aim is to potentially 
observe the first oxo-intermediate in the reaction cycle, the PM state. Unlike the conventional 
four-electron reduced enzyme, MVCO (a two-electron artificial intermediate) gets trapped in 
the PM state without progressing further.  

2.2 PAPER II – TR-SFX OF CYTOCHROME C OXIDASE 
WITH AN OXYGEN PHOTOCAGE 

Time resolved Blobbology (TR-BloBy) – The detailed study of various shapes and forms of blobs as 
any resemblance of sanity is slowly lost as a function of time.  

In Paper II the structural dynamics of ba3-type cytochrome c oxidase following the 
photoliberation of molecular oxygen from a caged oxygen photocage was investigated. This 
work built on the foundation from the reaction initiation methodology that was developed 
in Paper I. Paper II is based on the collective effort of our group in the past five years during 
numerous XFEL and synchrotron experiments. A significant challenge was to ensure the 
compatibility of the photocage with the microcrystal's chemical environment to avoid 
premature oxidation under the experimental conditions. Our findings include structural 
changes within 10 ms following oxygen release. We also report on the high-resolution 
structure of the enzyme in its resting state, highlighting a chloride ligand at the active site 
and in the vicinity of the BNC, verified by anomalous X-ray diffraction. This work advances 
our goal of employing time-resolved crystallography for detailed studies of oxygen 
dependent enzymes with the use of photocages. 

This work builds upon previous TR-SFX experiments, mainly from photodissociation 
studies on the reduced CO-bound CcO in addition to the first and subsequent static room 
temperature SFX structures of oxidized ba3-type CcO.[155–157] The next logical step was to 
pursue the reaction between the reduced enzyme and its native substrate, molecular oxygen. 
This was recently attempted by another group by mixing reduced aa3-type CcO crystals with 
an oxygen saturated buffer in a SFX experiment. Eight seconds after mixing, the authors 
claim to observe the PR state. The authors suggest that the lifetime of this typically 
microsecond lifetime intermediate is extended in the crystalline phase. In addition to 
electron density features in the active site reminiscent of two oxygen-type species, there is a 
transient water that only shows upon mixing with oxygen.[158] Furthermore, the steady-state 
reaction between oxygen and reduced CcO was investigated by another group employing 
cryo-electron microscopy. The authors claim to identify intermediates in the reaction cycle 
and propose a peroxide ligand in the oxidized form of the enzyme and molecular oxygen in 
the intermediate P-state.[159] Although, it is unclear how the temporal resolution in the 
experiment would allow for any significant populations of these intermediates under the 
timescale of such an experiment. This controversy is one of many in CcO structural studies. 
It should be emphasized that this is likely due to the inherent difficulty associated with the 
interpretation of crystallographic electron difference density. However, one should not be 
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overly critical, these are highly complex systems to study even when investigating “simple” 
light triggered systems. Initially, the oxidized enzymes structure was thought to contain a 
single oxygen species in the BNC,[160] later hypothesized as a peroxide.[161]  Our group 
previously suggested a single oxygen species such as a water or a hydroxide in the ba3-type 
CcO.[162] Amusingly enough, we subsequently disprove ourselves later on.  

The Noodleman group proposed that this discrepancy in reported ligands to the BNC could 
be attributed to multiple conformations of a single oxygen atom at energetically very similar 
positions. This could be observed as an elongated electron density, which would be 
indistinguishable from a single oxygen species with different occupancies at resolutions 
around 2 Å.[163] Unphased by the challenges encountered in previous work, we set out to 
discover our very own unique set of problems. Taken together our work highlights the 
difficulty of incorporating substrate based photocages in TR-SFX studies and the numerous 
variables that needs to be kept in mind. Our first challenge that needed to be resolved was to 
demonstrate that the reaction could be initiated in microcrystals of CcO, which was 
addressed in Paper I. In a study by Rousseau et al. where reduced CcO and O2 were mixed 
by a rapid mixing jet, they claim to observe an oxo-intermediate from the reaction cycle 
eight seconds after mixing. They reason that the reaction is slowed down by several orders 
of magnitude under their experimental conditions.[158] Under our conditions, we do not 
observe this phenomena, although it should be pointed out that there are many technical 
challenges with time-resolved absorbance spectroscopy measurements on crystalline 
samples, especially microcrystals in LCP. Spectroscopic validations can only prove so much 
and the only way forward was to employ a caged oxygen compound to initiate the reaction 
between reduced microcrystals of ba3-type CcO and oxygen in a real life SFX experiment. 
More detailed information about sample preparation, data analysis, and other relevant 
experimental parameters can be found in the manuscript and supplementary information 
for Paper II.  

2.2.1 TR-SFX STUDIES OF CCO AT SWISFELL 2021 
The end goal of this project was to collect TR-SFX data as reduced CcO is oxidized by 
oxygen released by an oxygen photocage. The initial XFEL experiment (leaving out two 
failed experiments at the European XFEL where no data could be salvaged resulting from 
numerous technical issues) took place at SwissFEL in 2021. For a clearer data interpretation, 
we collected static reference structures for the oxidized and DTT reduced enzyme which 
were resolved to a resolution of 1.7 and 1.8 Å respectively. The oxidized structure (Figure 
24a) was of significantly improved resolution than earlier reports.[162] It was now evident that 
the electron density in the BNC of the oxidized structure could not be simply described by a 
single oxygen species, as previously suggested. Anomalous diffraction later confirmed the 
identity of this ligand as a chloride ion (Figure 24, b-c). A more surprising finding was the 
presence of a second chloride in the vicinity of the active site where protons are though to 
enter the BNC. Although surprising, it was not hard to rationalize considering that the 
crystallization conditions contains 1.4 M NaCl and previous studies have suggested that a 
chloride can ligate CuB.[164,165]  
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Figure 24. a) Refined 2Fobs-Fcalc electron density map for the BNC for CcO in the oxidized state. This 
SFX structure was resolved to a resolution of 1.7 Å. b) Fobs(hkl)-Fobs(-h-k-l) Bijvoet difference 
Fourier electron density map of oxidized CcO revealing a difference anomalous signal in the BNC 
on CuB and heme a3, and two chloride ions. c) A long-distance overview of the anomalous map for 
oxidized CcO. d) Refined 2Fobs-Fcalc electron density map for the BNC for DTT reduced CcO at a 
resolution of 1.8 Å. 
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The DTT reduced structure (Figure 24d) also contained additional electron density in the 
BNC which could not be explained by ligation by a single oxygen species. This is most 
certainly also a chloride considering that it is of similar intensity and occupies the same 
position as the chloride in the oxidized structure, but this has not been confirmed by 
anomalous diffraction. This was unexpected considering the overwhelming CcO literature 
supporting an empty BNC in the reduced state of the enzyme.[65,166] It is thus expected that 
the enzyme was not reduced to 100 % by treatment with DTT under these conditions in 
crystals as opposed to solution where full reduction seems to occur, at least as far as the 
absorbance spectroscopy can prove. A more detailed discussion regarding the extent of the 
reduction by DTT in crystals is found in the manuscript for Paper II. In addition to this there 
is also a thorough discussion relating to other structural changes that arise upon DTT 
reduction which are outside the scope of this thesis where the time-dependent changes are 
in the spotlight.  

TR-SFX data of DTT reduced CcO together with the oxygen photocage HPBC 1 upon 
exposure to a 355 nm laser pulse with the following time-delays; 100 µs, 1 ms, 10 ms and 30 
ms was collected. For the 100 µs and 1 ms data an alternating cycle of light, dark1 and dark2 
(Figure 12, collection scheme A) data collection scheme was used. The same was not 
possible for the following 10 and 30 ms time points due to technical problems related to the 
experimental setup on site. To collect the 10 and 30 ms time point, the laser was offset and 
the jet was illuminated upstream of the X-rays, which prevented the alternating dark/light 
data accusation cycle (Figure 12, collection scheme D).  As a consequence of this, no internal 
dark reference was collected for the 10 and 30 ms time points from the same sample. In 
hindsight, the sensible thing to do** would have been to collect half light and dark on the 
same sample reservoir for reasons that will become apparent later.  

The 100 µs and 1 ms time points shows no significant difference in the Fo-Fo compared to the 
internal dark references (Extended data figure 4 in the supplementary information for Paper 
III). This means that no observable change occurred following the laser activation and 
subsequent release of oxygen. The 10 ms time point showed striking differences compared 
to the non-illuminated reference consisting of caged oxygen HPBC 1 and DTT reduced CcO 
(Figure 25, left) This was initially thought to be a very convincing time-resolved signal, 
showing strong electron density differences at the BNC, and near the proton channel that 
decreases upon liberation of oxygen. In the 30 ms time point, the density in the BNC is again 
present and the strong negative density in the BNC shows a reduction in intensity (Figure 
25). The interpretation at that time was that the shorter time points simply did not allow for 
sufficient time for oxygen diffusion following release from the photocage. The chemical 
interpretation of the BNC in the 10 ms time point was that we possibly captured the 
activated oxidized state of the enzyme, after reaching the end point of the chemical 
reduction of oxygen. The subsequent 30 ms time point showed increased density in the 
BNC, which we attributed to a potentially slower rebinding of the chloride ion (Figure 25).  

