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Abstract 

Optogenetics refers to the use of light for the control of gene expression. This is 

achieved via light sensing domains, which are coupled to regulatory proteins 

that control gene expression. Starting in 2002 with channel rhodopsins the field 

has undergone rapid development and since then, rhodopsins, BLUF domains 

and phytochromes have now all been exploited for this purpose. Optogenetics 

has become an indispensible tool for neuroscientists to study neural networks 

and brain function. It is clear that optogenetics also has the potential to 

revolutionise the field of synthetic biology by allowing light-dependent control of 

gene expression in biosynthetic pathways. 

 

The phytochromes have been the subject of detailed photochemical and 

structural studies. Although phytochromes have proven to be an attractive 

target for new applications in the field of optogenetics, their use has been 

limited due to their narrow wavelength sensitivity. However, several atypical 

phytochromes that exhibit broad spectral properties have been discovered 

recently. Here, we have expressed and purified two of these atypical 

phytochromes, one from cyanobacteria and one from algae.. Several 

biophysical techniques, including time-resolved visible and infrared 

spectroscopy, cryo-trapping and time-resolved X-Ray scattering, were used to 

understand the photocycles and characterise the mechanism of photoreactions 

of these atypical phytochromes in more detail. These findings are discussed in 

relation to the photocycles of the well-studied typical red/far-red phytochromes. 

In order to exploit the broad spectral diversity, we used these atypical 

phytochromes to engineer an optogenetic toolkit that allows light-induced 

modulation of gene expression. The modular nature of phytochromes makes 

them an ideal target for coupling different photosensory core modules with 

selected effector domains in a ‘mix and match’ manner. We demonstrated that 

this approach can be used to make functional chimaeras, which showed both 

in-vitro and in-vivo activity. This work was done in parallel with refactoring of a 

published optogenetic system onto the linalool biosynthesis pathway, which will 

eventually be used as a benchmark to test the chimaeric systems against. 

Ultimately, this work has set the foundations to allow an optogenetic toolkit to 
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be established for the light-dependent control of biosynthetic pathways for 

biotechnology applications.
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1 Introduction 

1.1 Outline 

The work carried out during this Ph.D. is presented as an alternative format 

thesis consisting of three manuscripts. 

 

The studies carried out during this PhD involved collaborations with several 

researchers from the University of Manchester, Central Laser Facility (STFC, 

Harwell) and Institut de Structurale Biologie (Grenoble). 

 

Manuscript titles, publication status and roles of authors: 

 

Manuscript 1, Chapter 2: “Initial characterisation of novel atypical 

phytochromes.”  

Uzma Choudry, Derren J Heyes, Samantha J O Hardman, Nigel S Scrutton. 

This manuscript is pending submission. 

U.C. wrote the paper with input from D.J.H. and S.J.O.H; U.C prepared samples 

and performed basic characterization; U.C. and D.J.H performed cryogenic and 

laser flash photolysis measurements; S.J.O.H performed visible pump probe 

spectroscopy; N.S.S. and D.J.H conceived of and designed the work. 

 

Manuscript 2, Chapter 3: “Photochemical mechanism of an atypical algal 

phytochrome.” 

Uzma Choudry, Derren J. Heyes, Samantha J. O. Hardman, Michiyo Sakuma, 

Igor V. Sazanovich, Joyce Woodhouse, Eugenio De La Mora, Martin N. 

Pedersen, Michael Wulff, Martin Weik, Giorgio Schirò, Nigel S. Scrutton. 

ChemBioChem 2018, 19, 1036 – 1043 

U.C., D.J.H., S.J.O.H., and G. S. wrote the paper with input from all authors; 

U.C. and M.S. prepared and samples; U.C. performed basic characterization; 

U.C. and D.J.H performed laser flash photolysis measurements; S.J.O.H 

performed visible pump probe spectroscopy; D.J.H, S.J.O.H., U.C. and I.S. 

performed infra-red time resolved measurements; G.S., D.J.H, S.J.O.H., J.W., 

E.D.L.M., M.P., M.W. and M.W., performed WAXS measurements; S.J.O.H. 



 Page | 16 

analyzed the visible and infra-red spectroscopy data; G.S analyzed the WAXS 

data.; N.S.S. and D.J.H conceived of and designed the work. 

 

 

Manuscript 3: Chapter 4: “Design of new chimaeric phytochromes for 

optogenetic control of gene expression.” 

Uzma Choudry, Derren J Heyes, John M X Hughes, Samantha J O Hardman, 

Nigel S Scrutton. 

This manuscript is pending submission. 

U.C. wrote the paper with input from D.J.H. and S.J.O.H; U.C designed and 

assembled constructs, prepared samples and performed basic characterization; 

U.C. and D.J.H performed laser flash photolysis measurements; S.J.O.H 

performed visible pump probe spectroscopy; U.C. performed radiolabelling 

measurements with assistance from J.M.X.H; N.S.S. and D.J.H conceived of 

and designed the work. 

 

Given the broad range of topics covered in this thesis, an introduction to 

photochemistry, photoreceptors and optogenetics is outlined below. 
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1.2 Photochemistry 

Light is the main source of energy for all life. Nature has evolved to find 

mechanisms in which light signals drive essential metabolic processes, allowing 

organisms to adapt to the changing environment. Almost all processes within 

plants are controlled by light in some way. A key example is photosynthesis, a 

photochemical process fundamental to all life on Earth, which occurs in plants, 

photosynthetic bacteria and algae. Chlorophyll absorbs sunlight and uses the 

energy from the photon to split water into oxygen while making glucose, which 

is converted to pyruvate and releases adenosine triphosphate (ATP) by cellular 

respiration. Another example is vitamin D synthesis in the skin from cholesterol 

through a chemical reaction that is dependent on sunlight, UVB radiation.[7-10]  

 

Photoreceptors are light activated proteins that receive and respond to light 

signals. The received light signal leads to chemical changes within the protein 

that transduce specific output signals leading to a physiological change. 

Photoreceptors can be found widely in nature, from the human eye to plants 

and microbes, where they fulfil a myriad of functions. In plants, these 

photoreceptors control many crucial stages of plant development, such as seed 

germination, flowering and shade avoidance, through metabolic entrainment to 

adapt to the environment. Vision and circadian rhythm are also dependent on 

photoreceptors.[11-15] 

 

Light is a versatile signal, carrying information in the form of wavelength 

(energy), direction, polarisation and intensity. Photoreceptors receive their 

signal through the absorption of a photon. Absorbance is a process whereby an 

electron within a molecule is excited to a higher, excited, state, Sn, from a 

ground state, S0, by the energy provided by a photon in a process that occurs 

on the femtoseconds timescale. The energy of a photon is reciprocally related 

to the wavelength of light as shown in the equation:  According to the 

Stark-Einstein law, a molecule absorbing a single photon will undergo a single 

electronic transition. Thus, absorbance of multiple photons to bring about a 

single transition is forbidden except in very specific experimental conditions. 
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The chemical and physical properties of an excited state molecule are often 

drastically different from the ground state molecule. The molecule can only 

remain in the excited state for a short period of time before it undergoes a 

series of events to return to the ground state or form a new species that will 

reach its own ground state. The absorbance process and the subsequent 

photo-physical processes are shown in the form of a Jablonski diagram as 

shown in Figure 1.1.[16-18] 

 
Figure 1.1. Jablonski diagram – energy diagram that demonstrates the different 

transitions that a molecule may undergo upon absorption of a photon. E denotes 

the amount of energy. Each column represents a specific spin multiplicity. Bold 

horizontal lines define the limit of each electronic state. Each electronic energy state 

has multiple vibronic levels within it. 
 

Each electronic energy state has within it many vibronic energy levels as shown 

in Figure 1.1. Only a fraction of the vibrational energy levels are shown because 

there are a large number of possible vibrations in every molecule. Each 

vibrational energy state is divided further into rotational energy levels (not 

shown). As the electronic energy increases, the difference in energy between 

levels continually reduces, and the overlap between vibrational energy level 

increases. Once an electron is excited energy is dissipated via several routes 
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which are discussed below and shown in Figure 1.1.[16,17] The faster the 

transition the more likely it is to happen as it will outcompete the slower 

processes. The typical timescales at which the absorbance and deactivation 

processes occur are shown in Table 1.1. 
 

Table 1.1. Timescales of the radiative and non-radiative transition processes. 

Transition process Timescale (s) 

Absorbance 10-15  

Internal Conversion 10-14 to 10-11  

Vibrational Relaxation 10-14 to 10-11  

Fluorescence 10-9 to 10-7 

Intersystem Crossing 10-8 to 10-3  

Phosphorescence 10-4 to 10-1  

 

1.2.1 Internal Conversion 

As discussed above, at increased energy levels the electronic states are closer 

together and this results in the overlap between vibrational levels. If such 

overlap of vibrational levels and electronic states occurs then the excited 

electron can transition from an electronic state in one vibrational level to 

another in a lower electronic state. Internal conversion is a form of vibrational 

relaxation so it is likely to occur immediately after absorption, however, it is 

unlikely to be the final transition because at lower energies - energies 

approaching the ground state - there is a bigger energy difference between the 

electronic states, thus there is reduced overlap between vibrational levels. The 

slow return to the ground state means that other transitive processes 

outcompete internal conversion for an electron in its first excited state.[17] 

 

1.2.2 Vibrational Relaxation 

Vibrational relaxation allows the dissipation of energy via transferring the 

energy provided by the photon to other vibrational modes as kinetic energy. 

Depending on the phase of the solvent, this kinetic energy can either be 

transferred to surrounding molecules or it can stay within the molecule. As the 

relaxation occurs between vibrational levels, there is no change in the electronic 
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state. This process usually takes 10-14 to 10-11 seconds. As this transition is very 

fast, this is likely to occur immediately after absorption.[17] 

 

1.2.3 Fluorescence 

Another energy dissipation route is fluorescence, whereby the energy from the 

absorbed photon is released in the form of a photon. According to Kasha’s rule 

fluorescence is only likely to occur between the lowest excited state and the 

ground state. The released photon is almost always of a lower energy than the 

photon absorbed because some of the energy is lost in internal conversion and 

vibrational relaxation. Fluorescence occurs on the timescale of picoseconds to 

nanoseconds.[17] 

 

1.2.4 Intersystem Crossing and Phosphorescence 

The slowest horizontal transition in the Jablonski diagram is intersystem 

crossing (Figure 1.1). In this process the electron changes multiplicity between 

an excited singlet state to an excited triplet state. Based on electronic rules this 

transition is classically forbidden. However, combining the electronic energy 

with vibrational energy makes intersystem crossing weakly possible as it can 

outcompete fluorescence. Intersystem crossing leads to energy dissipation 

through several different routes that occur on microseconds to seconds 

timescale. One such process is phosphorescence, through which the electron 

returns from the excited triplet state to the ground state in a radiative process.  

 

1.2.5 Other Relaxation Processes 

There are other non-emitting processes, such as loss of energy through 

molecular collisions. Overlap of absorption and emission spectra can result in 

energy transfer. These non-emitting processes can compete with 

fluorescence.[17] The competing energy dissipation processes occur over a 

broad range of timescales shown in Table 1.1, each covering a certain time 

frame. Thus, these processes can be probed using time-resolved laser 

spectroscopy, which allows the reaction to be triggered with a laser and 

provides excellent time resolution. 
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The efficiency of a certain process can be measured quantitatively by 

calculating the quantum yield (Φ) of the process. The quantum yield of a de-

excitation process is the ratio of molecules de-exciting via this transition process 

compared to those that entered the excited state. The equation is shown below: 

 

 
 

The quantum yield of processes that are optimised to harness light is 

maximised for generating a signal through minimising the quantum yield of 

competing, non-productive processes such as thermal de-excitation. 

 

Photoexcitation can also result in processes such as luminescence, 

chemiluminescence, photoisomerisation, photodissociation, photosensitsation 

and photorearrangements. When near an electronically excited molecule, a 

second molecule can be excited through space in a process known as 

photosensitisation, or fluorescence resonance energy transfer (FRET). Two 

major classes of photoisomerisation are cis-trans isomerisation and open-

closed ring transition. The former isomerisation involves rotation around a 

double bond, whereas the latter involves bond cleavage and formation.[19] 

 

1.3 Spectroscopy 

Spectroscopy has been an indispensible tool for the study of any interaction of 

electromagnetic radiation (EMR) with matter, including biological molecules. 

The results of these measurements are often presented in the form of a 

spectrum, which is a plot of the measured parameter (e.g. absorption or 

emission) against wavelength or frequency. When an electromagnetic radiation 

beam is passed through a sample, the photons may be refracted, reflected or 

absorbed to affect the chemical bonds and electrons in the sample. This leads 

to the photochemical processes covered in section 1.2.[20-22] Visible and Infrared 

absorption and X-ray scattering techniques will be covered in this section, as 

these are the techniques employed in this thesis to study the photochemistry of 

photoreceptors that are targeted for optogenetic applications. 
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On a very basic level, in a spectroscopy experiment light emitted from a light 

source is passed through a sample to a detector, which records the properties 

of the received light in the form of a spectrum (Figure 1.2). 

 

 
Figure 1.2. Schematic illustration of basic absorption spectroscopy. Radiation 

from the light source, I0, is absorbed by the sample in sample cell of length, l, and the 

fraction of light that passes through the sample, I, is quantified by the detector. 