 
** It is worth noting that XFEL experiments are chaotic of nature. Too often, strategic decisions regarding data collection 
and details of an experiments have to be made in the middle of the night as was the case with this experiment. 

 

54 
 

 

 

 

 

Figure 25. Left) Fobs(DTT reduced CcO + photocage + light) - Fobs(DTT reduced CcO) isomorphous 
difference Fourier electron density map showing electron density changes at the BNC 10 ms after 
light activation of the photocage.  Right) Fobs(DTT reduced CcO + photocage + light) - Fobs(DTT 
reduced CcO) isomorphous difference Fourier electron density map showing electron density 
changes at the BNC 30 ms after light activation of the photocage.  Maps are contoured at ± 3.2 σ 
(where σ is the root mean square electron density in the unit cell) with gold positive density and 
blue negative density. 

The well-ordered chloride in the proposed proton transfer pathway to the BNC was an 
interesting discovery that could have implications related to the proton transfer mechanism. 
In order to supply protons for the oxygen reduction process, the protons need to reach the 
BNC. This is thought to occur via the K-channel analogue via proton transfer mediated by 
several protonatable amino acids and structurally conserved waters in this region of the 
protein, shown in Figure 26. This network of hydrogen bonds connects protonatable 
residues from the outside of the protein to the BNC with the longest distance of 4 Å between 
Tyr248 and Thr312 where a conformational change is proposed to mediate efficient proton 
transfer between these residues.[167] 
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present and the strong negative density in the BNC shows a reduction in intensity (Figure 
25). The interpretation at that time was that the shorter time points simply did not allow for 
sufficient time for oxygen diffusion following release from the photocage. The chemical 
interpretation of the BNC in the 10 ms time point was that we possibly captured the 
activated oxidized state of the enzyme, after reaching the end point of the chemical 
reduction of oxygen. The subsequent 30 ms time point showed increased density in the 
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Figure 25. Left) Fobs(DTT reduced CcO + photocage + light) - Fobs(DTT reduced CcO) isomorphous 
difference Fourier electron density map showing electron density changes at the BNC 10 ms after 
light activation of the photocage.  Right) Fobs(DTT reduced CcO + photocage + light) - Fobs(DTT 
reduced CcO) isomorphous difference Fourier electron density map showing electron density 
changes at the BNC 30 ms after light activation of the photocage.  Maps are contoured at ± 3.2 σ 
(where σ is the root mean square electron density in the unit cell) with gold positive density and 
blue negative density. 

The well-ordered chloride in the proposed proton transfer pathway to the BNC was an 
interesting discovery that could have implications related to the proton transfer mechanism. 
In order to supply protons for the oxygen reduction process, the protons need to reach the 
BNC. This is thought to occur via the K-channel analogue via proton transfer mediated by 
several protonatable amino acids and structurally conserved waters in this region of the 
protein, shown in Figure 26. This network of hydrogen bonds connects protonatable 
residues from the outside of the protein to the BNC with the longest distance of 4 Å between 
Tyr248 and Thr312 where a conformational change is proposed to mediate efficient proton 
transfer between these residues.[167] 
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Figure 26. The proposed proton transfer route to the BNC via the K-channel analogue mediated by 
a network of protonatable amino acids and structurally conserved waters within the channel.  

The chloride is found in a position that likely disrupts the network illustrated in Figure 27, 
which might prevent efficient proton transfer to the BNC. The water which is typically able 
to make efficient hydrogen bond interactions with residues connected to the BNC instead 
occupies a position slightly further away from the BNC. The chloride would not be able to 
efficiently support a hydrogen bonding interaction with the hydrogen of the farnesyl oxygen 
facing out from the BNC, potentially breaking the network required for efficient proton 
transfer. Considering the high concentration of chloride ions in the crystallization 
conditions, it is a fair to question whether this could be a “naturally occurring” effect in the 
enzyme. The host system for the enzyme, Thermus thermophilus, was originally discovered 
around a thermal vent in salt-water.[168] One can speculate that if chloride occupying this 
position was detrimental to its function, then nature perhaps would have found a way to 
circumvent it. Considering the prevalence and importance of chloride in biological systems 
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it would be strange if it had a directly poisonous effect on the enzyme.[169]  We reason that 
any species capable of adopting and blocking this position could perhaps be related to a 
mechanism for preventing back leakage of protons from the BNC. During conditions of 
repeating turnover of the enzyme one could speculate that something reminiscent of this 
type of rebinding/reorganization would not have time to occur prior to the initiation of the 
next reaction cycle. Then, upon stagnation of the reaction, the coordination of an 
endogenous ligand could break the proton connectivity in the network. Such an 
active/inactive network of hydrogen bonding could be reminiscent of the active and inactive 
OH and O states of CcO. Although, it is not clear at this time if this is correlated or just a 
coincidence.  

 

Figure 27. Left) Reduced CcO: The proposed proton transfer pathway in the reduced state of the 
enzyme which has a connected network of hydrogen bonds to the BNC. This is mediated by a 
conserved water molecule in a strategic position near the BNC. Right) Oxidized CcO: The chloride 
in the channel potentially disrupts the proton transfer channel in the oxidized resting state of the 
enzyme.  

2.2.2 TR-SFX STUDIES OF CCO AT LCLS 2022 
Since the data collected at this time did not contain any active intermediates in the catalytic 
reaction, we conducted another XFEL experiment at LCLS with the goal to capture time 
points between 1 and 10 ms,  we decided on ~ 3.3 ms. A reference structures for the reduced 
enzyme was recollected employing a more efficient reductant, dithiobutylamine (DTBA) 
which is an analogue of DTT with similar redox potential but is more efficient at low pH due 
to a decreased pKa compared to DTT (Figure 28, right).[170] This was promoted by the 
previous observation of residual electron density for the DTT reduced structure in the BNC 
reminiscent of a chloride (Figure 28, left). The decreased reduction efficiency of DTT at pH 
5.3 was suspected to not generate full population of the reduced state in the previous 
experiment and instead DTBA was used. Additionally, for the LCLS experiment we had 
improved the crystal spectroscopy setup significantly which allowed us to confirm that the 
expected reduced state had been achieved prior to data collection (Extended data figure 2J in 
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enzyme.  
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Since the data collected at this time did not contain any active intermediates in the catalytic 
reaction, we conducted another XFEL experiment at LCLS with the goal to capture time 
points between 1 and 10 ms,  we decided on ~ 3.3 ms. A reference structures for the reduced 
enzyme was recollected employing a more efficient reductant, dithiobutylamine (DTBA) 
which is an analogue of DTT with similar redox potential but is more efficient at low pH due 
to a decreased pKa compared to DTT (Figure 28, right).[170] This was promoted by the 
previous observation of residual electron density for the DTT reduced structure in the BNC 
reminiscent of a chloride (Figure 28, left). The decreased reduction efficiency of DTT at pH 
5.3 was suspected to not generate full population of the reduced state in the previous 
experiment and instead DTBA was used. Additionally, for the LCLS experiment we had 
improved the crystal spectroscopy setup significantly which allowed us to confirm that the 
expected reduced state had been achieved prior to data collection (Extended data figure 2J in 
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the supplementary information for Paper II). The structure of the DTBA reduced CcO was 
resolved to a resolution of 2.3 Å, which showed a mostly empty BNC, again suggesting that 
the DTT reduced structure was likely not fully reduced as previously thought.  

 

 

Figure 28. Left) Refined 2Fobs-Fcalc electron density map for the BNC for DTT reduced CcO at a 
resolution of 1.8 Å collected at SwissFEL 2021. Right) Refined 2Fobs-Fcalc electron density map for 
the BNC for DTBA reduced CcO at a resolution of around 2.3 Å showing an empty active site 
collected at LCLS 2022.  

 

The full extent of the differences in the DTT reduction kinetics in microcrystals were not 
fully realized at the time prior to the first SFX experiment at SwissFEL 2021. The previous 
spectroscopic validations in Paper I had utilized crystals of smaller dimensions (~6 µm) that 
likely reduced more rapidly than those employed in the SFX study at SwissFEL (~15 µm). 
This resulted in the starting state for the time resolved studies to be an equilibrium between 
reduced and oxidized CcO that was more shifted towards the oxidized side than expected. 
This is evident by the difference map from DTT reduced CcO against the DTT reduced CcO 
with photocaged added (Figure 29, right). A difference map calculated by subtracting 
oxidized CcO from DTT reduced CcO showed differences indicating that it is indeed 
reduced to a certain extent upon treatment with DTT as expected (Figure 29, left). However, 
it was evident that the DTT reduced reference and the DTT reduced CcO with photocage 
added were not identical which would have been the ideal scenario since that would have 
meant that there were no changes upon addition of the photocage to the dark state of the 
enzyme.  
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Figure 29. Left) Fobs(DTT reduced CcO) - Fobs(Oxidized CcO) isomorphous difference Fourier 
electron density map showing the changes in electron density upon reduction by DTT. Right) 
Fobs(DTT reduced CcO+ photocage) - Fobs(DTT reduced CcO) isomorphous difference Fourier 
electron density map showing electron density changes at the BNC when the photocage is added 
to microcrystals and the enzyme slowly turns-over due to the slow leakage of oxygen from HPBC 
1. Maps are contoured at ± 3.2 σ with gold positive density and blue negative density.  