 

The amount of light transmitted through the sample depends on the path length 

of the sample; it’s extinction coefficient, and concentration. This is defined by 

the Beer-Lambert Law as 

 

T = I/I0 = 10-εcl  

 

where T is transmittance and equals to light passing through the sample I 

divided by and incident light I0. 
[23] Transmittance can be converted to 

absorbance as 

 

A = -log (I/I0) = εcl 

 

 

1.3.1 Infrared Spectroscopy 

Covalent bonds in organic molecules behave like springs and are not rigid. 

Organic molecules are always in motion as their bonds bend, twist, rock and 

stretch at room temperature, as indicated in Figure 1.3. Each of these modes 

has an energy, which is usually in the 2-20 µm wavelength or infrared (IR) 
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region and will depend on the bond mode, the atoms involved, and the 

surrounding environment. 

 

 
Figure 1.3. Some examples of vibrational modes within organic molecules at 

room temperature. 

 

The strength of IR spectroscopy is that different functional groups (e.g. 

carbonyl, amine and carbon-hydrogen bonds) have different characteristic 

absorption frequencies (Figure 1.4). Whether bonds absorb IR light depends on 

whether the absorption results in a periodic change in the dipole moment of the 

molecule. The greater the polarity of the bond, the stronger its IR absorption. 

The carbonyl bond is very polar and therefore absorbs very strongly, whereas a 

carbon-carbon bond is non-polar, unless it has un-identical sp2 carbons, and so 

it does not absorb and is often therefore IR-inactive.[20,21,24-27]  
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Figure 1.4. Vibrational modes and energies of some common types of molecular 

bonds. 

 

Although IR does not allow you to decipher complete structure, even for simple 

molecules, it is a valuable tool when used other analytical methods to monitor 

functional groups. It is therefore good for monitoring reactions or, in our case, 

photochemical processes. Another technique for measuring vibrational modes 

is Raman spectroscopy, however this technique is not used in this project and 

therefore not covered here. 

 

1.3.2 UV/Visible Spectroscopy 

Unlike IR spectroscopy, absorption of higher energy, shorter wavelength UV/ 

visible light very often results in electronic transitions as discussed in section 

1.2. The setup of a UV/ Visible absorption spectrometer includes a tungsten 

filament or another light source to produce visible white light and a deuterium 

arc lamp to produces UV light. A diffraction grating within a monochromator is 

used to separate the different wavelengths of light so that light of a single 
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wavelength reaches the detector at one time. The detector is usually a 

photomultiplier tube, a photodiode array or a photodiode, which filter the light. 

 

1.3.3 Time-resolved Laser Spectroscopy 

Many chemical processes that occur within proteins occur over a wide range of 

timescales (Figure 1.5). No single instrument can cover this large temporal 

range and so different methods are often required to study these processes. 

Time-resolved spectroscopy can provide information on both the lifetimes and 

the spectral properties of photoinduced intermediates.  

 

 
Figure 1.5. Protein dynamics with associated timescales. 

 

To investigate fast processes, light properties need to be controlled in a precise 

manner. Invented in 1960, lasers provide unprecedented control of light 

parameters, such as intensity, wavelength, direction, duration of pulse, 

polarisation and phase. Narrow and intense beams of light can be generated 

that have enough energy to populate intermediate states to a detectable 

concentration. As such, transient, short-lived species, such as excited states 

and reactive intermediates can be detected and followed in real time, allowing 

dynamics of photochemical reactions to be characterised in unprecedented 

detail.[20,21,28,29] This type of measurement, broadly known as pump-probe 

spectroscopy, usually involves a laser pulse (the ‘pump’) to trigger the 

photochemical reaction and various types of spectroscopic probe (e.g. UV/vis or 

IR absorbance, X-ray scattering, etc) to monitor the reaction progress. 
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To monitor processes occurring on ultrafast, fs – ns, timescales ultrafast 

transient absorption spectroscopy can be used. These experiments use 

ultrafast laser systems, which typically produce a train of sub-ps duration pulses 

at kHz repetition rates. The photoreaction is initiated with a pump pulse and 

another, synchronised, probe pulse, is used to follow absorbance changes at a 

time delay, t. An optical chopper is used to halve the frequency of the pump 

beam, which allows for “pump on” and “pump off” readings that are used to 

generate difference spectra at a higher sensitivity than simply observing the 

absolute level of transmitted light. One of the beams passes via a delay stage, 

the position of which is varied to vary the time delay. At these timescales, 

photophysical processes such as photochemical conversions, vibrational 

relaxation, internal conversion and intersystem crossing can occur.[24,27-31] 

 

To monitor slower, ns – ms, kinetics, laser flash photolysis can be used. This 

technique utilises a single pump pulse to initiate a photoreaction and then a 

series of probe measurements monitor changes in absorbance over a range if 

timescales. The source of pump pulse can be a flash lamp or a light-emitting 

diode (LED). The minimum time resolution of the flash photolysis set up is 

restricted to nanoseconds, which is determined by the speed of the detector 

response. The probe light is typically generated by a Xe lamp and can be either 

monochromatic and detected at a single wavelength with a photomultiplier tube 

(PMT) to monitor kinetics, or detected as a full spectrum on a photodiode array, 

with lower sensitivity. At these timescales, the observed signals are assumed to 

show formation of triplet states, intermediates and photoproducts of the reaction 

rather than photophysical loss processes.[32] 

 

1.3.4 X-ray scattering 

Scattering techniques produce deflection patterns when a sample is illuminated 

with X-rays, which can be used to deduce the nano- and micro-scale molecular 

structure and dynamics of non-crystalline materials including biological 

macromolecules. Diffraction and scattering occur due to interference of X-rays 

elastically scattered from electrons within the sample. Solution scattering 

techniques, such as small angle X-ray scattering (SAXS) and wide angle X-ray 

scattering (WAXS), are powerful approaches to provide structural insights of 
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proteins in solution. These techniques can be applied to samples in solution 

and allow large and small structural dynamics and conformational changes to 

be probed. With this approach, rotationally symmetric scattering images are 

produced from randomly oriented proteins. The integration of these scattering 

images result in one-dimensional scattering profiles that give structural insights 

such as mass, flexibility, gyration, compactness and overall shape.[33] By 

applying the time-resolved approach to this technique you can build a picture of 

conformational and structural changes of a molecule overtime when triggered or 

activated.  

1.4 Photoreceptors 

The light-sensing moiety within photoreceptors is known as a chromophore, 

usually a small molecule that absorbs in or near the visible spectral region. 

Light-induced changes in the configuration of the chromophore (e.g. through an 

isomerisation step or cysteinyl–adduct formation) initiate the formation of a 

signalling state, which communicates with the downstream signal transducer to 

elicit a specific physiological response [34].Photoreceptors are ideal candidates 

for studying the role of dynamic changes within the protein in relation to their 

function. This is because the reactions can be triggered with fast laser 

illumination and the resulting photochemical changes can be followed using 

various spectroscopy techniques, with excellent time resolution.[10,35] 

 

Photoreceptors were originally separated into six main classes (rhodopsins, 

phytochromes, xanthopsins, cryptochromes, BLUF and phototropism) based 

upon the structure of their chromophore, as shown in Table 1.2. The recent 

discovery of vitamin B12 containing photoreceptors, and the UV-sensitive 

photoreceptor UVR8 has further expanded the known number of photoreceptor 

families. 
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Table 1.2: Chromophore-based classification of photoreceptors. Chromophore 

structure and details of the primary photochemical event are included. Adapted from: 
[10] 

Class of Photoreceptor based on the 

Chromophore 

Photosensor 

family 
Photochemistry 

Bilins 

 

Phytochromes, 

Cyanobacterial 

phytochromes.  

Cyanobacterio-

chromes, Algal 

Phytochromes 

E/Z isomerisation 

 

Rhodopsin E/Z Isomerisation 

 

Xanthopsin E/Z isomerisation 

Flavins 

  

BLUF Proteins Proton transfer 

Cryptochromes Electron transfer 
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Phototropin 
Cysteinyl adduct 

formation 

 

B12 
Photolysis of C-

Co bond 

 

UVR-8 

Electron and 

proton transfer; 

salt bridge 

disruption 

 

In phytochromes, rhodopsins and xanthopsins, photon absorption results in an 

initial E/Z isomerisation step. However, Blue Light Utilising FAD (BLUF), 

cryptochromes and phototropins all contain a flavin chromophore and their 

initial photochemistry is driven by photon transfer, electron transfer and 

cysteinyl-adduct formation, respectively. The B12 containing photoreceptors 

have a 5′-deoxyadenosylcobalamin chromophore, which transmits the light 

signal via adduct formation, ultimately leading to a change in oligomerisation 

state of the photoreceptor.[36,37] A novel tryptophan-based cofactor acts as the 

UVR-8 chromophore, which senses UVB light.  UVB irradiation leads to the 

disruption of tryptophan and arginine mediated salt bridges, thus leading to 

monomerisation of the protein.[38] 

 

The initial photoreaction results in local changes in the protein structure. In 

many cases this forms a signalling state that transduces the photon absorption 
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signal to a signal transduction partner to elicit a physiological response. All 

classes of photoreceptor are water soluble except rhodopsins, which are 

membrane proteins. The majority of the work in this thesis has focussed on the 

bilin-containing photoreceptors, namely the cyanobacteriochromes and the 

phytochromes, so these will be discussed in more detail in the next section. A 

brief description of the other main classes of photoreceptor is given below. 

 

1.4.1 Rhodopsins 

Rhodopsins are membrane photoreceptors that contain a retinal chromophore. 

The retinal is covalently linked to a lysine residue in the protein as a Schiff 

base. Though well known as photoreceptors in the eyes, rhodopsins can also 

be found in microorganisms and algae.[39-41] Channelrhodopsins are responsible 

for phototaxis in flagellate algae.[42,43] Algal rhodopsins that act as light driven 

proton pumps are found in photosynthetic organisms, yet their physiological role 

remain unknown. Microbial rhodopsins known as bacteriorhodopsins pump 

protons across a membrane in response to light to generate a proton gradient 

that is then converted to chemical energy.[43] Enzymerhodopsins are made up 

of sensor domains that are linked to effector domains such as kinases and 

adenylate cyclase. The enzymatic activity allows adaptation of behavioural 

responses.[44]  

 

Microbial rhodopsins are seven-helix transmembrane proteins.[45] The helices 

traverse the membrane forming a barrel-like bundle. The retinal is covalently 

attached to the middle of the bundle.[46] The light induced conformational 

changes occurring during the photocycle have been revealed through 

crystallography and cryo-electron microscopy.[47,48] However, this photocycle 

may not stand true for the algal rhodopsins. Although there is a lack of high-

resolution plant rhodopsin structures, plant rhodopsins are expected to be 

structurally similar to homologous microbial rhodopsins.[47] 

 

Studies of the retinal cofactor in rhodopsin have elucidated the photochemistry 

of the reaction. Animal rhodopsins are optimised for 11-cis to all-trans light 

driven isomerisation, whereas microbial rhodopsins are optimised for all-trans to 

13-cis isomerisation. In bacterial rhodopsins the isomerisation results in a series 
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of structural transitions with proton translocations as shown in Figure 1.6.[49] The 

all-trans form is the active form in bacterial rhodopsin. Within 5 ps of absorbing 

a 570 nm photon, the bacterial rhodopsin retinal undergoes a trans to cis 

isomerisation around bond 13 converting the BR 570 state to the K 590 state.[50] 

The ultrafast isomerisation is followed by the subsequent formation of several 

intermediates (L, K, M, N, O), which are shown with respective lifetimes in the 

photocycle in Figure 1.6. Within tens of milliseconds of the photoexcitation the 

cis-intermediate relaxes back to the BR ground state.[43,49-54] 

 

 
Figure 1.6. Bacterial rhodopsin retinal isomerisation upon photon absorption. 

The intermediates with conventional names: K, L, M, N, O are shown with their 

respective lifetimes. 

 

1.4.2 Xanthopsin 

The xanthopsin family of photoreceptors bind a cinnamyl chromophore (e.g. 

coumaric acid) via a thioester linkage to a cysteine buried deep within the 

protein. The prototypical xanthopsin is a small photoactive yellow protein (PYP). 

It was first isolated from the phototrophic bacterium Ectothiorhodospira 

(Halorhodospira) halophile [55] and later found in other purple bacteria. 

Xanthopsins have different roles in different organisms, including chalcone 

synthesis in Rhodospirillum centenum and initiation of a photophobic tactile 

response in H. halophile.[56,57] As yet, no interacting partner proteins have been 
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found and its physiological mechanism remains elusive.[58] One function 

suggested for PYP is the regulation of cell buoyancy as the PYP genes are 

associated with those for gas vesicle formation in Rhodobacter species.[59-61]  

 

Compared to the photosensory domains of other photoreceptors, the 

photocycle of PYP has been studied in detail at the atomic level. Green photon 

absorption leads to the primary photochemical event, which is a trans to cis 

isomerisation around the sole double bond in the chromophore, as shown in 

Figure 1.7. The isomerisation occurs within a few nanoseconds to form a 465 

nm-absorbing I1 state. Two different intermediates, I0 and I0#, have been 

identified on sub-nanosecond timescales before formation of I1. Within 500 µs I1 

is protonated concomitant with protein unfolding to form the second 

intermediate, I2. The cis-intermediate I2 thermally reverts to the trans state 

within 150 ms of the isomerisation. I1 and I2 are also referred to as pR and pB, 

respectively.[53,62] 

  

 
Figure 1.7. Photocycle of PYP. Intermediates are shown with the respective 

lifetimes and λmax. 

 

In the ground state the protein is constrained because the phenolate anion of 

the chromophore is stabilised by hydrogen bonds and the carbonyl end is 

pinned by the covalent thioester bond (Figure 1.8).[53,63-68] 
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Figure 1.8. The structure of the PYP chromophore within its local environment. 

 

Each intermediate formed upon relaxation from the nanoseconds to second 

timescale has been studied using time-resolved crystallography.[58,68,69] This 

revealed that the isomerisation event causes strain in the chromophore and 

protein. Relieving the strain leads to several changes in the tertiary structure, 

which start with the breakage of hydrogen bonds that stabilise the phenolate. 

 

1.4.3 BLUF Proteins 

BLUF domains contain the blue-absorbing FAD chromophore. BLUF proteins 

are usually dimeric and can be found with or without an effector domain, which 

are usually involved in cyclic nucleotide metabolism.[70,71] Absorption of blue 

light by the chromophore of the PB state leads to conformational changes in the 

FAD, forming the signalling state on the sub-nanosecond timescale.[72] When 

the ground state absorbs a photon of blue light, an electron is transferred from a 

conserved tyrosine residue to the FAD within 7 ps to form a short-lived radical 

pair (Figure 1.9), involving  FAD�- and Tyr�+. Within 6 ps the anionic flavin radical 

is protonated to form the neutral semiquinone radical FADH�. A side chain 

glutamine then rotates, followed by the electron being returned to the tyrosine 

residue to form the slightly red-shifted signalling state, FADred-shifted (PR), within 

65 ps (Figure 1.9). This state is slightly red-shifted as it differs in the hydrogen 

bonds it forms in the ground state.[73] The quantum yield of PR formation has 
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been measured as 0.25 to 0.4 and it reverts back to the ground state within 5 

seconds.[63,71-73]  

 

 
Figure 1.9. Blue light triggered transformation of FAD during BLUF photocycle as 

mediated by the conserved tyrosine and glutamine residues, forming the PR state 

from the PB state. Adapted from[2] 
 

1.4.4 Cryptochromes 

Cryptochromes also usually contain the blue-absorbing FAD chromophore and 

are known to modulate several processes within plants and animals, including 

entrainment by light of the circadian clock, circadian oscillators in animal brains 

and photomorphogenesis.[12,74-76] The photosensory domains of Arabidopsis 

thaliana cryptochromes, AtCry1 and AtCry2, are related to DNA photolyase. It is 

therefore called the photolyase homology region (PHR), but it has no DNA 

repair activity.[77,78] Unlike photolyases, cryptochromes contain a C-terminal 

extension (CCT) that may serve the function of effector domain.  
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Cryptochromes are thought to play a key role in magnetoreception within birds. 

The cryptochrome photoreceptor is proposed to process magnetic information 

for bird migratory orientation.[79] The magnetic compass is reliant on 373 nm, 

424 nm, 502 nm, and 565 nm light for orientation in birds. 590 nm, 635 nm and 

645 nm light illumination result in disorientation.[80-85] The radical-pair based 

magnetoreception mechanism proposes that the concentration of signalling-

active radical, FADH�, formed during the cryptochrome photocycle (as shown in 

Figure 1.10) is altered by an applied magnetic field. This magnetic sensitivity 

results from the interconversion of the singlet and triplet state of the radical 

pairs.[86-88] 

 

 
Figure 1.10. The formation of the cryptochrome signalling state, FADH•, and the 

signal quenching state, FADH-. 

 

The FAD chromophore is non-covalently bound in the helical domain of 

cryptochrome’s 16 helices bundle. Absorption of a photon of blue light by the 

fully oxidised form of FAD leads to the formation of a semi-reduced 

semiquinone intermediate. The semiquinone accumulates in the activated 

signalling form and is further fully reduced to FADH-, which ceases the 

signalling. Through dark reversion, the FADH- re-oxidises to FAD (Figure 1.10). 

Green light absorption by the FADH� radical shifts the equilibrium to the fully 

reduced FADH- form, which is the inactive form.[80,86,88-91]  

 

Signal transduction via cryptochromes is known to modulate nuclear gene 

expression. However, plenty remains to be elucidated about the downstream 
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signal transduction of cryptochromes, such as the kinases, phosphatases and 

ubiquitin ligases required for light regulation of cryptochromes. A recent study 

has revealed that CRYII does not bind FAD in-vitro and is postulated to be a 

vestigial flavoprotein. CRYII does not have the structural features required to 

bind photoactive chromophore.[92] How this impacts on in vivo function however 

remains to be determined. 

 

1.4.5 Phototropins 

Phototropins contain LOV (light-oxygen-voltage sensing) domains, which also 

bind the blue-light absorbing FAD chromophore in a cleft lined with conserved 

residues. LOV domains are not only found in plants but also fungal and 

bacterial proteins. In plants, three classes of proteins utilise LOV domains. 

Phototropins 1 and 2 are the first family which modulate some of the fast 

responses, such as stomata closure and chloroplast movements,[93,94] whereas 

the Zeitlupe family control some of the slower responses.[95,96] The third family is 

the Aureochromes, which modulate photomorphogenesis in photosynthetic 

organisms.[97] 

 

Absorption of blue light by the ‘dark’ LOV1-445/ D447 state of the FAD leads to 

formation of two triplet state intermediates, LOV1-715a and LOV1-715b, via 

intersystem crossing.[98] This process occurs on the picosecond timescale. 

These two intermediates decay with time constants of 800 ns and 4 µs 

respectively to a blue-shifted, LOV1-390/ S390 state through the formation of a 

thioether bond between the C4α and a cysteine residue, via a radical pair 

intermediate (Figure 1.11).[99-101] S390 is formed with a quantum yield of ~0.3 in 

phototropins[102] and thermally reverts to the dark state over hundreds of 

seconds.[103] The S390 is a signalling state that activates a kinase.[104] The S390 

state can be photolysed with near-UV light to generate D447.[105] The quantum 

yields and kinetics of different LOV domains vary in their photocycle[102] due to 

differences in the chromophore environment within the photoreceptor. 
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Figure 1.11. The photocycle of phototropin LOV domain; all intermediates shown 

with their respective lifetimes. Adapted from [106] 

 

Phototropins contain two types of LOV domain, LOV1 transduces the photon-

generated signal to a serine/threonine kinase and leads to the 

autophosphorylation of serine and threonine residues,[94,107] whereas LOV2 acts 

to attenuate the LOV1 signal.[108] 

 

1.4.6 Vitamin-B12 Containing Photoreceptors 

 Cobalamins are well-studied enzyme co-factors, which usually act as methyl- 

or adenosyl- donors. B12-binding domains have also been found in many non-

enzymatic proteins and 5′-deoxyadenosylcobalamin (AdoB12) has recently been 

discovered to be essential for light sensing in the CarH gene repressor,[109-111] 

which controls expression of carotenoids in Myxobacteria. In the dark AdoB12 

binding leads to CarH tetramer formation, which binds to the operator and 

results in the repression of gene expression. Exposure to light of certain 

wavelengths leads to photolysis of the upper 5’deoxyadenosyl-Co ligand, which 
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leaves a large cavity and triggers reorientation of a helix relative to the B12 

binding domain. This leads to tetramer disassembly and results in the activation 

of carotenoid gene expression. [112,113] The full photocycle of Thermus 

thermophiles CarH has been unravelled from femtoseconds to seconds 

timescale.[36] Upon photoexcitation of CarH two intermediates are formed, with 

tens of femtoseconds lifetime. These dissociate into radical pairs within 100 ps 

before recombining to form the ground state within 10 ns. 

 

B12-binding domains with no obvious output domains have also been 

discovered to control gene expression upon light absorption.[114] Many B12-

binding domains without output domains remain uncharacterised. Further 

studies of these domains will likely lead to expansion of the B12-binding 

photoreceptor family. 

 

1.4.7 UVR8 

Due to its high energy, UVB light (280-315 nm) has damaging effects on 

biological molecules, such as DNA. However, plants have evolved to withstand 

the UVB induced stress. UVR8 is the only known plant photoreceptor that 

perceives UVB radiation and it’s sensitivity to these wavelengths is due to a 

number of tryptophan residues. Upon UVB absorbance the UVR8 dimer 

dissociates into signalling-active monomers that interact with signalling 

components to modulate gene expression. UVB absorbance leads to electron 

transfer from tryptophan-233 to tryptophan-285 and then to arginine-338. The 

electron transfer steps occur concomitant with proton transfer from tryptophan-

233 to aspartic acid-129, which leaves arginine-338 as a neutral radical. This 

disrupts salt-bridges involving these residues as well as other key salt-bridges. 

This leads to a decrease in the energy of protein-protein interactions and 

dissociation of the dimer into its monomer units,[38,115,116] which then interact 

with signalling components to modulate gene expression. Nuclear accumulation 

of the monomer also occurs, which interact with COP1 (Constitutively 

Photomorphogenic 1) through its C-terminal extension.[117-121] COP1 is a 

negative regulator of photomorphogenesis in Arabidopsis thaliana and it acts as 

an E3 ubiquitin ligase, targeting proteins for proteasomal degradation.[122-124] 
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1.5 Phytochromes 

Phytochromes are a red and far-red light sensing family of proteins.[125] They 

play a major role in regulation of plant photomorphogenesis, flowering, seed 

germination and shade avoidance, among other physiological roles such as 

phototaxis and circadian rhythm.[126-129] As well as plants, phytochromes are 

also found in bacteria, denoted as bacteriophytochromes (Bphs), algae, fungi 

and cyanobacteria.[130,131] Although phytochromes have been predominantly 

found to act as photosensors that enable organisms to adapt to changing 

conditions, there are examples of phytochromes that serve a different function, 

such as a redox sensor.[132,133] A linear tetrapyrrole molecule, usually a variant 

of bilin, is the chromophore responsible for light sensing in these proteins. 

Heme oxygenases convert heme to biliverdin IXα, which is the precursor to the 

different variants of bilins (Figure 1.12).[134] The bilins in different phytochrome 

subfamilies can differ in their oxygenation states.  
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Figure 1.12. Synthesis of biliverdin IXα from heme by heme oxygenase. The 

reduction of bilin to phytochromobilin and phycocyanobilin is shown. Ferredoxin (Fd)-

dependent bilin reductase (HY2) reduces biliverdin to phytochromobilin. 

Phycocyanobilin:Ferredoxin Oxidoreductase (PcyA) catalyses the four electron 

reduction of biliverdin to phycocyanobilin. 

 

Phytochromes are modular proteins that are composed of a N-terminal 

photosensory core module (PCM) and a C-terminal effector domain.[135,136] The 

PCM region generally consists of 3 domains, termed PAS, GAF and PHY 

domains, although the Cph2 phytochrome from cyanobacteria is a PAS-

domain-less phytochrome that maintains the GAF and PHY domains.[35,137-139] 

Cyanobacteria also have cyanobacteriochromes (CBCRs), a distant relative of 

phytochromes that only have GAF domains as their PCM and respond to a 

broad spectrum of light (see section 1.6).[140] More recently, phytochrome 

proteins have been found in eukaryotic algal genomes and were found to 

absorb green, red, orange, blue and violet light (Figure 1.13), presumably due 
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to changes in the GAF domains. As red and far-red light is attenuated at certain 

depths, phytochromes with evolved spectral tuning allow algae to sense light 

signals and to adapt to the changing environment.[131]  

 

  
Figure 1.13. Spectra of the recently identified algal phytochromes. These 

phytochromes have broad spectral tuning that spans the entire visible spectrum. 

Spectra source: Rockwell et al. (2014).[141]  

 

The effector domain in most phytochromes is a histidine kinase (HK), which 

autophosphorylates upon signal detection, although phytochromes with different 

HK domains have been discovered.[142,143] The HK is usually coupled to a 

response regulator (RR) to which the phosphate group is relayed (Figure 1.14). 

The RR is usually a transcription factor that is activated or inactivated by the 

phosphorylation. In its active form the RR binds to a promoter or operator to 

induce or repress gene expression. This modulation is referred to as a two-

component signalling (TCS) pathway (Figure 1.14). 
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Figure 1.14. Schematic summary of phytochrome signalling. Signalling is initiated 

with light activated (as shown in step 1) autophosphorylation of effector domain (2), 

followed by phosphotransfer onto the response regulator (3), which is responsible for 

modulating gene expression (4). PCM units are represented by blue rectangles, 

effector domain represented by violet ovals, response regulator represented by 

mustard triangle. 

1.5.1 Structure 

Phytochromes from plants and cyanobacteria differ to Bphs in the substituents 

found on the pyrrole ring of the bilin and the mode of attachment of the 

tetrapyrrole ring to the protein. Bphs contain biliverdin IXα (BV) whereas 

cyanobacteria and plant phytochromes consist of phycocyanobilin (PCB) and 

phytochromobilin (PΦB), respectively (Figure 1.12). The linkage of the 

chromophore is made via an intrinsic bilin lyase activity of the GAF domain.[144] 

The bilin forms a thioether bond with a conserved cysteine residue within the 

GAF domain, which is found within the PCM. 