Similar time-resolved experiments were attempted at LCLS, initially attempting to 
reproduce the 10 ms and 30 ms time points obtained at SwissFEL 2021 and also to obtain 
shorter time points around 3.3 ms. There were several technical issues with the laser 
illumination setup which resulted in a comedically large laser spotsize which we 
compensated for by running the laser at the maximum power setting. Initial difference maps 
did not show any significant time-resolved signals when comparing the combined dark data 
versus the light, but the importance of separating these were not realized until much later 
which will be addressed in the future perspective part of the thesis.  

2.2.3 TR-SFX STUDIES OF CCO AT SWISFELL 2023 
The confirmation that the fully reduced state most likely should have an empty BNC upon 
achieving complete reduction prompted the question regarding the extent of reduction of 
the sample used in the time-resolved data from SwissFEL 2021. Digging into the logbook 
from the 2021 experiment revealed that the 10 ms data is derived from a sample that was 
delayed by approximately 2 hours in between preparation and collection on the sample 
compared to the average of other samples. This would typically not be a problem but the 
fact that we were unable to collect the data with an alternating dark/light collection scheme 
made things more complicated. The consequence of this is that we have no internal reference 
for the 10 ms data. Since this sample was incubated with the reductant for a longer time, we 
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the supplementary information for Paper II). The structure of the DTBA reduced CcO was 
resolved to a resolution of 2.3 Å, which showed a mostly empty BNC, again suggesting that 
the DTT reduced structure was likely not fully reduced as previously thought.  

 

 

Figure 28. Left) Refined 2Fobs-Fcalc electron density map for the BNC for DTT reduced CcO at a 
resolution of 1.8 Å collected at SwissFEL 2021. Right) Refined 2Fobs-Fcalc electron density map for 
the BNC for DTBA reduced CcO at a resolution of around 2.3 Å showing an empty active site 
collected at LCLS 2022.  
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meant that there were no changes upon addition of the photocage to the dark state of the 
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Figure 29. Left) Fobs(DTT reduced CcO) - Fobs(Oxidized CcO) isomorphous difference Fourier 
electron density map showing the changes in electron density upon reduction by DTT. Right) 
Fobs(DTT reduced CcO+ photocage) - Fobs(DTT reduced CcO) isomorphous difference Fourier 
electron density map showing electron density changes at the BNC when the photocage is added 
to microcrystals and the enzyme slowly turns-over due to the slow leakage of oxygen from HPBC 
1. Maps are contoured at ± 3.2 σ with gold positive density and blue negative density.  
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reproduce the 10 ms and 30 ms time points obtained at SwissFEL 2021 and also to obtain 
shorter time points around 3.3 ms. There were several technical issues with the laser 
illumination setup which resulted in a comedically large laser spotsize which we 
compensated for by running the laser at the maximum power setting. Initial difference maps 
did not show any significant time-resolved signals when comparing the combined dark data 
versus the light, but the importance of separating these were not realized until much later 
which will be addressed in the future perspective part of the thesis.  

2.2.3 TR-SFX STUDIES OF CCO AT SWISFELL 2023 
The confirmation that the fully reduced state most likely should have an empty BNC upon 
achieving complete reduction prompted the question regarding the extent of reduction of 
the sample used in the time-resolved data from SwissFEL 2021. Digging into the logbook 
from the 2021 experiment revealed that the 10 ms data is derived from a sample that was 
delayed by approximately 2 hours in between preparation and collection on the sample 
compared to the average of other samples. This would typically not be a problem but the 
fact that we were unable to collect the data with an alternating dark/light collection scheme 
made things more complicated. The consequence of this is that we have no internal reference 
for the 10 ms data. Since this sample was incubated with the reductant for a longer time, we 
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cannot rule out that some of the observed differences could be derived from a more reduced 
enzyme. A more reduced sample would also show the disappearance of the density 
associated with the chloride which is the most prominent difference in the 10 ms time point. 
Therefore, we aimed to replicate this in the subsequent SwissFEL TR-SFX experiment in 
2023.   

 

Figure 30. Left) Fobs(DTT reduced CcO + photocage) - Fobs(DTT reduced CcO) isomorphous 
difference Fourier electron density map showing electron density changes at the BNC 10 ms after 
light activation of the photocage.  Right) Fobs(DTT reduced CcO + photocage after 12 h incubation) 
- Fobs(DTT reduced CcO from the 2023 SwissFEL experiment) isomorphous difference Fourier 
electron density map showing electron density changes at the BNC. Note that this is not a time-
resolved structure as opposed to the 10 ms map.  Both maps are contoured at ± 3.2 σ with gold 
positive density and blue negative density. 

In addition to collecting a new oxidized reference structure and DTT/DTBA reduced 
references, we also collected data on a sample where DTT reduced CcO + caged oxygen 
HPBC 1 were incubated for 12 h prior to data collection. The same sample in the same 
reservoir was used to collect the static structure of DTT + caged oxygen HPBC 1 shortly after 
the addition of the photocage and then again 12 hours later. The obtained difference maps 
support the hypothesis that parts of the observed difference signals in the 2021 SwissFEL 
data (10 ms and 30 ms time points) could be attributed to the sample achieving a higher 
degree of reduction prior to data collection. Both difference maps; the 10 ms and the 12 h 
DTT + photocage incubated sample, show the loss of the BNC chloride ligand (Figure 30). 
This was obviously a bit disappointing since it meant that the strongest features observed in 
the difference maps for the 10 ms was not a true time resolved signal as originally thought. 
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Furthermore, since the one large difference between the 10 and 30 ms time points is related 
to the density associated with the chlorides it is not clear that the 10 ms and 30 ms time point 
are chemically distinguishable. 

2.2.4 INTREPETATION OF COMPLICATED DATA – WHERE 
DOES THIS LEAVE US? 

Following numerous control experiments, a more systematic approach was required in 
order to separate the changes in electron density that arise from the changes in reduction 
level and the potential signals from enzymatic turnover following the UV-pulse. In the 
manuscript for Paper II there is a more through discussions about the results of a polder 
electron density map quantification. Upon closer examination, two regions in the vicinity of 
the active site suggests that there is still evidence for some enzymatic turnover during the 10 
ms time point collected at SwissFEL 2021. The first region (green circle in Figure 30) is 
poorly resolved in most structures which could be interpretated as either a disordered water 
molecule or even a chain of water molecules. In the DTBA reduced structure of CcO this 
region has more electron density, suggesting that the reduced state has a higher population 
of this somewhat poorly resolved species, in Paper II we refer to this as Wat159. Hence, one 
change in the electron density in the 10 ms difference map is not consistent with the sample 
being more reduced over time. In the 10 ms difference map this feature becomes weaker 
(difference density minimum = -4.5 σ for Δt = 10 ms, and -3.6 σ for Δt = 30 ms) following the 
UV-pulse. This suggests that there might be a smaller population of the reduced enzyme 
being turned over following the oxygen release from the laser activation.  

There is one additional piece of evidence that suggests a time resolved signal in the 10 ms 
difference map. In the DTBA and DTT reduced reference structures there is no significant 
electron density in the region within hydrogen bonding distance to the crossed-linked 
tyrosine in the BNC. In the 10 ms difference map there is a negative feature (purple circle, 
Figure 30) which means that there is a feature that arises upon light illumination and 
liberation of oxygen. In Paper II this is interpreted as a water that is referred to as Wat161 
(with difference density maxima = 4.9 σ for Δt = 10 ms). This is a further indication that there 
is another population of the enzyme within the observed electron density that in not a 
function of either the oxidized or the reduced enzyme alone. Considering that both these 
new densities are close to the BNC they are very interesting as they could be involved in the 
actual proton pumping chemistry, although we did not manage to capture these features 
live. Arguably, a 10 ms time delay is too long to observe any active reaction intermediates 
from the reaction cycle. It is therefore more likely that what is observed in the 10 ms 
structure is an activated state of the enzyme. 

It should be mentioned that the density shown in the purple circle associated to Wat161 in 
Figure 30 has been previously observed in the mixing SFX study between CcO and an 
oxygenated buffer by the Rousseau group eight seconds after mixing where an intermediate 
structure was proposed at a 2.5 Å resolution.[158] Due to the position in appropriate hydrogen 
bond distance to the cross-linked redox active tyrosine, it is likely that this water is involved 
in the redox reaction to reduce oxygen to water by mediating efficient proton transfer 
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cannot rule out that some of the observed differences could be derived from a more reduced 
enzyme. A more reduced sample would also show the disappearance of the density 
associated with the chloride which is the most prominent difference in the 10 ms time point. 
Therefore, we aimed to replicate this in the subsequent SwissFEL TR-SFX experiment in 
2023.   
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resolved structure as opposed to the 10 ms map.  Both maps are contoured at ± 3.2 σ with gold 
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In addition to collecting a new oxidized reference structure and DTT/DTBA reduced 
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connectivity in addition to perhaps modulating the pKa of the tyrosine by hydrogen bond 
interactions. The second transient feature of the difference maps obtained is the elongated 
density observed in the green circle in Figure 30, modelled as Wat 159, is in close proximity 
to a nearby glycine residue. A water in this region has been observed in previous time-
resolved SFX studies of CcO during conditions of CO-dislocation.[157]  

Additionally, attempts were made at SwissFEL 2023 to reproduce previous the time-
resolved signals but the experiment suffered from multiple technical and chemical 
complications. Inconsistency in the reduction kinetics in the sample which made it difficult 
to reliably reproducibly the correct starting state of the enzyme in conjunction with the fact 
that our starting state is a steady state equilibrium between the oxidized and reduced 
enzyme with varying proportions evolving over time, further complicates things as it makes 
it difficult to reproduce the exact same sample consistently. Additionally, we encountered 
issues with contamination from unknown ligands in the BNC, which potentially hindered 
the enzymes activity by blocking the turnover process after oxygen release or alternatively 
affected the reduction level of the enzyme. In addition to this we experienced issues with 
running the sample jet which did not provide a stable flow, impacting any temporal 
resolution of the experiment since the flowrate inherently influences the relative interactions 
between the laser and X-ray probe.  