 

The PCM of typical/plant-like phytochromes is composed of PAS (Per-ARNT-

Sim), GAF (cGMP phosphodiesterase/ Adenylate cyclase Fha1) and PHY 

(phytochrome specific) domains.[58,135,145] The PAS domain is a sensor domain 

that senses oxygen, redox potential, light and small molecules. Some 
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phytochrome proteins, mainly from plants, may contain multiple PAS domains 

within the same protein, as shown in Figure 1.15. GAF domains are structurally 

similar to PAS domains but contain three additional helices that are at the dimer 

interface.[145] The C-terminal domain of these proteins is an effector domain, 

usually a HK, which has ATPase activity, although other types of output 

domains are also found in some phytochromes (Figure 1.15). 
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Figure 1.15. Domain architecture of plant, bacterial, algal and fungal, 

phytochromes together with cyanobacteriochromes and neochromes. The 

photosensory module consisting of PAS, GAF, PHY domains are shown along with 

domains that make up the effector module. Taken from [146] 
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1.5.1.1 Photosensory Core Module Structure 

The first crystal structure of a classic red/far-red phytochrome was from non-

photosynthetic Deincoccus radiodurans.[147] A detailed structure of the full PCM 

was obtained more recently from Synechocystis sp., Cph1,[139] (Figure 1.16) 

and Pseudomonas aeruginosa, PaBphP.[148] These structures helped advance 

our understanding of the Pr to Pfr conversion.[149] [137,139,147,148,150-165] The 

Deincoccus radiodurans structural studies are reviewed comprehensively by 

Burgie et al. 2016.[150]  

 

 
Figure 1.16. The colour coded domain architecture and structure of Cph1 from 

Synechocystis 6803. Disordered loop-regions are shown by dotted lines. Taken from 

Essen et al. (2008). 

 

The PAS, GAF and PHY domains have the common fold of five anti-parallel β-

sheets. The arrangement of these domains is linear yet the PAS and GAF 
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domains are integrated via an unusual Figure-of-eight knot structure that is 

conserved in all PAS-containing phytochromes, along with the extended arms 

formed by both the PAS and PHY domain.[139,147,148] The function of the knot 

structure is unknown and the knot is missing in PAS-less phytochromes. 

However, Cph2 PAS-less phytochromes contain the sequence of the GAF 

domain that forms the lasso portion of the knot.[138] The structures of the PCM 

have allowed insight into the interactions of the PHY and GAF domains and the 

similarities between these two domains. The αE-helix of the GAF domain is 

continuous with the αA helix of the PHY domain, thus a long continuous helix, 

66 Å long, spans the entire PCM (Figure 1.16). The extended PHY arm serves 

to protect the bilin from solvent.[136,139,148] 

 

The structure of the PCM of Cph1 from Synechocystis 6803 consists of PAS-

GAF and PHY domains. It has the conserved knot structure and a 46-residue 

protruding tongue structure between β16 and α15 of the PHY domain. The 

tongue extends back as a long β-hairpin from the PHY domain to the GAF 

domain, making intimate contact with the knot in addition to the GAF surface 

(Figure 1.17). This tongue structure is also conserved in all classes of 

phytochromes and it contains several highly conserved residues that are 

involved in interaction with the GAF domain. The tongue can vary in its length, 

but only at the tips. The tips only weakly interact with the GAF domain as it is 

partly disordered. The shortest tongues are found in the non-canonical PAS-

less Cph2. The tongue covers the chromophore-binding pocket, which along 

with PAS and GAF isolates the chromophore from solvent. The conserved F475 

residue of the tongue closes the chromophore pocket, thus shielding it from the 

solvent (Figure 1.17). The tongue also serves to stabilise the Figure of eight 

knot formed by the PAS and GAF domains.[139] 
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Figure 1.17 – Spacefill model of the Cph1 tongue structure (dark-red) and PCM from 

Essen et al. (2008). The chromophore (cyan) is hidden from the solvent by the tongue. 

 

Photoexcitation of the red-light absorbing state (PR) leads to isomerisation 

across the C15-C16 double bond (see section 1.5.3), which occurs 

concomitantly with flipping of ring D. Two Tyr residues, one above ring D and 

one at the side of ring D (Phe in Bphs), help to stabilise the far-red-light 

absorbing state (PFR) conformation upon ring flipping by forming a hydrogen 

bond network with the carbonyl group and an Asp residue, which disturbs a salt 

bridge between the Asp and an Arg residue, shown in Figure 1.19.[163,166-168] It is 

believed that these rearrangements upon red light illumination, lead to a change 

in the fold of the tongue from a β-hairpin to an α-helix and cause the tongue to 

shorten as the distance between the GAF and PHY domain is reduced by 2.5 Å 

(Figure 1.18). The shortening of the tongue leads to dimer opening which allows 

autophosphorylation.[139,161,163,169] Takala et al.’s (2014) solution and crystal 

structures of the PR and PFR forms show that the PCM dimer opens up by 

several nanometres upon illumination of the PR form.[163] Mutation of a 

conserved Arg residue (R472) to an Ala residue does not have a profound 

effect on the absorbance properties of Cph1 phytochrome but this mutant fails 

to dimerise in the PR form. This indicates that the tongue plays an essential role 

in transmitting the light signal to the protein surface. This arginine residue 

hydrogen bonds to a main chain oxygen between two Gly residues (G451 and 

G452). R472 is thought to couple photoisomerisation led changes of ring D to 

the tongue conformation. Another Arg residue, R254, on the other side of the 

bilin forms a salt bridge with the ring B propionate and is also involved in 

mediating the signal transduction to the protein surface.[139,170] 
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Figure 1.18. Crystal structures of Deincoccus radiodurans in dark (PR) and 

illuminated state (PFR). The PHY tongue (green) changes fold from a β-hairpin in the 

dark form to a shorter α-helix in the illuminated form. The interactions of the tongue 

structure are shown. Asp 207 and Arg 466 salt bridge visible in the beta hairpin 

conformation is disrupted in the α-helix conformation. The tongue shortens by 2.5Å 

upon fold-change. The chromophore (orange) is protected from the solvent by the 

PHY-tongue. Structure diagrams taken from Takala et al. (2014).[163] 

 

The proposed structural mechanism relies on three factors: 

1) The PAS, GAF and PHY domains, which are connected by the tongue 

are very rigid and cannot deform to accommodate for the variation in 

tongue length upon illumination. 

2) The tongue and its junction must be rigid to maintain the GAF and PHY a 

fixed distance away from each other in the PR form. 
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3) The long helix connecting PAS, GAF and PHY is important to direct the 

shortening of the tongue, which allows the dimer to open (Figure 1.19). 

These requirements have been fulfilled by the structures revealed thus 

far.[139,163] 

 

1.5.1.2 Full-Length Models 

Several methods have been used to try to find the structure of full-length 

phytochromes, although up until recently, it has remained elusive. A recent low 

resolution structure of a full-length phytochrome from Xanthomonas campestris, 

which has a PAS9 effector domain has been published.[171] This structure 

shows a head to head dimer, in which the output module contributes to the 

dimer interface helices. Evans et al. (2008) proposed a small-angle-X-ray-

scattering (SAXS) model by fitting the X-ray crystal structure of DrBphP-CBD 

and a HK domain into RpBphP2 envelope. SAXS analysis of full length 

RpBphP2 revealed that it has a Y-letter shaped structure. According to the 

SAXS model, each CBD/PCM is contained within one arm of the Y and the PHY 

domain and HK-braid twisting over one another and continue through the base 

of the arms. The ATP binding site of the HK opposes the phosphoacceptor His 

residue.[172] Yang et al. (2008) have taken the PaBphP PCM structure and the 

HK domain used in the SAXS model to propose a structure that takes less of a 

Y-letter shape. Hence, there is slight variation between the two different 

models. A recent electron microscopy study revealed two-fold symmetry of the 

full length DrBphP in addition to the parallel dimerisation interface. However, 

the full HK domain is not visible which can be attributed to the high flexibility of 

the HK domain. The twisted structure of HK at the neck of the full-length model 

also fits this data.[148] 

 

Recent time-resolved X-ray scattering studies on full-length phytochromes have 

revealed that light induced signal transduction to the HK domains leads to 

rotational motion (Figure 1.19), which is postulated to lead to a degree of 

uncoiling of the HK monomers that are otherwise coiled together.[164] The coil is 

reminiscent of the α-helix linker, the angular orientation of which has been 

demonstrated to be essential for the HK functionality.[173] Structural changes 

prior to formation of the Meta-Rc intermediate state were not detectable by 
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time-resolved X-ray scattering suggesting the early re-arrangements are small 

and below the detection limit.[164] The study also suggests that the millisecond 

step within the PAS-GAF moiety controls the larger transformation of the entire 

molecule as this step is associated with the Meta-Rc state, which is itself 

associated with the deprotonation step.[174,175] Bjorling et al. 2016 suggest that 

this deprotonation controls the ultimate biochemical activity of the phytochrome. 

An additional final process is detected, however, the nature of this step remains 

unclear.[164] 

  

 
 
Figure 1.19. Cartoon representation of HK rotation relative to the PCM upon 

formation of PFR (gold) state from PR (silver) state as suggested by Bjorling et al. 

(2016). A) Side view, B) Top view and C) Bottom view of DAMMIN generated ab-initio 

and homology model of full length phytochrome, DrBphP, from D. radiodurans. Taken 

from [164] 
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1.5.1.3 Dimerisation 

Phytochromes were initially thought to dimerise at the HK domain, however this 

was disproved when the crystal structure of the DrBphP PCM revealed that the 

PCM alone could form dimers.[176,177] Crystal structures have shown that 

PaBphP,[153] DrBphP[153] ,RpBphP3[151] and most bacterial phytochrome[148] 

PCMs form a head to head parallel dimer stabilised by a six-helix bundle and 

three helices from each GAF (Figure 1.20). Opposing Glu and Arg residues 

form a salt bridge to support dimerisation.[148] This salt bridge is broken upon 

ring D rotation when the phytochrome is illuminated. A recent study looking at 

dimer interfaces within the PCM of a D. radiodurans revealed two dimer 

interfaces, one formed due to the hydrophobic interactions at the GAF - GAF 

interface and the other between the HK domains. The interactions between the 

HK domains serve to stabilise the dimer.[178] Crystal structures of P. aeruginosa 

phytochrome suggest that the PHY domains approach each other.[148,149] 

However, it is likely that there may be differences in dimer interface interactions 

among different phytochromes. 

 

 
Figure 1.20. A model of full length PaBphP phytochrome showing the PCM and 

HK domains. Taken from [148] 
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1.5.2 Chromophore 

The bilin chromophore ligates to apophytochromes autocatalytically, although in 

light of Essen et al.’s Cph1 structure, in which the chromophore-binding pocket 

is closed, it is unclear how the chromophore enters the pocket.[139] Data 

suggests that both Cph1 and Bph phytochrome chromophores adopt a Z 

configuration in the PR state and E configuration in the PFR state.[139,147,152] The 

ring A of the chromophore in plant-type and Cph1 phytochromes is attached to 

a conserved Cys in the GAF domain via a carbon-thioether linkage.[139] In 

contrast, the chromophore in Bphs is linked through two carbon atoms of ring A 

to a cysteine in the PAS domain. The Cph1 chromophore is less twisted than in 

the Bphs structures. Bound BV in the PR form has a maximal absorbance at 700 

nm, whereas PCB and PΦB bound proteins in the PR state absorb maximally at 

630 nm, which overlaps with the maximal absorbance region of chlorophyll. 

This potentially allows plants to sense shade from other plants and avoid 

competition.[179] Switching of BV to PCB and PΦB from bacteria to 

cyanobacteria and plants, respectively, is likely to be due to evolution of life 

from anoxygenic to oxygenic conditions, because BV may be susceptible to 

photodamage.[180,181] 

 

1.5.3 Photochemistry 

Phytochrome photocycles have been studied using optical spectroscopy since 

their discovery in the 1950s.[182-185] Techniques including Fourier transform 

infra-red (FTIR), UV/Vis absorption and resonance Raman spectroscopy have 

allowed characterisation of the intermediate states within the photocycle. The 

initial photochemical events that occur on picosecond time scales have been 

investigated using ultrafast Vis[186-191] and IR[192,193] transient absorption, and 

fluorescence spectroscopy.[194-196] Upon absorption of a photon of a specific 

wavelength of light, the phytochrome chromophore goes through an initial E/Z 

isomerisation and initiates a series of changes within the chromophore and 

surrounding protein matrix. All four pyrrole nitrogens of the bilin chromophore 

remain protonated in both the PR and PFR state.[197,198] There are no counter 

ions to stabilize the positive charge on these nitrogens, although His290 is 
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believed to be a proton sink/source, which hydrogen bonds via three waters to 

the nitrogens of rings A, B and C.[199] Although there is a significant transient 

proton release and uptake from phytochromes during the photoconversion, 

there is no obvious proton conductance channel.[139,174]  

 

Time-resolved Raman and optical spectroscopy have been used to probe the 

mechanism of the photoconversion and the identity of the intermediates.[154,191] 

Low temperature and nanosecond spectroscopy studies identified three 

intermediates in the PFR to PR photocycle of Agp1 from Agrobacterium 

tumefaciens and cyanobacterial Cph1 with lifetimes ranging from nanoseconds 

to milliseconds (Figure 1.21).[154,164,174,175,181,200,201]  

 

 
 

Figure 1.21: Postulated photocycle of Cph1 phytochrome. The timescales of 

formation of intermediates within the PR to PFR photoreaction are shown. 
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The proposed “flip and rotate” model explains the conformational changes 

within the chromophore and the surrounding protein upon isomerisation. The 

C15-C16 double bond isomerisation occurs on picosecond timescales 

concomitantly with the ring D flip which is coupled to rotamer changes of the 

aromatic residues around ring D [137,174,175,197,200]. Rotation of ring D leads to 

lengthening of the conjugated system, thus leading to the longer wavelength 

absorption maximum in the PFR state. After the rotation of ring D, the entire 

chromophore and surrounding protein matrix rotates around an axis centred at 

ring A and perpendicular to rings C and B. This leads to changes in the 

interactions of the propionate substituents on rings B and C with the 

surrounding protein. Transition to a Meta-R intermediate via deprotonation of 

the D ring, and relaxation to PFR through reprotonation occurs on a timescale of 

hundreds of microseconds. Observations in Cph1 and Phy A suggest a 

pronounced conformational change around ring D and the propionate side 

chains of ring C. However, Ulijasz et al.’s (2010) NMR study of SyB-Cph1 

suggests pronounced changes around ring A, whereas ring D remains in the 

same conformation between the PR and PFR states in a PAS-less phytochrome 
[158]. Upon absorption of far-red light, after the initial photoisomerisation step, the 

reverse, PFR to PR, photoreaction does not proceed by the same reaction 

pathway as the PR to PFR photoreaction. PFR can also thermally relax back to 

the PR state; this can take several days, therefore PR is referred to as the ‘dark’ 

state [197,200].  