It is apparent at this stage that the results ended up being more nuanced than what was 
initially though upon being woken up in the middle of the night on the fourth night of a five 
day long continuous beamtime. Woken up to observe a clear light induced large structural 
change in the difference map on the big screen. Since that night the changes that we can 
associate to a potential effect of the photo-released oxygen has decreased with each 
refinement and subsequent control experiment. Still, at the end of the day there are 
remaining differences in the electron density that are best explained by a small population of 
the enzyme being turned over by oxygen following laser activation.  

Our work highlights the numerous challenges that TR-SFX faces with regard to substrate-
based proteins. Some are of technical nature, as advances in rapid mixing could have 
allowed for the use of a more potent reducing agent whilst not giving it sufficient time to 
completely degrade the photocage. Others are inherent to the system of study, such as CcO 
which proved to us that the fact that an enzyme has been studied over multiple decades 
does not mean that it does not still have aces up its sleeves. The remaining difference signals 
for the 10 ms time point from SwissFEL 2021 after subtracting the changes associated with 
the higher degree of reduction and subsequent loss in the chloride densities suggests that a 
sub-population of the enzyme likely did react upon release of oxygen. This suggests the 
presence of transient water species which reorganize at different redox states of the enzyme 
during the catalytic cycle to potentially facilitate efficient proton transfer in the enzyme. We 
were able to conclude the presence of chlorides in the BNC and in the close vicinity of the 
BNC in the oxidized state in the enzyme and provide a framework for future TR-SFX studies 
with oxygen photocages. Since then, we have accumulated further evidence of TR-SFX 
enzymatic turnover with this protocol which is briefly summarized in the future perspective 
section of this thesis.  

 

62 
 

2.3 PAPER III – SINGLET OXYGEN GELS 
The work summarized in Paper III relates to a slightly different type of caged compound. It 
is fair to say that it is still a photocage since the chemical payload can indeed be liberated by 
light excitation. However, the end products in this work are not typical photocages that one 
might employ for time-resolved biochemical studies. There is no obvious reason for why 
this type of functionalized gel could not be used for such studies later on, where the 
photocage is covalently attached to a gel. “Hydrogels” are already incorporated into many 
crystallography experiments, comprising the viscous matrix used for sample delivery and 
crystallization.[171,172] We decided to pitch in by providing the first example of a gel capable of 
releasing the substrate, in a spatiotemporal manor by external stimuli. One might be 
tempted to hope at this point in this thesis that we would solve the problems associated with 
oxygen photocages in Paper I and Paper II, by providing a new compound able to bind and 
release oxygen. Unfortunately, no. The nature of oxygen in the triplet ground state as 
previously discussed severely limits the options to bind and release it in a controlled way. 
The same cannot be said for its more energetic cousin, singlet oxygen. 1O2 exhibits versatile 
chemical reactivity towards many motifs in organic chemistry and one particular reaction 
caught our eye. The reversible [4+2] cycloaddition to acenes. We envisioned that by 
incorporating such a 1O2 binding motif in a LMWG it would produce a novel functional 
material. The question that might arise is; why is it desirable to release singlet oxygen from a 
stationary material? The necessity of such material is motivated since these materials are 
being pursued in cancer research related to PDT. Many strategies have been pursued to 
release singlet oxygen from a stationary material derived from gold nanorods[173], covalent 
organic polymers,[52,174] and nanoparticles[53]. There, the organic endoperoxide is exposed to 
high temperatures or strong IR irradiation to trigger the release of 1O2. Recent effort has also 
looked into the in situ modification of organic endoperoxides to release 1O2 under 
biologically relevant conditions and temperatures by chemical[54] and biochemical trigger[55]. 
Although our materials are far from direct implementation towards application such as 
PDT, we provide an important proof of concept for the feasibility of utilizing a gel for the 
direct spatiotemporal release of 1O2 by external stimuli.  

2.3.1 SYNTHESIS OF GELATORS TO BIND AND RELEASE 
SINGLET OXYGEN 

The rationale behind the selection of the OTHO framework was mainly due to its synthetic 
versatility, in addition to the presence of an internal OTHO expert in-house. We envisioned 
that numerous compounds would need to be tested and evaluated prior to finding 
compounds with suitable properties as both gelators and efficient releasers of 1O2. The 
multicomponent OTHO reaction (Scheme 9b) thus served as real workhorse in Paper III.  
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Scheme 9. a) Condensation reaction to form various chalcones to be used in the subsequent OTHO 
reaction. b) The OTHO reaction yielding the two brominated OTHOs. 

The starting materials for the OTHO reaction are easily accessed via a conventional 
condensation reaction between any aromatic aldehyde and acetophenone as shown in 
Scheme 9a. This provided easy access to chalcones that could be used directly in the OTHO 
forming reaction which provided access to brominated 1-Br and 2-Br OTHOs (Scheme 9b). 
The oxygen carrier motif could be easily introduced via conventional palladium cross 
coupling chemistry from the brominated OTHOs. We selected phenyl substituted 
anthracenes as the oxygen carrier motif for two main reasons. One is the high yield of singlet 
oxygen release and two; the tunability over the oxygen release rate upon chemical 
modification of the phenyl substituent. This was envisioned to allow for two distinct modes 
of activation for 1O2 release. Mode one would rely on photochemical excitation and 
subsequent release upon UV-light irradiation. The second mode would be tailored to allow 
for a thermally induced release at temperatures relevant for biochemical applications. 
Phenyl and pyridine substituents on the anthracene were anticipated to allow for 
photochemical activation and a phenylacetylene substituent was expected to be suitable for 
thermal activation. A more thorough examination of the reasoning behind the selection of 
the oxygen carrier motif and the various activation methods employed in this study can be 
found in the manuscript for Paper III. Synthesis of these OTHOs were relatively straight 
forward. OTHO 1 and 3 were accessed through synthesis of the corresponding boronic ester 
OTHO by a Miyaura Borylation and subsequent palladium coupling with brominated 
anthracene (Scheme 10). 
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Scheme 10. Final Suzuki coupling to yield target OTHOs 1, 3 and 4.  

Phenyl acetylene substituted OTHO 4 was accessed by iodination of 9-bromoanthracene 
followed by a Sonogashira cross coupling to yield the phenylacetylene substituted 
bromoanthracene. This was coupled with 1-Br-OTHO via a typical Suzuki cross coupling to 
yield OTHO 4. OTHOs 2 and 5 were synthesized at a later stage for reasons that will become 
evident later via 2-Br-OTHO by a similar procedure but utilizing a boronic ester anthracene 
coupling partner and a brominated OTHO precursor (Scheme 11).  
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Scheme 11. Final Suzuki coupling to yield target OTHOs 2 and 5.  

Following the synthesis of OTHOs 1-5, the corresponding endoperoxides were synthesized 
via a [4+2] cycloaddition between the anthracene OTHOs 1-5 and photochemically 
generated singlet oxygen. This resulted in excellent yields (78 – 95 %) of the corresponding 
endoperoxide OTHOs 1-O2 - 5-O2 following a quick filtration through silica to remove the 
remaining photosensitizer and evaporation of the solvent (Scheme 12).  

 

Scheme 12. Synthesis of the final endoperoxide OTHOs 1-O2 to 5-O2 from OTHOs 1-5 by treatment 
of methylene blue (MB), red light illumination and oxygen gas sparging. The synthesis of OTHO 
5-O2 is shown as an example. aSynthesis was carried out at room temperature. bReaction mixture 
was cooled to 4 °C with a cold finger submerged into the reaction mixture.  
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2.3.2 INVESTIGATION OF THE GELATION PROPERTIES 
Our initial efforts were directed towards OTHOs with the oxygen carrier motif attached to 
the -Ar1 position and thus the gelation investigation was initiated with OTHOs 1,3 and 4. 
The inverted vial test was used as to confirm if the crude definition of a gel could be 
satisfied. A range of solvents were investigated but the best gelation was achieved with 
toluene which was used to determine the minimum gelation concentrations (MGC). OTHO 
1 and 1-O2 efficiently formed gels at 1 mg/ml in toluene (Table 2, Entry 1). Furthermore, the 
gels obtained were completely transparent which is important for efficient penetration of 
light for photoactivation. m-Pyridine substituted OTHO 3 showed an interesting property in 
toluene. The endoperoxide 3-O2 was able to form a gel at 1.4 mg/ml concentration but the 
precursor anthracene did not form a gel even at concentration exceeding 10 mg/ml. (Table 2, 
Entry 3) We imagine that this peculiar property potentially could be exploited to destabilize 
the gel matrix by transitioning from the endoperoxide to the anthracene. 