 

There are many notable photochemical differences between the Cph1-like and 

BphP-like phytochromes, which suggest that the initial change in direction of 

ring D is different in the two types of phytochromes. PaBphP residues Y163 and 

Y190 surrounding ring D are conserved in phytochromes (Figure 1.22). 

Substituting the residues equivalent to PaBphP Y163 in Cph1 and phyB confers 

a non-photoconvertible, fluorescent phytochrome.[148] However, the same is not 

observed in PaBphP or DrBphP. Circular dichroism studies confirm that BphP 

ring D rotates clockwise and Cph1 ring D rotates anti-clockwise.[202] The 

DrBphP Asp207 mutant is also unable to photoconvert and loses its excitation 

energy through fluorescence. The same is not observed in the equivalent Cph1 

variant. This Asp residue is found in the highly conserved DIP motif, which is 

located below the chromophore.[169] 
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Figure 1.22. Conformation of key tyrosine residues (green) surrounding the 

chromophore within PaBphP phytochrome. Taken from [149]  

 

1.5.4 Signalling Mechanism 

The PFR and PR states of phytochromes interact differently with partner proteins 

and thus activate/inactivate different signalling cascades.[34] Phytochromes that 

have a dark PFR state, rather than the PR state, have been identified in nitrogen 

fixing symbionts and are called bathyphytochromes because they absorb longer 

wavelength light in their ground state. As far-red light is able to penetrate 

through soil, the dark adapted PFR state responds well in the symbiont.[203] 

 

Due to limited knowledge of the structure of a full-length phytochrome, any 

details of the signal transduction through phytochromes are inferred indirectly. 

HK is the most widespread regulatory domain among phytochromes, which 

suggests the evolution of phytochromes from a two-component system sensor 

with a tetrapyrrole-binding pocket. As the PHY domain is close to the 

chromophore this makes it a good potential signal transducer.[148] The distance 

between the kinase active site and the phosphate accepting histidine residue 

suggests an in-trans or cis autophosphorylation and this postulation has also 

been supported by electron microscopy data.[148,204-206]  
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The signal from the GAF is transduced to the PHY via the central helix bundle, 

this bundle continues through to the HK and activates a typical two-component 

phosophorelay system, which begins with an ATP phosphate transfer to a HK 

His residue. Studies on Cph1 have shown that both the length and the 

sequence of the α-helix linker between the PCM and HK domains is important 

for signal transduction.[207-210] The phosphate is then transferred to an Asp 

residue on a response regulator (RR). The phosphorylation affects the binding 

of the RR to its DNA or protein partner, thus eliciting a response. Some 

phytochromes have the RR on the same polypeptide as the HK, whereas other 

RRs exist as separate proteins. Partner RRs are not known for most 

phytochromes, although it is established that the signal transduction to the RR 

is via two component signalling.[137] 

 

The RR coupled to Cph1 is Rcp1 (response regulator for cyanobacterial 

phytochrome 1). His538 is essential for autophosphorylation of the Cph1 HK 

domain and the phosphotransfer to Rcp1. The Cph1 PR form has increased 

autophosphorylation and phosphotransferase activity towards Rcp1 compared 

to the PFR form. However, this does not apply to all phytochromes. PrBphP2, 3, 

and 6, Cph A, Cph B and Agp1 show increased PR dependent enzyme activity, 

whereas, Agp2 and PsBph show higher PFR enzyme activity.[211-213] There is 

also variation between species. Rcp1 dephosphorylation may occur through 

phosphotransfer to another regulatory molecule.[214] The function of Rcp1 is 

currently unknown, as its target promoters are unknown. 

 

Although Bphs and Cphs transduce signal through a phosophorelay 

mechanism, plant phytochromes have complex signalling mechanisms, which 

involve nuclear translocation and accumulation to form speckles within nuclear 

bodies, as shown in Figure 1.23.[140,214-216] This nuclear localisation signal (NLS) 

is at the C-terminal PAS domains and it can be deduced that that the regulatory 

domain serves to both maintain the homodimer in phytochrome signalling and 

for the nuclear localisation of the phytochrome.[217,218] It is hypothesised that PR 

to PFR conversion upon red light absorption leads to conformational changes 

that lead to autophosphorylation of a bound anchoring molecule (X), which 

leads to PR: X-P dissociation and exposure of the NLS within the PAS domain. 

With NLS exposure, PFR migrates to the nucleus where it interacts with 
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transcription factors and regulates gene expression. At least one of the dimers 

must be in the PFR state for nuclear localisation. Once in the nucleus the PFRPFR 

homodimer is more likely to compartmentalise to nuclear bodies (Figure 1.23), 

the function of which is yet unknown.[219] 

 

 
 

Figure 1.23. Schematic diagram illustrates nuclear localisation of phytochromes 

upon red light activation, using PhyB as a model. Heterodimers of PFRPR and 

PFRPFR homodimers translocate to the nucleus, where these regulate signalling 

functions through regulating gene transcription. Bold arrows illustrate that the PFRPFR 

homodimers are more likely to form nuclear bodies.  

 

Phytochromes with output domains other than HK have also been identified. 

The regulatory domain of these phytochromes is replaced with another catalytic 

or regulatory domains during the course of evolution.[132,143] As few such 

phytochromes exist it can be assumed that such chimeras don't remain 

functional. Neochromes have arisen from such domain exchange, combining 

the plant PCM with phototropin.[220] BphP1 from Rhodopsuedomonas palustris 

and Bradyrhizobium ORS278 contain a second PAS domain instead of a HK 

and, BrBphP3 consists only of PAS-GAF-PHY domains.[221] These transduce 

the light signal via interactions with other targets that are currently unidentified. 

Phytochromes with MCP (methyl-accepting chemotaxis protein) domains and 

HAMP (histidine kinases, adenylyl cyclases, methyl binding proteins, 
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phosphatases) domains have also been discovered.[140,206,213,222-226] GGDEF 

domain, or GGDEF and EAL domain containing microbial phytochromes have 

also been identified. These domains have diguanylate cyclase and 

phosphodiesterase activity and regulate cyclic-dimeric-GMP levels.[213,227,228]  

 

In Arabidopsis, phytochromes (PhyA, PhyB, PhyC, PhyD, PhyE) control the 

activity of phytochrome interacting factors (PIFs), which play largely negative 

roles in light responsiveness, such as repressing seed germination and 

promoting shade avoidance. In the red light absorbing state phytochromes post-

translationally control PIFs either through degradation of PIFs or inhibition of 

PIF-DNA binding.[229-231] 

 

Little is known about the physiological roles of many bacterial and 

cyanobacterial phytochromes. However, due to bacterial mRNA’s polycistronic 

organisation, the partner proteins or RRs are encoded downstream on the 

same operon as the phytochrome. This genomic organisation has allowed 

identification of cognate RRs and downstream physiological function.[232] For 

example, DrBphP has been implicated in up-regulation of carotenoid synthesis 

in response to red light absorption,[232] regulator of chromatic adaptation (RcaE) 

is involved in complementary chromatic adaptation (CCA),[233] and BrBphP1 is 

involved in regulation of photosystem expression, which is involved in N2-fixing 

in Bradyrhizobium.[142]  

 

1.6 Cyanobacteriochromes 

1.6.1 Structure and Photocycle 

Cyanobacteriochromes (CBCRs) are distant relatives of phytochromes that 

mediate phototactic and photochromatic responses in cyanobacteria.[140,234] 

Although CBCRs use the same photochemical mechanism, namely E/Z 

isomerisation around the C15-C16 double bond concomitant with ring D 

rotation,[147,148,170] the absorption properties of the E and Z states, output 

domains and signal transduction pathways of CBCRs are different to those in 

phytochromes.  
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Phytochromes require a PAS-GAF-PHY PCM for their photochemistry whereas 

the CBCR GAF domain alone is sufficient to achieve reversible photochemistry. 

As CBCRs don’t contain PAS and PHY domains, rings A and B of the bilin are 

solvent exposed. CBCRs can also contain multiple GAF domains, allowing 

integration of multiple light signals. Key protein-chromophore interactions are 

also conserved between CBCRs and phytochromes including a conserved 

tyrosine around ring D that forms a hydrogen bond with the carbonyl oxygen in 

the Z isomer state,[139,147,206,235] and an Asp residue hydrogen bonded to the D-

ring amide in the 15E state.[148,149,235]  

 

Based on their photocycles and structure, four CBCR families have been 

identified, known as insert-Cys, red/green, DXCF, and green/red. As CBCRs 

can integrate multiple light signals, they provide complete coverage of the 

visible and near-UV spectrum and thus have a diverse range of photocycles.[236-

239] For example, the DXCF family has known blue, teal, green, yellow and 

orange light-absorbing 15E photoproducts and violet, blue and green light-

absorbing 15Z dark states. This is because DXCF CBCRs can autocatalytically 

isomerise the phycocyanobilin chromophore into phycoviobilin.[238,240,241] DXCF 

CBCRs usually contain a mixed population of PCB and phycoviobilin (PVB). 

The chromophore is bound in a GAF cleft formed by 6 stranded anti-parallel β 

sheets and 3 proximal α helices.[225] The photochemistry and photocycles of 

many CBCRs have been studied in detail.[242-245] 

 

Insert-Cys and DXCF CBCRs use a conserved “second cysteine” residue to 

form a thioether linkage to the C10 of the chromophore, between rings B and 

C.[246,247] This allows detection of the near-UV/blue light in the 15Z dark state as 

the double cysteine linkage alters the conjugation through the bilin molecule.[246] 

Green/Red CBCRs, such as CcaS and RcaE, have photocycles that involve 

proton transfer between the chromophore and surrounding protein matrix and 

this leads to a big change in peak absorption upon photoconversion.[248] Table 

1.3 shows properties of selected cyanobacteriochromes.[140]  
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Table 1.3: Properties of CBCRs. Adapted from Ikeuchi et al. 2008.[140] 

CBCR Chromophore Photoconversion Physiology 

AnPixJ_GAF2  PCB Pr (648nm, Z) 

Pg (543 nm, E)  

Phototaxis? 

SyCikA  ? PV (400 nm)  

PY (565 nm) 

Circadian 

Rhythm? 

SyPixJ1_GAF2  PVB Pb (430–5 nm, Z)  

Pg (535 nm, E)  

Phototaxis 

SyScaS_GA  PCB Pg (535 nm, Z)  

Pr (672 nm, E)  

Induction of 

Antenna 

TePixJ_GAF  PVB Pb (433 nm, Z) 

Pg (531 nm, E)  

Phototaxis 

 

A CBCR that has been studied in detail, due to the crystal structure of the GAF 

domain being solved, is PixJ (DXCF family) from Thermosynechoccoccus 

elongatus (Te). It is a functional homolog of SyPixJ1, which modulates 

phototaxis in the unicellular motile Synechocystis sp. PCC 6803.[223,249] It 

photoconverts between a blue light-absorbing PB (428 nm absorption max.) 

state and a green light-absorbing PG (529 nm absorption max.) state.[234,240] 

TePixJ distal α-helices form a helical bundle to form a parallel dimer. This 

CBCR transposes the PCB C4=C5 double bond to C2-C3 to form PVB. TePixJ 

links to PVB via a second thioether bond between the C10 and Cys494 residue 

as well as the C3 to Cys522 linkage.[224] This leads to a bisected π conjugation 

system in the bilin, which yields a blue-light absorbing system. Blue light 

irradiation causes Z to E isomerisation of the C15-C16 double bond with the 

concomitant ring-D flip. This is followed by C10-Cys494 linkage rupture and 

migration of the chromophore within the GAF domain.[224,235,246,250,251] The light 

signal is transduced to the HK, PixL.[223] 

 

1.6.2 Signalling Mechanism 

CBCRs can contain multiple different types of output domains, which are 

typically involved in signalling systems of chemotaxis. Methyl-accepting 

chemotaxis protein (MCP) signalling domains and histidine kinase, adenylate 



 Page | 61 

cyclases methyl binding proteins, phosphatases (HAMP) domains are found in 

TePixJ, SyPixJ1 and AnPixJ, and control flagellar motility.[136,206,213,222,225,227] 

Other CBCRs use RRs to control different physiological functions, such as 

complementary chromatic adaptation (CCA). One such photoreceptor that 

regulates CCA in Synechocystis is CcaS, which is a PCB-containing CBCR that 

absorbs light in the green and red region of the visible spectrum. CcaS is more 

efficiently phosphorylated in the PR form than in the PG form. The phosphate is 

transferred onto the RR, CcaR, which results in a change in the DNA binding 

affinity of CcaR. CcaR binds to the operator within the promoter of CpcG2 gene 

and activates its transcription. CpcG2 is a unique variant of a linker peptide of 

phycobilisome called CpcG1. CpcG1 containing CpcG2 linker forms a CpcG2-

phycobilisome supercomplex (PBS), which transfers light to photosystem I, 

whereas CpcG1-PBS transfers light to photosystem II. The expression of the 

cpcG2 gene triggered by green light suggests that CpcG2-PBS accumulation 

occurs to compensate for inefficient light-harvesting by photosystem I by the 

chlorophylls. This is because green light excites PBS more efficiently than 

chlorophylls.[237]  
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1.7 Optogenetics 

Optogenetics is a fast-developing field focused on exploiting light to control 

processes occurring within specific cells in a non-invasive manner with fine 

spatial and temporal control using genetically encoded light-activated proteins. 

Optogenetics has traditionally been used in the field of neuroscience to 

modulate the activity of a defined population of neurons with millisecond 

precision to probe their function. It has been an indispensible tool for 

neuroscientists to study neural networks and brain function.[252] However, there 

are certain shortcomings of this technique that need to be addressed and 

optimised. These shortcomings are all related to targeting, in other words the 

precise delivery of the optogenetic probe and precise delivery of the light. 

Microbial opsins were the first photoreceptors to be widely explored as 

optogenetic tools and have the widest range of applications. 

Channelrhodopsins produce action potentials upon photon-absorption and this 

has led to their widespread use in neuroscience to activate and silence specific 

cells with fine spatial and temporal precision.[253-255] 
 

Not only can optogenetics be used to modulate and probe the activity of specific 

cells, it can be applied to modulate protein-protein interactions and protein-DNA 

interactions. Recently, a group from Tokyo engineered a photoactivatable 

CRISPR-Cas9 system for optically modulated genome editing.[256] Through 

designing a chassis that allows scientists to “plug and play” phytochromes with 

varying spectral specificities, the CRISPR-Cas9 can be used to target multiple 

genomic sequences at the same time. Another study targeted cell signalling by 

introducing a light activated cAMP synthesis enzyme into sperm cells lacking 

the endogenous enzyme to restore sperm cell motility, hence reinstating 

fertility.[256]  

 

1.7.1 Plant phytochromes as optogenetic tools 

Levskaya et al. (2009) engineered an optically modulated system utilising the 

plant phytochrome PhyB, which reversibly associates with phytochrome 

interaction factor 3 (PIF3) upon illumination with 650 nm light. The study 
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demonstrated that this dimerisation interaction could be used to anchor YFP-

tagged PIF to mCherry tagged-PhyB, which is anchored to the plasma 

membrane. The group constructed a PIF-Tiam-DH-PH chimaera from PIF3 

domain and the catalytic domains (DH-PH) of Rac guanine nucleotide 

exchange factors (GEFs), Tiam, which is involved in spatial regulation of the 

actin cytoskeleton at the polarised edge of motile cells. When these constructs 

are co-transfected into fibroblasts, illumination with red light leads to association 

of membrane anchored PhyB with PIF3 that is fused to Tiam-DH-PH. This 

translocation of Tiam-DH-PH to the membrane activates it, causing production 

of lamellipodia within 20 minutes (Figure 1.24). As phytochromes are reversible 

photoreceptors, illumination with far-red light could disrupt the interaction 

between PIF3 and PhyB. However, the recruitment is only reversible by 750 nm 

light in constructs containing tandem PAS repeats.[257]  

 

 
Figure 1.24. Rac-mediated cell protrusion photoactivated by red light. From 

Levskaya et al. (2009). 

 

In a similar study, Levskaya and colleagues used light-dependent association of 

PhyB and PIF6 to translocate Tiam and intersectin to the plasma membrane of 

fibroblast cells.[257] Tiam and intersectin activate the GTPases Rac1 and Cdc42, 

respectively. The activation of these GTPases causes formation of cell 

protrusion upon red-light illumination. This study built upon an earlier study 

conducted by Shimizu and colleagues who demonstrated that photoactivated 

dimerisation of PhyB fused to GAL4 DNA-binding-domain (GBD), and PIF3 

fused with GAL4 transactivation domain (GAD), enables transcription of the 

luciferase reporter gene (Figure 1.25).[258] This is because dimerisation of PIF3 

and PhyB pull the GBD and GAD together, which activates LacZ expression. 

The group showed that the level of luciferase expression can be modulated by 

titration of the number of photons delivered by each shot.[258]  
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Figure 1.25. Schematic showing red light-activated dimerisation of GBD-fused 

PhyB with GAD-fused PIF3. This dimerisation is confirmed by activation of LacZ 

expression. Adapted from Shimizu et al. 2002.[258] 

 

Yazawa et al. (2009) engineered a light-dependent dimerisation system that 

activates a transcription factor. In this study, GI was fused to Gal4 DNA binding 

domain and FKF1 was fused to VP16 transactivation domain. FKF1 and GI are 

proteins that control flowering in Arabidopsis thaliana and FKF1 is a LOV-

domain containing photoreceptor. FKF1 and GI bind together upon absorption 

of a 450 nm photon, which brings together Gal4 and VP16 to activate the 

transcription of a luciferase reporter gene. The activity of luciferase could be 

increased 1000-fold upon red light illumination.[259] These examples 

demonstrate how light can be used to control protein interactions with high 

spatial and temporal precision. 

 

1.7.2 Cyanobacterial phytochromes as optogenetic tools 

Levskaya et al. (2005) constructed a red light-dependent gene expression 

system using Cph1 PCM from Synechocystis sp. 6803. The PCM of Cph1 was 

fused to the HK section of Escherichia coli (E. coli) EnvZ through a common 
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coiled coil linker. The group fused an E. coli HK to the photosensor because the 

RR of photoreceptors do not have known DNA-binding domains. This EnvZ HK 

is part of the EnvZ-OmpR two-component system, which regulates porin 

expression in response to osmotic shock. Aligning the sequences of Cph1 and 

EnvZ identified potential crossover points between Cph1 and EnvZ. The length 

and composition of the linker peptide that links PCM to the HK can affect signal 

transduction and therefore, a series of chimaeras with varying linker lengths 

were constructed. These were transformed into a ΔEnvZ E. coli strain. The 

strain also consisted of a chromosomal fusion between the ompC promoter and 

a luciferase reporter, which produces a black compound. OmpR regulates the 

ompC promoter. As E. coli doesn’t produce bilin, the genes responsible for PCB 

production were introduced into the strain. The chimaeras were activated at 

37°C using broad-spectrum light. Light repressed the gene expression, leading 

to the production of a high-contrast replica of the image projected on the 

biological film.[207] This system has been developed further to engineer a red-

green TCS sensor.[260] 

 

1.7.3 Cyanobacteriochromes as optogenetic tools 

More recently, Voigt and colleagues reported the development of a green/red 

photoswitchable TCS from cyanobacteria.[260] Under green light illumination, the 

TCS induces the expression of a phycobilisome-related gene. It consists of a 

membrane-associated HK and its regulator is CcaR. Absorbance maxima are at 

535 nm in the green region and 672 nm in the red region of the visible 

spectrum. Absorption of a 535 nm photon leads to CcaS autophosphorylation 

and phosphotransfer to CcaR, which activates the transcription of the 

phycobilisome linker protein CpcG2. Absorption of red light quenches the 

activation.[237] The group co-expressed the CcaS/CcaR system with their 

previously built system, Cph1-EnvZ, discussed above to achieve multichromatic 

control of gene expression. As the two systems have different chromatic 

specificities and functional outputs, they should be able to function alongside. 

CcaS is inactivated by red light, and red light activates Cph1/EnvZ system, thus 

light can be differentially applied to specifically induce each system. The group 

amplified the ccaS/ccaR/cpcG2 cassette from Synechocystis PCC 6803, cloned 

it into a vector and replaced CpcG2 with LacZ. Both systems were delivered 
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into E-coli and two-colour optical control of gene expression was demonstrated 

(Figure 1.26).[260] 

 

 
 

Figure 1.26. Tabor et al.’s (2011) two colour bacterial photography. 
Simplified configuration of the DNA encoding the constructed systems is shown 

at the top. A composite green-red image was projected onto the three plates 

containing a lawn of green sensor (CcaS/CcaR) only strain, red sensor 

(Cph8/EnvZ) only strain and both sensors-containing strain. Taken from Tabor 

et al. 2011 [260]. 

 

Tabor and colleagues optimised and refactored these Cph1/EnvZ and 

CcaS/CcaR TCSs further.[260] Schmidl et al. (2014) compressed the four genes 

of each system onto two plasmids and co-expressed them in the same cell. The 

independent control of each TCS was retained and resulted in highly accurate 

and precise quantitative, spatiotemporal control of gene expression. The group 

engineered a lawn of E. coli to perform a challenging image processing 

algorithm of edge detection by linking Cph8-OmpR to a cell-cell communication 

system. To move the expression cassette from one plasmid to another, the 

dosage of the cph8 gene was reduced. To counteract the consequences of this, 

the cph8 gene was put under the control of a constitutive promoter and the 

ribosome binding sites (RBSs) were replaced with computationally designed 

synthetic RBSs. Furthermore, several mutants of the cph8 were monitored and 

the best performing mutant, cph8 G772V was carried forward in the study. The 

promoter of ompC was reduced in size to remove unwanted regulatory 

elements to reduce the DNA footprint of the system. This study demonstrates 
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the importance of refactoring and optimising when constructing systems for 

heterologous expression [6]. In addition, the UirS UirR system, which responds 

to UV and green light, has also been repurposed for regulating expression 

within gene circuits.[261] It is the only UV-Violet responsive transcription 

regulatory tool. 

 

Argeitis et al. (2016) engineered a fully automated platform for precise long-

term expression of media in liquid cultures.[262] The group dynamically regulated 

the culture growth rate by putting the intracellular supply of methionine under 

optogenetic control to demonstrate the potential of optogenetic feedback. MetE 

regulation generates a feedback loop between the global cell physiology and 

metE gene expression. The gene encoding methionine synthase, metE, was 

modulated using the CcaS CcaR system and tailor-made hardware and 

software. Despite large global perturbations in the system (e.g. change in 

growth media, temperature shift, etc) the feedback operation ensured that the 

system functions reliably.[262] 

 

1.7.4 Other Examples 

Ohlendorf et al. constructed and optimised two single-plasmid systems, named 

pDusk and pDawn, which use blue light to either induce or repress gene 

expression, respectively.[263] The pDusk plasmid encodes a LOV-containing HK 

called YF1, which phosphorylates its RR, FixJ, in the absence of blue light. The 

RR then activates the FixK2 promoter to drive gene expression. The systems 

were tested with red fluorescent protein DsRed, which was placed in the 

multiple cloning site of the plasmid containing the pDusk. Increasing blue light 

intensity resulted in reduced DsRed expression. The signal polarity of the light-

regulated gene expression was then inverted by insertion of a gene-inversion 

cassette into pDusk to obtain pDawn. pDawn triggered the inverted response, 

whereby increased blue light illumination resulted in increased DsRed 

expression.[263] 
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1.8 Outlook 

The optogenetics studies discussed here demonstrate how signal transduction 

can be altered using photoactivatable switches that modulate gene expression 

in response to light for biological and biotechnological applications. 

Furthermore, these switches are excellent regulatory tools compared to small 

molecule chemical inducers, which do not provide spatial resolution as they 

need to diffuse across cells. Additionally, chemically induced signals are not 

easily reversible. Chemical groups trapped in photocaged moieties overcome 

this problem as they allow spatiotemporal control over the release of the 

inducer but these are expensive and difficult to obtain and are not 

photoreversible. They remain highly diffusive and are difficult to deliver to cells. 

Use of photoreceptors for optical control of gene expression avoids all of these 

problems. Despite all of the exciting developments in the field, some of which 

are discussed above, optogenetics is still in its early days. Only a limited 

number of optogenetic tools have been characterised. The discovery of new 

photoreceptors and photoexcitation mechanisms will expand the optogenetic 

toolkit.  

 

Refactoring and optimisation of existing tool kits, as reported by Schmidl and 

colleagues,[6] will allow users to tune the absorbance and signalling efficiency of 

the systems, as well as making these systems suitable for use in the field of 

synthetic biology by minimising the footprint of these engineered systems. The 

PCM-HK coupling in this manner may allow design of signal transduction 

mechanisms that are not observed in nature. Although there is a good 

mechanistic understanding of these photoreceptors, there are gaps in our 

knowledge and thus, a better mechanistic and structural understanding of 

phytochromes and other photoreceptors will aid the design of these for 

optogenetics. 

 

The recent discovery of a plethora of new CBCRs and eukaryotic algal 

phytochromes has provided a wide range of proteins that have yet to be 

studied. The broad spectral properties of these CBCRs and eukaryotic algal 
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phytochromes can be useful in engineering of crop plant species for diverse 

light environments. This will be extremely useful for modern agricultural 

practices where terrestrial crops are grown at high density, which leads to 

competition for light. Engineered photoreceptor biobricks that can be effortlessly 

assembled in a combinatorial manner to pair spectrally tuned photoreceptors 

with different downstream RRs would also prove useful for control of operons in 

synthetic biology. The main limitations pertaining to optogenetics is the specific 

targeting of the light and design of light delivery tools. With continuing 

developments optogenetics will find use in areas outside of neuroscience. 
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1.9 Thesis Aims and Objectives 

The overall aim of this research project was to develop optogenetic regulators 

for the modulation of gene expression within DNA constructs built for synthetic 

biology applications. Due to their modular architecture, phytochromes are a 

good candidate for protein engineering through domain fusion and this would 

allow specific tuning of spectral properties and output functions in the design of 

novel optogenetic tools. However, the different modules of the PCM integrate 

together in an intricate manner and each fold serves a purpose in mediating the 

signal received from the photon. This makes designing and engineering 

chimaeric constructs challenging because care must to be taken to maintain the 

useful features of naturally occurring phytochromes, such as i). the functionality 

of the important folds and conserved residues, ii). high photoreaction quantum 

yields, iii). reversibility of the photoreceptor cycle, iv). dark reversion time, and 

v). stability.[3,264,265]  

 

Phytochromes and LOV domains have been widely used to construct 

photosensors, however, only phytochromes will be studied in the present work. 