Table 2. Gelation properties for OTHOs 1-5 and 1-O2 – 5-O2 in toluene. For more information 
regarding the gelation in other solvents, see Table 1 in the manuscript for Paper III.  

Entry OTHO 
Toluene 

(5 mg/ml) 

Minimum gelation 
concentration[a] 

(mg/ml) 

1 
1 

1-O2 

G 

G 

1 

1 

2 
2 

2-O2 

G 

G 

1 

1.4 

3 
3 

3-O2 

P 

G 

P 

1.4 

4 
4 

4-O2 

G 

G 

10 

2.2 

5 
5 

5-O2 

G 

G 

2 

2.8 

G = Gel, P = Precipitate. Minimum required gelation concentration was determined by the inverted 
vial test where the concentration was decreased until the gel could no longer support its own 
weight in toluene. 

Phenylacetylene substituted OTHO 4 suffered from inconsistent gelation. Sometimes a gel 
could be obtained at 10 mg/ml and sometimes not, seemingly depending on the weather that 
day. The corresponding endoperoxide OTHO 4-O2 did provide facile gelation at 2.2 mg/ml 
(Table 2, Entry 4). The MGC for OTHO 4 was deemed too high. Therefore, we sought to 
improve the gelation properties of OTHO 4. The OTHO framework fortunately provides 
several chemical handles for the incorporation of the anthracene. The -Ar1 and -Ar2 positions 
being the most easily accessible, we opted to attach the oxygen-binding motif on the -Ar2 
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position to assess its effect on gelation. Hence, OTHOs 2 and 5 were synthesized and their 
gelation properties were investigated. First, OTHO 2 was evaluated which caused some 
concerns since there was no obvious improvement in gelation properties compared to 
OTHO 1. However, we reasoned that any potential difference might not be apparent since 
OTHO 1 was already a potent gelator. Fortunately, we decided to still pursue the synthesis 
of OTHO 5 only based on the general crude observation that OTHO 2 seemed to form gels a 
bit faster than OTHO 1. This resulted in a five-fold decrease in the MGC for OTHO 5 
although the corresponding endoperoxide OTHO 5-O2 exhibited a slight increase in MGC 
compared to 4-O2, increasing from 2.2 mg/ml to 2.8 mg/ml (Table 2, Entry 5). The rheological 
properties of OTHO 5 and 5-O2 were investigated in greater detail by dynamic shear 
oscillation where the storage modulus (G′) and loss modulus (G′′) were obtained as a 
function of the strain and frequency. Frequency sweeps revealed that the gels were mostly 
independent in the high frequency domain and less so in the lower region. OTHO 5-O2 
showed less frequency independent characteristics compared to 5, which suggests that in 
OTHO 5-O2, the endoperoxide does destabilize the gel matrix to some extent compared to 
OTHO 5. A more thorough discussion of the rheological properties can be found in the 
manuscript for Paper III.  

2.3.3 SPATIOTEMPORAL RELEASE OF SINGLET OXYGEN 
Satisfied that we would be able to convince a material chemist that we at least satisfy the 
minimum criteria for achieving a gel type material, we investigated the oxygen release 
properties of the OTHO endoperoxides. The thermolytic properties of the OTHOs were 
found to correlate well with the corresponding diaryl substituted anthracenes, suggesting 
that the OTHO framework does not affect the oxygen carriers release properties. All 
endoperoxides were found to release 1O2 and reform the corresponding anthracene OTHO 
upon heating to 90 °C in toluene and by UV light irradiation at 270 nm. The thermolytic and 
photochemical half-lives (t1/2) were measured and are summarized in Table 3. Phenyl 
substituted 1-O2 and 2-O2 proved to have a thermal half-life close to the corresponding 9,10-
diphenyl anthracene with t1/2 of 9.5 h at 90 °C in toluene (Table 3, Entry 1-2). At 40 °C it 
showed only minor conversion following more than one week of heating and essentially no 
conversion was observed at 20 °C (Table 3, Entry 1-2). This satisfies the conditions for the 
photochemical activation which requires the endoperoxide to be stable unless triggered by 
photochemical stimuli. Pyridine substituted 3-O2 also satisfies this condition but has a 
shorter thermal and photochemical t1/2 than 1-O2 and 2-O2, around 6 h at 90 °C in toluene 
(Table 3, Entry 3). OTHO 4-O2 and 5-O2 were confirmed to satisfy the conditions for thermal 
activation. At biologically relevant temperatures (40 °C) we observe a thermal t1/2 of 1.5 h 
(Table 3, Entry 4-5).  
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Table 3.  Thermolysis and photolysis of 1-O2 to 5-O2 in toluene to form the corresponding anthracene OTHOs 1-5 
as illustrated in the scheme below.   

 

 

 

 

 

 

 

 

 

 

 

 [a]Thermolytic half-life for endoperoxides 1-O2 - 5-O2 at 90 °C in toluene (~ 25 µM). Note that the reference values 
obtained from literature for OTHO 1,2 and 3 is taken from symmetrically aryl-substituted compounds. 
[b]Thermolytic half-life at 40 °C in toluene (~ 25 µM). [c]Photochemical half-life for 1-O2 - 5-O2 upon exposure to 
270 nm light over several minutes (~ 25 µM). 

Satisfied that both modes of activations had been realized, we carried on investigating the 
release in the gel phase since this work would be of little interest unless similar results could 
also be achieved in the gel phase. One potential point of failure we realized was if the gels 
would lose their structural integrity upon heating. If the temperature required to achieve 
efficient thermolysis of the endoperoxide exceeded the gels thermal tolerance, it would 
prevent the thermal activation mode completely. Thus, a gel comprised of 5-O2 (5 mg/ml in 
toluene) was heated to 40 °C over several hours and the thermolysis was measured over 
time. In between each measurement we ensured that the gels structural integrity was 
maintained by completing the inverted vial test (Figure 31b). Furthermore, it was possible to 
capture 1O2 in the gel phase by gelating a solution of OTHO 5-O2 with a catalytic amount of 
MB and then exposing the gel to red light over 2 h, which shows the disappearance of the 
anthracene absorbance upon the formation of the endoperoxide (Figure 31a). Full 
conversion back to OTHO 5 was achieved after several hours and the measured thermal t1/2 

was similar to the t1/2 measured in solution at the same temperature, suggesting that thermal 
properties are similar in the gel state.  

Entry OTHOs 
t1/2[a] 

90 °C 
t1/2[b] 

40 °C 
t1/2[c] 

270 nm 

1 1-O2 
9.5 h 

8 h[175] > 1 week ~6 min 

2 2-O2 
9.5 h 

8 h[175] 
> 1 week ~6 min 

3 3-O2 
6 h 

5 h[176] 
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4 4-O2 
~5 min 

 
1.5 h 

5 h[177] 
~1.5 min 

5 5-O2 ~5 min 
1.5 h 

5 h[177] 
~1.5 min 
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Figure 31. a) Absorbance spectrum showing the formation of OTHO 5-O2 inside a gel matrix in the 
presence of methylene blue (MB) and red-light following saturation of the solution with oxygen 
gas and subsequent gelation. b) Thermolysis of OTHO 5-O2 in the gel phase resulting in formation 
of OTHO 5 and release of 1O2, the formation of 5 can be followed by the increase in the absorbance 
spectrum with peaks at 400 nm appearing as the anthracene is reformed. 

 

Figure 32. a) Rheology showing the time-sweep measurement of OTHO 5-O2 as it was heated to 40 
°C for over two hours. Shown is an increase in gel stiffness as it is heated which is indicative of 
transitioning from the endoperoxide to the anthracene OTHO. b) The repeat thermolysis and 
formation of OTHO 5-O2 in toluene showing minor degradation upon several cycles. Measurement 
was performed in toluene and the thermolysis was carried out at 90 °C as opposed to 40 °C to save 
time.  

The structural integrity was maintained throughout the full duration of the experiment. In 
order to investigate this in more detail we measured the rheological properties of the gel 
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during the thermolysis of OTHO 5-O2 to 5 at 40 °C over 2 h. An increase in gel strength was 
observed as the gel was heated for over two hours, consistent with what would be expected 
for gels of more similar character to OTHO 5 (Figure 32a). It should still be pointed out that 
the absolute value for the strain sweep could also be affected to some degree by evaporation 
of solvent under the measurement due to the long experimental time. We also found that 
following full thermolysis of 5-O2 to 5, it was possible to reform the endoperoxide and 
repeat this four times without experiencing significant degradation of the OTHO (Figure 
32b). Only about 20 % deterioration was observed upon four cycles which is consistent with 
a high yield of singlet oxygen release as opposed to degradation associated with O-O bond 
cleavage which results in formation of side products. In situ formation of OTHO 5-O2 was 
also investigated with fluorescent microscopy to visualize the spatial selectivity of 1O2 
binding.  

 

Figure 33. 2D-topogical map obtained by measuring the difference in absorbance before and after 
UV-light illumination of a gel of 2-O2 (5 mg/ml in toluene).  