Each type of sensor domain may be linked to a range of effector domains and 

vice versa. Existence of these photoreceptors as sensor-effector pairs in nature 

is evidence against any tertiary-structure-specific interactions that would make 

the mechanism of signal transduction specific to each photosensor. Thus, the 

domain fusion approach to engineering constructs may be productive. One 

approach to alter the absorption spectra of phytochromes would be through 

changing the substituents of the four-pyrrole rings. However, this approach 

would require external provision of the bilin rather than relying on endogenous 

uptake of natural bilin and an extensive screening process. An alternative 

approach would be to swap GAF domains with others that have different optical 

properties. However, GAF domains are part of the intricate structural knot fold, 

and thus swapping GAFs may disrupt this knotted structure and render the 

phytochrome inactive. This may be a better approach for CBCRs that only have 

GAF as their PCM because the PCM architecture is not as extensive, thus the 

disruption may be minimal. Another approach, one that is explored here, is the 
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coupling of a number of atypical phytochrome PCMs with effector domains of 

TCS proteins with known partner proteins and target promoters. Through this 

approach any wavelength of light can be coupled to any output domain to build 

a ‘plug and play’ toolkit. 

 

The development of phytochromes as optogenetic tools is hindered because 

target promoters of phytochrome controlled response regulators are not known. 

We attempt to tackle this problem by fusing atypical phytochrome PCMs with 

TCS system effector domains that have known RRs and target promoters. The 

constructs will be engineered to allow easy insertion and removal of these two 

units, allowing combinatorial fusion of different light sensitivities with different 

output signals. As the photocycles of these atypical phytochromes have not 

been probed yet, very little is known about the photochemical mechanisms and 

properties of these proteins. Therefore, we also probe the photodynamics and 

photocycles of these atypical phytochromes using a range of time-resolved 

approaches, including UV/VIS, IR and X-ray probes. The photocycle studies will 

inform the design of these phytochromes as optogenetic tools. Ultimately, these 

optogenetic tools will be indispensible for precise temporal control of gene 

expression within whole biosynthetic pathways. 
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Chapter 2 Initial characterisation of novel atypical 

phytochromes.  
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Abstract 

Phytochromes are typically red and far-red light absorbing photoreceptors that 

modulate a range of light driven physiological processes in plants, fungi and 

bacteria. Historically, the relatively limited range of light sensitivity of 

phytochromes has prevented their use in optogenetics applications. Recently, a 

number of atypical phytochromes, which have domain architecture similar to the 

typical phytochromes, have been discovered that absorb across the entire 

visible spectrum. Here, we expressed and purified a number of these atypical 

phytochromes for initial biophysical characterisation. We studied the 

photoreactions of one such protein, namely the phytochrome from Nostoc 

punctiforme, in further detail using time-resolved spectroscopy and cryo-

trapping experiments. Consequently, we have identified the intermediates that 

are formed upon excitation, together with the rates of their formation / decay. 

This has allowed us to characterise the complete the photocycle of this 

phytochrome, which will be important for any subsequent optogenetics 

application in the future. 

 2.1 Introduction 

Phytochromes are tetrapyrrole-containing photoreceptors that are typically 

known to be responsive to red and far-red region of the visible spectrum.[1] 

These photoreceptors are found in bacteria, plant and fungi, and modulate a 

large number of light driven processes, such as photomorphogenesis, leaf 

opening, seed germination and circadian clocks.[2-5] The exceptional spatial and 

temporal control of gene expression and physiological processes by these 

photoreceptors make them an attractive target for applications in the 

optogenetics field.  

 

Phytochromes are multi-domain proteins composed of a number of PAS, GAF, 

PHY domains within the photo-sensory region, and HK and ATPase domains 

within the effector region.[6] The tetrapyrrole chromophore, usually a form of 

bilin, is found in the GAF domain and there can be multiple GAF domains with 

different reductive forms of the bilin cofactor. Light captured by the bilin 
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provides enough energy for an E/Z isomerisation of a double bond within the 

tetrapyrrole. This changes the length of the conjugated electron system and 

therefore, the absorption properties of the phytochrome.[7] The isomerisation 

also leads to a helix to β-sheet structural change within a tongue region of the 

phytochromes, leading to shortening of the tongue that ultimately pulls on the 

effector domain to facilitate autophosphorylation.[7-11] These localised and large-

scale structural changes occur across a wide range of timescales. The 

isomerisation of the bilin occurs in the excited state on the picoseconds 

timescale, whereas the secondary structural change take place on the µs to ms 

timescale and the larger domain changes on ms – s timescale. Time-resolved 

UV/Vis, IR and Raman spectroscopy have been used to study the 

photoisomerisation step. [12-18] The tongue refolding triggered by the initial 

isomerisation has been studied using X-Ray crystallography and time-resolved 

X-Ray scattering.[19,20] In addition, cryo-trapping has been used to identify the 

energetic and thermal barriers associated with the formation of different 

intermediates along the photoreaction for different photoreceptors. [21-23] 

 

The different light-absorbing states of phytochromes either interact with or 

release from a specific response regulator (RR) to activate and/or inactivate 

different signalling cascades via phosphotransfer. Due to the lack of a structure 

of a full-length phytochrome, the details on the signal transduction have only 

been inferred indirectly.[24,25] The phosphorylation of the RR affects it’s binding 

to its DNA or partner protein, eliciting a response.  For some phytochromes the 

RR can be found on the same polypeptide as the HK but the RRs are not 

known for all phytochromes. Although significant mechanistic and structural 

studies have been conducted on phytochromes, there is still a lot unknown 

about the way these proteins function and how they control the downstream 

physiological processes. In addition, phytochromes with output domains other 

than HKs have also been identified, such as another PAS domain, but little is 

also known about these systems. [26-28] 

 

The recent discovery of phytochromes with unusually diverse absorption 

properties is particularly important for optogenetic applications as it could 

potentially increase the range of wavelengths available for these purposes.[29] 

These include a set of phytochromes from the eukaryotic algae and 
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cyanobacteria that share similarity in domain architecture with typical 

phytochromes. The study reported photosensory properties of seven different 

phytochromes from a diverse range of algae, which showed that the algae have 

adapted to sense shorter wavelengths in the orange, green and blue region of 

the visible spectrum at depths where red and far-red light gets attenuated.[29] 

Herein, we report the expression and purification of a number of atypical 

phytochromes from Dolihomastix tenuilepis (Dten), Nostoc punctiforme (Npf) 

and Gloeochaete wittrockiana (Gwit). Time resolved spectroscopy and cryo-

trapping studies were used to probe the mechanism of Npf phytochrome and 

identify any intermediates that are formed during the photocycle. 

2.2 Results and Discussion 

2.2.1 Expression Trials of Dten, Npf and Gwit phytochromes 

The genes for the PCMs of Dten, Npf and Gwit phytochrome were sub-cloned 

into pET15b, pET21a and pET21a-var (a variant of pET21a in which the C-

terminal His tag is not encoded) vectors to produce protein with N-terminal and 

C-terminal His-tags, as well as non-tagged protein. Expression of these 

phytochromes was optimised and the results of these trials are shown in Figure 

2.1. The Dten PCM is 69 kDa, Npf photosensory core module (PCM) is 58 kDa 

and Gwit PCM is 58 kDa.  Bands of these sizes are present in the total cell 

lysate fractions for all three proteins, but the proteins are largely insoluble.  To 

confirm whether these bands result from the expected proteins, a Western blot 

against the His-tags was performed as the PCMs in pET15b and pET21a were 

N-terminally and C-terminally His-tagged, respectively. The blot confirmed that 

all three proteins were expressed, although the Gwit PCM was only very poorly 

expressed. pET21a and pET15b plasmids showed the best expression for Dten 

and Npf PCM, respectively. Previous studies have also suggested that the Gwit 

phytochrome is a poorly expressing protein.[29,30] Npf has also been reported as 

a poor-expressing protein, which had previously prevented the study of its 

photocycle.[30]  
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Figure 2.1. SDS-PAGE gels and Western blot showing expression trials of Dten, 

Npf and Gwit phytochrome in vectors pET15b, pET21a and pET21a var.  Lane 1 is 

a ladder with the molecular weights shown on the left of each Figure. Expression trials 

for Dten phytochrome (A), Npf phytochrome (B) and Gwit phytochrome (C) expressed 

in pET21a, pET15b and pET21a var vectors. Before induction (BI) after induction (AI), 

insoluble (I) and soluble (S) samples were analysed. D. Western Blot: Dten 

phytochrome, Gwit phytochrome and Npf phytochrome expressed in pET15b (15b) and 

pET21a (21a) vectors. 

 

In an attempt to improve the solubility of these phytochromes, a set of 

expression trials was carried out using two strains of E. coli cells and differing 

concentrations of benzyl alcohol. SDS-PAGE gels showing the results of these 

trials are shown in Figure 2.2.  One set of trials was conducted using E.coli 

ArcticExpress (DE3) cells, which co-expresses two cold-adapted chaperonins. 

This cell line was used in the anticipation that the chaperonins might aid correct 

folding of the phytochromes, resulting in increased solubility of the phytochrome 

proteins. Both ArcticExpress cells and HMS174 cells were used for protein 
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expression at varying concentrations of benzyl-alcohol, because addition of 

benzyl-alcohol prior to induction shocks the cells and results in the production of 

E.coli endogenous chaperones.[31-33] It was anticipated that benzyl-alcohol 

triggered chaperone production might aid protein folding and hence 

phytochrome solubilisation. Osmolytes are known to stabilise proteins in their 

native folded form and assist refolding of the unfolded peptide, therefore 

expression trails were also conducted with 1 M sorbitol and 2.5 mM betaine.  
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Figure 2.2. SDS-PAGE gels and Western blot showing expression trials for Dten, 

Npf and Gwit phytochromes under different conditions. A: Dten (67kDa) pET21a in 

ArcticExpress cells. B: Dten pET21a in HMS174 cells. C: Npf (58kDa) pET15b in 

ArcticExpress cells. D: Npf pET15b in HMS174 cells. Insoluble (I) and soluble (S) 

samples analysed from cultures grown in 0 mg/ml Benzyl Alcohol (BA), 0.25 mg/ml BA, 

0.5 mg/ml BA and 1M sorbitol with 2.5mM Betaine (S+B). Ladder lane labelled as L. 

 
Although the proteins were more soluble when expressed with the addition of 

benzyl alcohol, they were no longer able to bind to Ni2+ or Co2+ resin.  The 

refolding that led to increased solubility of the phytochromes may have caused 

internalisation of the His-tag and therefore, the phytochromes could no longer 

bind to the affinity resins. Hence, this approach to enhance solubilisation was 

not adopted. In an attempt to increase protein yield, starter or inoculation 

cultures were grown from the transformation plate the morning of protein 
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expression instead of the night before. It is known that cells can lose plasmids 

over time and since these cells contained two plasmids, the probability of losing 

a plasmid is higher. This method resulted in a higher yield of soluble 

phytochrome protein. 

2.2.2 Purification of Dten and Npf phytochromes 

The Dten and Npf phytochromes were purified using Ni2+ affinity 

chromatography followed by a gel filtration step (Figure 2.3). The Gwit 

phytochrome expression levels were not considered high enough to take 

forward for further studies. This purification protocol resulted in isolation of pure 

Dten and Npf phytochromes as shown in Figure 2.3 B and C.  
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Figure 2.3. SDS PAGE gels of the 2-step purification of the Dten and Npf 
phytochromes. Ladder with the molecular weights shown on the left of each Figure. A 

Nickel-affinity chromatography of Npf PCM (58kDa) and Dten PCM (67kDa), flow 

through (FT), wash (W) and elute (E) fractions analysed on gel; B Dten PCM gel 

filtration; C Npf PCM gel filtration. 

 

2.2.3 Initial Spectral Characterisation of Dten and Npf phytochromes 

To assess the concentration of the phytochromes post-purification and to check 

whether the PCMs were active, steady-state absorbance spectroscopy was 

used. The Dten phytochrome switches between a 598 nm orange light-

absorbing state, with a smaller peak at 354 nm, and a 714 nm far-red light-

absorbing state, which has a smaller peak at 373 nm and a shoulder at 614 nm 

(Figure 2.4A). The protein develops a blue colour when illuminated with 735 nm 

light and a dark-green colour when illuminated with 595 nm light.  The 714 nm 

absorbing state thermally converts to the 598 nm absorbing state over time over 
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the time course of about 2 hours. A full spectroscopic characterisation and 

kinetic characterisation of the entire photocycle of the Dten PCM is 

subsequently described in chapter 3.  