A solution of OTHO 5 (5 mg/ml) was saturated with oxygen gas and then gelated. 
Fluorescent microscopy was then used to monitor the fluorescence of anthracene as it 
decreased with formation of the endoperoxide following illumination with red light. The 
decrease in fluorescence was consistent with the time of irradiation (Figure S36 in the 
supplementary information for Paper III). In order to investigate the spatial release of 1O2 in 
the gel phase by photochemical stimuli we illuminated a gel consisting of OTHO 2-O2 with 
320 nm light. Only the section of the gel that was illuminated shows significant release of 
1O2, judged by the increase in absorbance in the illuminated area. Furthermore, no detectible 
diffusion was observed within the gel matrix, suggesting that the gel is stationary under the 
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timescale and experimental conditions of the measurement. This is evident by the 
topological map obtained by scanning the illuminated area and measuring the absorbance 
before and after UV illumination (Figure 33). This is a very important feature for materials 
used in chemical writing applications and highlights the advantage of a covalently linked 
oxygen carrier to the gelator as opposed to an additive to the gel which will experience 
significant diffusion over time.  

Taken together our work demonstrates the first spatiotemporal catch and release of 1O2 in a 
gel matrix and both thermal and photochemical activation were demonstrated.  Efforts are 
ongoing to develop hydrogels which are more biologically relevant which have similar 
properties to the gelators developed in this work.  

2.4 PAPER IV – SOLUTION SCATTERING OF KCSA 
The main finding of Paper IV is that a structural rearrangement can be induced by 
photochemically decreasing the pH with a photocaged acid in the presence of the pH 
responsive ion channel KcsA. This was observed with X-ray scattering studies at ESRF in 
three separate experiments between 2021 – 2023. In Paper IV we employ the photocaged 
acid “caged proton” to rapidly induce a pH dive which triggers a conformational change in 
KcsA.  

2.4.1 PREPARATIONS FOR TR-XSS STUDIES OF KCSA 
The ultimate objective of this project was to perform TR-XSS on KcsA to track structural 
changes following the decrease in pH by a photocage. The first step towards facilitating this 
was to synthesize the proton photocage and to verify that a sufficient decrease in pH was 
achievable upon light illumination under feasible experimental conditions. The first hurdle 
was to synthesize a sufficient amount of the photocage for testing. Previous synthetic 
protocols required anion exchange[90] and we decided to work around this. We found that it 
was possible to simply precipitate the alkylammonium intermediate to form the desired 
sodium salt. However, this suffered from very low yields.  

 

Scheme 13. Previous and current synthetic route for the gram scale production of the caged proton 
photocage. 
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This was salvaged by using a more efficient sulphonating reagent that had been shown to be 
more efficiently replaced via precipitation by a sodium ethyl hexanoate salt.[178] This 
improved the yield to 90 % (Scheme 13) and produced gram scale quantities without the 
need for any column chromatography. We could confirm that a solution of caged proton 
was acidified following illumination from a 385 nm LED by simply measuring the pH before 
and after with a pH meter. One challenge with this project was that we would have to 
design and bring our own illumination setup and associated delivery system to the first two 
synchrotron experiments. The absorbance of NPE type photocages is almost exclusively 
restricted to the UV region with only very minor absorbance above 400 nm. Due to the lack 
of readily available UV sources that could provide sufficient fluence at this wavelength, we 
hesitantly decided to employ several LEDs with a wavelength of 385 nm. We reasoned that 
since the NPE type photocage still does absorb light in this region and has a decent quantum 
yield (0.47 at 350 nm) a sufficient decrease in pH should still be achievable even when 
illuminated at a suboptimal wavelength given that sufficient light fluence was available.  

Substantial efforts were directed toward optimizing the KcsA sample composition to 
minimize the buffering capacity of the solution since excessive buffering capacity would 
decrease the efficiency of the photoacid. We decided to start with a pH of 5.8 as this was 
close to the estimated pH where the conformational change was expected to occur. In 
addition to this, the presence of His-tags potentially adds an inherent buffering capacity to 
the protein itself. Hence, by starting at a pH closer to the pKa of histidine we expected the 
potential protonation of the His-tag to be less problematic. With the sample composition 
dialed in, we turned our attention to validating that the pH cage could provide the required 
decrease in pH under experimentally relevant flow conditions. Technical details about the 
X-ray pulse, flowrate and light have to be kept in mind for these types of experiments. The 
repetition rate of the X-ray beam and the pulse duration will influence the required flowrate 
as the sample needs to be replenished between each pulse as to avoid potential radiation 
damage to the sample. This sets a minimum required flowrate at which the light probe 
needs to activate the photocage, especially when suboptimal continuous LEDs are utilized as 
opposed to a high fluence pulsed laser.  
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Figure 34. Top) The illumination setup for the validation of photoinduced decrease in pH upon 
photolysis of the pH cage. Note the color of the drop of sample that is coming out from the end of 
the capillary. The left image has a droplet with yellow color following illumination of the sample 
which shows that it is now acidic. The right image has a blue droplet which was captured just 
when the illumination was started and shows that the pH is > 6 (pH was 10)  prior to illumination. 
Bottom) Photolysis of caged proton (25 mM) under flow conditions in the presence of bromocresol 
green (300 µM) to visualize and estimate the change in pH upon photolysis in a 600 µm capillary 
illuminated by two 385 nm LEDs (1000mA x 2).  

Our 3D-printed custom build flow-cell system was used since we had previous experience 
with bringing this experimental setup to synchrotron facilities.[156] Bromocresol green, a pH 
indicator which is typically used between pH 3.5 – 6, was used to visualize the pH change 
and also act as a “proton buffering substitute” instead of the protein as it could be used in 
concentrations that somewhat resembling what would be used later on. The pH change 
could be estimated based on the relative ratio between the absorbance at 620 nm and 450 nm 
with an isosbestic point at 510 nm in the absorbance spectrum for bromocresol green.[179] 
Since the conformational change in KcsA will consume protons, we reasoned that using the 
pH indicator at similar concentration to the protein would mimic the buffering of the protein 
in the real-life experiment to some extent. Upon flowing a sample comprised of caged 
proton (25 mM) and bromocresol green (300 µM) in a 0.7 mm quartz capillary at different 
flowrates we could estimate the change in pH as a function of the flowrate (Figure 34). Two 
385 nm LEDs (1000 mA x 2) coupled through fiber optic cables was used for the illumination 
which is shown in Figure 34. This confirmed to us that a sufficient pH decrease was possible 
under experimentally relevant conditions.  Although a rough estimate since the true 
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buffering capacity was not known, it gave us a ballpark estimate for the pH change 
following photolysis of the photocage. 

2.4.2 VALIDATION OF REACTION INITIATION OF KCSA 
WITH CAGED PROTON 

After confirming the feasibility of inducing a sufficient pH dive upon photolysis of the 
photocage, a preliminary proof-of-concept X-ray solution scattering experiment was 
conducted at the ID02 beamline at ESRF in May 2021. The purpose of this experiment was to 
verify that different signals could be observed for KcsA at different pH levels, relevant to the 
pH mediated structural change, and that the same change could be induced by photolysis of 
the photocage. We collected X-ray solution scattering data at pH 4.7, 7.2 and 8.9, confirming 
the anticipated pH-dependent scattering profile variation for KcsA at different pH levels. 
More importantly, we could replicate similar results when utilizing the proton photocage 
(100 mM) upon by illumination with 385 nm LEDs under flow conditions (30 nl/s) (Figure 
35).  

 

Figure 35. Absolute scattering curve for KcsA (16 mg/ml) at pH 4.7 (blue), KcsA at pH 7.2 (yellow), 
KcsA at pH 8.9 (red) and KcsA + Caged proton (100 mM) before (purple) and after (green) light 
illumination with 385 nm LEDs (50 mA x 4, 600 µm fiber optic cables) in a 600 µM quartz capillary 
at 30 nl/s. Note that this is a crude comparison and no refinements of the data has been done and is 
just here to illustrate what our initial hit looked like and no scientific conclusions have been from 
the curves.  
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2.4.2 VALIDATION OF REACTION INITIATION OF KCSA 
WITH CAGED PROTON 

After confirming the feasibility of inducing a sufficient pH dive upon photolysis of the 
photocage, a preliminary proof-of-concept X-ray solution scattering experiment was 
conducted at the ID02 beamline at ESRF in May 2021. The purpose of this experiment was to 
verify that different signals could be observed for KcsA at different pH levels, relevant to the 
pH mediated structural change, and that the same change could be induced by photolysis of 
the photocage. We collected X-ray solution scattering data at pH 4.7, 7.2 and 8.9, confirming 
the anticipated pH-dependent scattering profile variation for KcsA at different pH levels. 
More importantly, we could replicate similar results when utilizing the proton photocage 
(100 mM) upon by illumination with 385 nm LEDs under flow conditions (30 nl/s) (Figure 
35).  

 

Figure 35. Absolute scattering curve for KcsA (16 mg/ml) at pH 4.7 (blue), KcsA at pH 7.2 (yellow), 
KcsA at pH 8.9 (red) and KcsA + Caged proton (100 mM) before (purple) and after (green) light 
illumination with 385 nm LEDs (50 mA x 4, 600 µm fiber optic cables) in a 600 µM quartz capillary 
at 30 nl/s. Note that this is a crude comparison and no refinements of the data has been done and is 
just here to illustrate what our initial hit looked like and no scientific conclusions have been from 
the curves.  
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The decrease in pH and subsequent reaction initiation was induced by upstream photolysis 
of the photoacid. Different protein batches were used for these experiments due to 
difficulties in obtaining sufficient amounts of protein, which resulted in variation in the data 
due to slight deviations in concentration. This is evident in Figure 35 but the take home 
message from this experiment was simply that we needed to repeat this and improve our 
experimental setup and sample preparation for the next experiment, but the preliminary 
data we obtained was promising. An experienced solution scattering scientist will likely 
glance at the right image in Figure 36 and proclaim – that might get a bit hot. Indeed, heat 
can influence solution scattering experiments and thus a control experiment are typically 
conducted to isolate the desired effect and exclude other variables that might interfere.[129] 
We could at least confirm that the signal observed could not be replicated by illumination of 
the photocage or KscA independently. An IR-laser could have confirmed that the effect was 
not due to the combined effect of KcsA together with caged proton, which is a fair point of 
criticism, but as far as a first try validation experiment goes, we were satisfied with the 
outcome.  

 

Figure 36. Experimental setup for the X-ray scattering experiments. Left) Setup for the first KscA 
SAXS experiment at ESRF (ID02) during May 2021. Middle) and right) Setup for the second X-ray 
scattering experiment at ESRF (ID02) during May 2023. For these experiments a 0.6 mm quartz 
capillary was used to deliver the sample to the X-ray beam. The photocaged proton was released 
by upstream illumination as shown above.  

There were other complications during the experiments, as is often the case. Significant 
precipitation was observed following illumination for a prolonged time, which could be due 
to either precipitation of the photoproduct of the photocage or by some other component in 
the sample. This was problematic since scattering experiments are highly sensitive to minor 
changes in sample composition. In order to circumvent this in the following repeat 
experiment at the ID02 beamline at ESRF in May 2023, the sample position on the capillary 
was changed frequently but still lead to variance in the data between collections.  
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Figure 37. X-ray scattering curve from KcsA. Note the double hump characteristics for the curve 
associated with light activation and the low pH KcsA reference. Left) KcsA with caged proton at 
pH 5.8  before illumination (black) and after light illumination (red). Right) KcsA at pH 6.5 (black) 
and pH 3.7 (red). Variations in protein concentration is apparent here which prevented proper 
normalization of the two curves.  

Again, small variations in the sample composition led to difficulties in normalizing data 
which we aimed to improve for the final time-resolved experiment. Despite these challenges, 
the clear effect observed following the pH cage photolysis (Figure 37) was promising  and 
motivated us to continue our work towards a genuine time-resolved experiment.  

2.4.3 TR-XSS OF KCSA AND CAGED PROTON 
Third time is the charm. Time-resolved XSS data was collected at the dedicated time-
resolved beamline ID09 at ESRF during July 2023. The advantage of this particular beamline 
is the utilization of a high-speed X-ray chopper which provides unprecedented short X-ray 
pulses down to 50 picoseconds.[180,181] To minimize sample consumption and allow for more 
comprehensive data collection in this experiment, we opted for a thinner capillary of 0.3 mm 
diameter, compared to the 0.6 mm capillaries used previously. The reaction was initiated by 
a 355 nm pulsed nanosecond laser and several time points were probed between a few 
microseconds to hundreds of milliseconds. Three different pulse intensities: 0.1 mJ/pulse 
(0.27 mJ/mm2), 1.4 mJ/pulse (3.8 mJ/mm2), and 2.9 mJ/pulse (7.9 mJ/mm2) were focused to a 
beam profile measuring approximately 1.1 × 0.3 mm (W×H). A flowrate of 30 nl/s was used 
to ensure that the sample position was not illuminated more than once by the pump laser 
prior to the X-ray probe. We estimated that under our experimental conditions, with a 
quantum yield of 0.5 for the photocage at 355 nm, that the three different pH levels 
theoretically induced were: pH 3.5, pH 2.4 and pH 2.1 respectively for the different power 
settings, starting from a pH of 5.8. These final pH levels are likely not achieved considering 
the unknown buffering capacity of the sample due to the presence of His-tags, remaining 
protonatable buffer components and various protonatable residues in the protein.  
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Interestingly, the observed heat signals following the UV-pulse showed an interesting 
temporal feature. Two components could be extracted, one following the direct heating from 
the pulsed laser and one that evolved over time which we attributed to heat associated with 
the release mechanism of the photocage or from perhaps protonation of some buffer 
component. This can be observed upon recording a dataset with only the caged proton and 
buffer at different laser intensities at different time points (Figure 38a). With this in hand we 
could subtract the heating signal from the difference curves for the time-resolved data which 
is shown in Figure 38b.  

 

Figure 38. Left) Heating effect from caged proton upon photolysis from a 355 nm laser pulse at 
different intensities: 0.27 mJ/mm2 (blue), 3.8 mJ/mm2 (green) and 7.9 mJ/mm2 (red). Right) Removal 
of the heat signal from one time-resolved datapoint where KscA and caged proton are exposed to a 
laser pulse.  
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The obtained TR-XSS data (Figure 39) shows an evolution over time where the amplitude of 
the difference scattering increases with the laser fluence. The positioning of the peaks in the 
scattering signal shows differences for the different laser fluences which is inherently tied to 
the magnitude of the induced pH change but this might change upon more careful analysis 
of the data. This indicates that there might be different structural paths for the 
conformational change available occurring at different pH levels. It could also be that the 
conformational change is achieved at different rates at different pH levels.  

 

Figure 39. TR-XSS difference scattering curve data ranging 30µs to 200 ms following the 
photoactivation of caged proton and subsequent initiation of the reaction. The estimated pH levels 
are pH 3.5 (blue), pH 2.4 (green) and pH 2.1(red) but as mentioned above, these will likely be 
slightly higher than this in reality.  

Efforts are ongoing with employing molecular dynamics simulations to elucidate which 
structural movements can be associated with our time-resolved data and to build 3D-models 
to visualize this. It is amazing how a 3D model can be derived from these “simple” 2D plots. 
Taken together, we show with impressive temporal resolution that a conformational change 
can be induced in KscA upon acidification with a photocage. Our results provide valuable 
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insight for further implementation of photocages for structural studies with substrate 
dependent systems by TR-XSS.  

2.5 PAPER I – IV: SUMMARY AND CONCLUDING 
REMARKS 

In Paper I we verify that an oxygen photocage can be used to initiate the reaction between 
CcO and oxygen which was subsequently implemented in Paper II. Furthermore, in Paper I 
we investigated a series of HPBC oxygen photocages and evaluate them as candidates for 
the use in time resolved studies of oxygen dependent enzymes. In Paper II we report the 
results from several TR-SFX experiments at XFELs employing an oxygen photocage to study 
structural changes following the release of oxygen. We discuss the various difficulties 
associated with the use of photocages in TR-SFX studies with CcO and provide 
crystallographic evidence of enzymatic turnover 10 ms following oxygen release. In Paper 
III we explore low molecular weight organogelators as a medium for the spatiotemporal 
release of singlet oxygen. We demonstrate this by synthesizing various OTHO derivatives 
that can bind and release 1O2 upon external stimuli by light and heat in the gel phase and in 
solution. In Paper IV we study the structural dynamics of KcsA with X-ray scattering by 
inducing a pH decrease by photolysis of a photocage that releases protons. We show that 
upon light illumination KcsA undergoes a conformational change when caged proton is 
photolysed.  

Taken together the work presented in this thesis shows the potential and difficulties with 
incorporating photocages in time resolved X-ray studies of substrate dependent proteins. 
The implementation of photocages for TR-SFX experiments has proven a significant 
challenge due to the complexity associated with these experiments, especially with the case 
of CcO. It has become clear that a perfect TR-SFX experiment with substrate photocages is 
perhaps not achievable any time soon. It is a very young field and more work and examples 
are needed before a final verdict can be made regarding the future prospects of the field. A 
more promising avenue for time resolved X-ray studies with photocages at this time is X-ray 
scattering experiments. The main reason for why TR-XSS is better suited at this time is 
because it is a simpler system for study. One has to learn how to walk before one can learn 
how to run is a suitable analogy. The complex nature of crystals and the sheer number of 
unknown variables in these experiments could benefit greatly from structural information 
that can be accessed by scattering studies which could be translated into TR-SFX 
experiments, building on that foundation.  

This project has received funding from the European Research Council (ERC) under the 
European Union’s Horizon 2020 research and innovation program under grant agreement No 
789030.  
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3. FUTURE PERSPECTIVES AND LATE 
ADDITIONS 

3.1 TR-SFX STUDIES WITH PHOTOCAGES 
Considering the enormous effort that was made to improve the properties of the HPBC type 
photocage, and the minor improvements that were achieved, it is unlikely that continuing 
along this route will be fruitful. Rather than focusing on structural modification of the HPBC 
photocage, more creative and technically demanding reaction initiation setups could 
circumvent some of the aforementioned problems. By employing a rapid mixing strategy in 
an SFX experiment as opposed to incubating the HPBC photocage with the protein this 
would be more likely to yield a less oxygen contaminated starting state for the reaction. 
Other strategies were pursued in subsequent SFX experiments at LCLS in 2022/2023 and at 
SwissFEL in 2023. New crystallization conditions for CcO were developed where the pH 
was increased to pH 8 as opposed to 5.3. This we reasoned would result in more favorable 
reduction kinetics in crystals. This was semi-successful but a double-edged sword. As 
expected, the DTT and DTBA mediated reduction of CcO was significantly accelerated in 
crystals by shifting the equilibrium towards the active deprotonated state of the reductants. 
Although no significant degradation had been observed upon prolonged incubation 
between DTT or DTBA at neutral or slightly basic conditions with the HPBC photocages. 
Exposure to the crystal conditions at pH 8 which contains HEPES resulted in a prominent 
degradation of the photocage when DTBA was used as the reductant in the presence of 
HEPES. Attempts to utilize the more redox resilient oxygen photocage HPBC 3 were made 
at SwissFEL in 2023 but did not lead to any visible difference signal at this time, possibly 
due to the lower quantum yield of the photocage. 

Upon further refinements and careful examination of data collected during the 2022 LCLS 
TR-SFX experiment there is further evidence of enzymatic turnover following light induced 
release of oxygen. Here, an alternating collection scheme of light, dark1 and dark2 and was 
used. Initially, no significant signal was observed upon calculating a difference map 
between  the combined darks and light at an approximately 3.3 ms time delay. However, 
upon separation of the dark1 and dark2, the difference electron density signals associated 
with Wat159 and Wat161 from Paper II could be reproduced (Figure 40). In this experiment, 
DTBA was used as the reductant instead of DTT and the experiment was conducted with 
microcrystals of CcO at pH 5.3. Although this signal is weak when calculating the difference 
map against the internal dark, a difference is observed upon when comparing the light, 
dark1 and dark2 against the DTBA reference (Figure 40). We are hopeful that further 
refinements will produce a more convincing difference map with the internal Fobs(light)-
Fobs(dark) at a later state. Again, note that the difference density signal associated with the 
BNC ligand is likely not a time-resolved signal but arising from premature oxidation of the 
enzyme upon addition of the photocage as previously discussed in where the chloride in the 
BNC is again present in a sub-population of the enzyme. This leads to negative density 
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when calculating the difference map against the DTBA reference as this structure is mostly 
empty in the BNC. The reason behind the difference between dark 1 and dark 2 is likely due 
to the extremely large laser spot size and high intensity that was utilized to compensate for 
the size of the laser beam. This was a last resort solution†† resulting from problems at the 
beamline which forced us to use a backup system that was not completely suitable for our 
experimental setup. We resorted to using a razorblade to attempt to reduce the light 
contamination but this was partially successful at best. As a consequence, it is fair to 
question whether any significant time resolution was achieved and likely an illumination 
scheme resembling C in Figure 12 was occurring. Furthermore, although the laser power 
was high (> 200 µJ/pulse) the spotsize was in the order of >700 µm, which likely lead to 
suboptimal photocage activation at best.  

 
Figure 40. Left) Fobs(DTBA reduced CcO + photocage 3.3 ms after light activation) - Fobs(DTBA 
reduced CcO) isomorphous difference Fourier electron density map. Middle) Fobs(DTBA reduced 
CcO + photocage dark 1) - Fobs(DTBA reduced CcO) isomorphous difference Fourier electron 
density map. Right) Fobs(DTBA reduced CcO + photocage dark 2) - Fobs(DTBA reduced CcO) 
isomorphous difference Fourier electron density map. Maps are contoured at ± 3.2 σ with gold 
positive density and blue negative density. 

In addition to this, TR-SFX experiments conducted at LCLS in February 2024 seems to 
contain similar small differences in the electron density upon photolysis of HPBC 1 with 
DTT reduced CcO at pH 8. The advantage of this experiment compared to the previous 
time-resolved experiment from Paper II is that an internal dark reference was collected 
which was a major source of uncertainty in Paper II. Although proper refinements and 
further analysis is required this is most likely the strongest candidate to achieve a proper 
Fobs(light)-Fobs(dark) difference map with an internal dark. As might have become 
apparent, this is something that we have put quite some effort into. 

 
†† In our group this type of MacGyver quick fix is referred to as a ”mickey-mouse solution” and should only be 
criticized upon failure to resolve the problem. My motto is “it is not stupid if it works”.  
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Always leave the reader wanting for more is a common advice to novice writers. And as I 
cannot pretend to be anything beyond just that, I must adhere to this advice. One additional 
TR-SFX experiment with CcO and a photocage has been attempted on two occasions, the 
details of which unfortunately does not fit in this already long thesis. But the preliminary 
results obtained at LCLS in February 2024 deserves to be mentioned. DTBA reduced CcO 
was mixed with the previously mentioned nitric oxide photocage, Caged NO (Scheme 3), 
and TR-SFX data was collected 30 ms following excitation from a 355 nm laser (~40 µJ/pulse, 
~70 µm spotsize). Describing the collection of sufficient images to generate a difference map 
a close call would be an understatement as the XFEL beam going on and off during the final 
hours of a five-day experiment when these data were collected. In the end, a less than 
optimal number of images could be collected but the initial map calculated on site shows the 
characteristics presence of an elongated density in the BNC, with a bent geometry, as would 
be expected from ligation of a nitric oxide species to the heme. We hope to report the details 
and associated maps regarding this experiment soon.  
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Always leave the reader wanting for more is a common advice to novice writers. And as I 
cannot pretend to be anything beyond just that, I must adhere to this advice. One additional 
TR-SFX experiment with CcO and a photocage has been attempted on two occasions, the 
details of which unfortunately does not fit in this already long thesis. But the preliminary 
results obtained at LCLS in February 2024 deserves to be mentioned. DTBA reduced CcO 
was mixed with the previously mentioned nitric oxide photocage, Caged NO (Scheme 3), 
and TR-SFX data was collected 30 ms following excitation from a 355 nm laser (~40 µJ/pulse, 
~70 µm spotsize). Describing the collection of sufficient images to generate a difference map 
a close call would be an understatement as the XFEL beam going on and off during the final 
hours of a five-day experiment when these data were collected. In the end, a less than 
optimal number of images could be collected but the initial map calculated on site shows the 
characteristics presence of an elongated density in the BNC, with a bent geometry, as would 
be expected from ligation of a nitric oxide species to the heme. We hope to report the details 
and associated maps regarding this experiment soon.  
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3.2 TOWARDS DEVELOPING SINGLET OXYGEN 
RELEASING HYDROGELS 

Substantial work has been directed towards producing hydrogel equivalents of the 
endoperoxide OTHOs produced in Paper III and sadly there is still a long way to go. 
Initially, we envisioned that hydrogel OTHOs would be achievable upon simple 
introduction of a sufficiently polar functionality which has been previously demonstrated 
for structurally related OTHOs.[148] However, the presence of the oxygen binding motif in 
OTHOs 1-5 and 1-O2 - 5-O2 likely interfere with the required intermolecular interactions 
which are required for gelation to occur in water. Amongst the numerous failed attempts 
synthesizing and gelatin various OTHOs with polar functionalities such as N-oxides and 
quaternary ammonium salts, none formed gels in aqueous solution and most remained 
mostly insoluble. Intrigued by the high aqueous solubility of the proton photocage from 
Paper IV we recognized the possibility of introducing several sulphate groups on the 
glucoside sugar already present in the OTHO framework. This did result in several OTHO 
hydrogels with MGCs in the range between 5 – 20 mg/ml. Unfortunately, upon formation of 
the corresponding endoperoxide the hydrogelation property were lost which we suspect is 
due to an increase in solubility. Efforts are still ongoing to modify 2-PA-Sulphate OTHO 
and Sulphate OTHO 2 shown in Scheme 14 into endoperoxide hydrogelators by fine-tuning 
of the aqueous solubility but much work remains to be done. Gelation is a frustrating 
property to fine tune and I am not convinced that rational design beats dumb luck.  

 

 

Scheme 14. Synthesized OTHO hydrogelators and their corresponding MGC in water. It should be 
noted that Sulphate OTHO can form a gel also at 5 mg/ml but less consistently.  
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3.3 FURTHER IMPLEMENTATION OF PHOTOCAGES IN 
TR-XSS STUIDES 

The pursuit of further biologically relevant photocages seems like a logical endeavor in the 
field of time-resolved structural biology. As I might have hinted at before, combining 
photocages and crystallography is very complicated. The same is true for solution scattering 
experiments at least by only considering the experimental data collection, they are simpler 
by orders of magnitude. We are currently pursuing the synthesis of several novel caged 
biomolecules that initially will be implemented in TR-XSS studies building on the 
foundation established in Paper IV. My work has focused on optimizing and synthesizing 
photocage derivatives of octopamine, tyramine and acetyl choline. Photocages of 
octopamine and tyramine have been synthesized, each with the photocage attached to 
different positions, either by attachment at the phenol or amine. This was done to ensure 
that the caged – dark state – would be less likely to show activity towards the final biological 
target as it is not clear at this stage which functionality of the biomolecule is most essential 
for our future target. The work that has been done so far involves the synthesis and 
characterization of caged tyramine and octopamine and one acetylcholine derivative which 
remains to be turned into a photocage if it exhibits activity towards the biological target. The 
relevant compounds are shown in Scheme 15. 

 

Scheme 15. Structures of caged octopamine and caged tyramine. Also shown is the structure of 
two structural analogues of acetylcholine (not shown), a caged acetylcholine is not feasible due to 
the lack of a functional group for the anchoring of the photocage.  
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