 

  
Figure 2.4. Absorption spectra of the different states of Dten and Npf 

phytochromes. A Dten phytochrome in the orange and far-red light-absorbing states, 

photographs of actual samples in each state shown. B Npf phytochrome in the blue 

and red light-absorbing states, photographs of actual samples in each states shown. 

 
The Npf PCM forms a blue light-absorbing, Pb, state with a peak at 390 nm, 

upon illumination with 735 nm light (Figure 2.4B). Upon 405 nm illumination the 

protein appears to form an initial intermediate state that has absorbance bands 

at 575 nm and 675 nm. Over about 2.5 hours this state thermally converts to a 

red light-absorbing state (Figure 2.5), Pr, that shows a marked increase in the 

absorbance band at 675 nm and 373 nm. This is an unusual photocycle as the 

published phytochrome photocycles report two signalling states, whereas our 

data reveals an intermediate state that overtime grows into a third signalling 

state. 
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Figure 2.5. Spectra recorded at regular time intervals to follow the thermal 

conversion step. A. Spectra of Npf phytochrome Pb to Pr photoreaction – dark step – 

at regular time intervals over a few hours. B. Kinetics of formation of the Pr state. 

2.2.4 Cryo-trapping of intermediates upon conversion of the Pr to Pb 

states for Npf Phytochrome  

To further investigate the photoreactions of the Npf phytochrome time-resolved 

spectroscopy and trapping experiments at cryogenic temperatures (cryo-

trapping) were conducted to capture the different intermediates formed during 

the reaction cycle. Absolute and difference absorbance spectra of the fully 

converted Pb and Pr states at 77 K confirm that both states are stable at 

cryogenic temperatures (Figure 2.6). In addition, the spectra obtained are very 

similar in shape to the room-temperature measurements (Figure 2.4B), although 

some of the smaller peaks have been sharpened up at 77 K. 
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Figure 2.6. Low temperature absorption spectra of the Npf phytochrome. A: 

Absorption spectra of Pb and Pr states at 77 K. B: Difference spectrum of Npf Pr state 

in relation to Pb state at 77 K. 

 

Cryo-trapping studies can be used to identify the energetic and thermal barriers 

associated with the formation of different intermediates along the reaction 

pathway. The reaction was monitored to follow the formation of the Pr and Pb 

states after illumination with blue and red light respectively, at temperatures 

ranging from 77 K to 293 K in 10 K increments. The Pr to Pb conversion was 

monitored by illuminating samples with red light at temperatures ranging from 

77 to 210 K, and also by subsequently warming illuminated samples to higher 

temperatures in the dark from 210 to 293 K (Figure 2.7A). This allowed the 

reaction to be split into light-dependent and light-independent (dark) steps. The 

absolute 77 K absorbance spectra for the light-dependent step, recorded after 

illumination for 15 mins at temperatures between 77 and 210 K, are shown in 

Figure 2.7B. In order to accurately identify any changes in absorbance 

difference spectra were calculated by subtraction of the starting Pr ground state 

spectrum (Figure 2.7C). The data appear to show that two light-dependent 

steps can be identified upon illumination at different temperatures with multiple 

spectral changes taking place. A temperature dependence of these light steps 

was obtained by plotting the absorbance changes at 675 nm, 625 nm and 390 

nm against the temperature of illumination (Figure 2.7D). An initial light-

dependent reaction, observed at temperatures below 140 K, involves the bleach 

of the Pr ground state, which absorbs maximally at 675 nm, concomitant with 

the formation of a species absorbing at 625 nm. Upon illumination at 



 Page | 95 

temperatures above 170 K there is a more significant decrease in the 675 nm 

band and the positive feature centred at 625 nm shifts towards shorter 

wavelengths. In addition, this is coupled to a decrease in an absorbance band 

at 390 nm. Both of these light-dependent steps (midpoint temperatures at ~100 

K and 170 K) can occur at temperatures below 200 K, which is generally 

regarded to be the ‘glass transition’ temperature of proteins.[21-23] As most 

protein motions tend to be frozen out below this temperature it implies that the 

light steps do not require any degree of protein conformation change in order to 

proceed. Hence, it is most likely that they represent the isomerisation of the bilin 

cofactor and minor reorganisation of the bilin binding pocket.[10,13-17,34,35] 
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Figure 2.7. Low temperature absorption spectra to show cryo-trapping of 

intermediates in the Pr to Pb conversion. A: Absorbance spectra obtained at 77 K 

after illumination (or dark incubation) of the Pr state of Npf PCM with red light at 

temperatures between 77 K and 293 K. B: Absorbance spectra of the light-dependent 

step of Pr to Pb conversion obtained at 77 K after illumination with red light at 

temperatures between 77 K and 210 K. C: Difference spectra of the light-dependent 

step, using the non-illuminated 77 K spectrum as the background. D: Change in 

absorption at 390 nm, 625 nm and 675 nm after illumination at a range of temperatures 

between 77 K and 210 K. The dotted line identifies the temperatures at which 

significant changes in absorbance occur. 

 

In order to identify any light-independent or dark steps in the Pr to Pb 

conversion samples that had been illuminated at 210 K were warmed to 

progressively higher temperatures in the dark and absolute absorbance spectra 

recorded at 77 K (Figure 2.8A). Absorbance difference spectra, calculated by 

subtraction of the spectrum of the state that was illuminated at 210 K, appear to 

show that there are two additional dark steps to form the final Pb state (Figure 
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2.8B). At temperatures between 220 K – 240 K there is a decrease in 

absorbance at 625 nm, which is accompanied by an increase in absorbance at 

675 nm. At temperatures above 240 K there is a subsequent increase in the 

390 nm absorbing state, concomitant with a decrease in absorbance at 440 nm. 

The temperature dependencies of these dark steps were obtained by plotting 

the absorbance changes at 675 nm, 625 nm, 440 nm and 395 nm against the 

temperature at which the samples were incubated (Figure 2.8C).  This shows 

that both of these light-independent steps can only occur well above 200 K, with 

midpoint temperatures at ~230 K and ~260 K. Given that proteins generally 

undergo a glass transition at ~200 K, below which large structural changes are 

generally frozen out, it is likely that the absorbance changes that accompany 

these dark steps correlate with large-scale protein dynamics.[21,22,36,37] 

Therefore, based on these cryo-trapping experiments it appears that the Pr to 

Pb conversion proceeds via 4 separate steps, two that are light-dependent and 

two that are light-independent. The species that result from these steps can be 

represented by the absolute absorbance spectra recorded at 140 K, 210 K, 240 

K and 293 K (Figure 2.9A and B).  

 

 
Figure 2.8. Low temperature absorption spectra to show cryo-trapping of 

intermediates in the Pr to Pb conversion. A. Absorbance spectra of the dark step 

obtained at 77 K after illumination with red light of the Pr state of Npf PCM at 210 K 

and subsequent incubation in the dark at a range of temperatures between 220 K and 

293 K. B: Difference spectra of the dark steps measured at a temperature range 

between 220 K and 293 K, using the sample illuminated at 210 K as the background. 

C: Change in absorption at 395 nm, 440 nm, 625 nm and 675 nm after illumination at a 

range of temperatures between 220 K and 293 K. The dotted line identifies the 

temperature at which noticeable changes in absorbance occur. 
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2.2.5 Kinetics of Pr to Pb Photoconversion in Npf Phytochrome 

using Time-Resolved Spectroscopy 

Time-resolved spectroscopy experiments were used in order to measure the 

rates of formation and decay of the intermediate states in the Pr to Pb 

photoconversion. Time-dependent changes in absorbance were recorded using 

laser flash photolysis from 0.25 µs to 2.5 s after photoexcitation of the Pr state 

with 660 nm laser pulse (Figure 2.9C). Global analysis, using a sequential 

model of the complete dataset, resulted in the Evolution Associated Difference 

Spectra (EADS) shown in Figure 2.9D. The first EADS, representing the 

species formed within the 0.25 µs time resolution of the experiment shows a 

bleach at 675 nm, and a positive feature at 535 nm. The difference spectrum of 

this intermediate is very similar to the species that was formed after illumination 

at 210 K, which represents the intermediate formed after isomerisation and 

minor changes to the bilin binding pocket. The subsequent EADS, formed in 

76.2 ms and 2.38 s respectively, are very similar in the red region of the 

spectrum, with a further decrease in absorbance at 675 nm and a larger 

decrease at 625 nm. However, in the blue region extra bleach features at 373 

and 440 nm appear in EADS3, which represents the final Pb state of the 

protein. These spectra are comparable to the intermediates trapped at 240 K 

and 293 K. 
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Figure 2.9. Time resolved and cryo-trapped spectral changes observed in the Pr 

to Pb photoconversion upon excitation at 660 nm. A. Raw absorbance spectra of 

intermediates cryo-trapped at different temperatures. B. Difference spectra of 

intermediates cryo-trapped at different temperatures. C. Absorbance difference spectra 

of the Pr to Pb photoreaction recorded at regular time intervals after excitation at 660 

nm. D. EADS obtained from global analysis of the time resolved spectroscopy data 

recorded from 2.5 µs to 2.5 s after excitation at 660 nm. 

 

2.2.6 Cryo-trapping of intermediates upon conversion of the Pb to Pr 

states for Npf Phytochrome 

The Pb to Pr reaction was monitored by illuminating samples with blue light at 

temperatures ranging from 77 to 210 K, and also by subsequently warming 
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illuminated samples to higher temperatures in the dark from 210 to 293 K 

(Figure 2.10A). Although the spectral changes are much smaller in magnitude 

than those observed for the Pr to Pb photoconversion, the reaction was again 

split into light-dependent and light-independent (dark) steps. The absolute 77 K 

absorbance spectra for the light-dependent step, recorded after illumination for 

15 mins at temperatures between 77 and 210 K, are shown in Figure 2.10B. 

Absorbance difference spectra, calculated by subtraction of the starting Pb 

ground state spectrum (Figure 2.10C) appear to show that an initial light-

dependent reaction can be observed at temperatures below 200 K. This 

involves the bleach of the Pb ground state, which absorbs maximally at 390 nm, 

concomitant with the formation of a species that has absorbance peaks at 580 

nm, 620 nm and 430 nm. The temperature dependence of this step was 

obtained by plotting the absorbance change at 350 nm, 390 nm, 430 nm, 580 

nm and 675 nm against the temperature (Figure 2.10D). This reveals that the 

light step (midpoint temperature ~180 K) can occur at temperatures below 200 

K and again, suggest that no large-scale protein conformation changes are 

required at this stage. Hence, it is likely that this light step simply represents the 

isomerisation of the bilin cofactor.  
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Figure 2.10 Low temperature absorption spectra to show cryo-trapping of 

intermediates in the Pb to Pr conversion, Absorbance spectra obtained at 77 K after 

illumination of the Pr state of Npf PCM with blue light (or dark incubation) at 

temperatures between 77 K and 293 K. B: Absorbance spectra of the light-dependent 

step of Pb to Pr conversion obtained at 77 K after illumination with blue light at 

temperatures between 77 K and 210 K. C: Difference spectra of the light-dependent 

step, using the non-illuminated sample as the background.  D: Change in absorption at 

350nm, 395 nm, 430 nm, 580 nm and 675 nm after illumination at a range of 

temperatures between 77 K and 200 K. The dotted line identifies the temperature at 

which noticeable changes in absorbance are initiated – 180 K.  

 

In order to identify any light-independent or dark steps in the Pb to Pr 

conversion samples that had been illuminated at 210 K were warmed to 

progressively higher temperatures in the dark and absolute absorbance spectra 

recorded at 77 K (Figure 2.11A). Absorbance difference spectra, calculated by 

subtraction of the spectrum of the state that was illuminated at 210 K, appear to 

show that there is at least one additional dark step to form the final Pr state 

(Figure 2.11B). At temperatures between 220 K – 270 K there is a bleach at 
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430 nm and 580 nm, concomitant with formation of a 675 nm and 390 nm 

absorbing state. These features grow in even further after incubation at 293 K, 

probably reflecting the onset of the slow thermal conversion to the final Pr state 

observed in the previous room temperature measurements (Figure 2.5). The 

temperature dependencies of these dark steps were obtained by plotting the 

absorbance changes at 390 nm, 430 nm, 580 nm and 675 nm against the 

temperature at which the samples were incubated (Figure 2.11C). This shows 

that both of the light-independent step(s) can only occur well above 200 K, with 

midpoint temperatures at ~230-240 K. Again, it is likely that this step to form the 

state that is the precursor to final thermally converted Pr state involves large-

scale protein dynamics.[21,22,36,37] Therefore, based on these cryo-trapping 

experiments it appears that the Pb to Pr conversion proceeds via at least 2 

separate identifiable steps, one that is light-dependent and one that is light-

independent. The intermediate species that result from these steps can be 

represented by the absolute absorbance spectra recorded at 200 K, 270 K and 

293 K (Figure 2.12 A and B).  

 

 
Figure 2.11 Low temperature absorption spectra to show cryo-trapping of 

intermediates in the Pb to Pr conversion A. Absorbance spectra of the dark step 

obtained at 77 K after illumination with blue light of the Pb state of Npf PCM at 210 K 

and subsequent incubation in the dark at a range of temperatures between 210 K and 

293 K. B: Difference spectra of the dark step using the sample illuminated at 200 K as 

the background. C: Change in absorption at 350 nm, 390nm, 430 nm, 580 nm and 675 

nm after incubation at a range of temperatures between 210 K and 293 K. The dotted 

line identifies the temperature at which noticeable changes in absorbance occur. 
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2.2.7 Kinetics of Pb to Pr Photoconversion in Npf Phytochrome 

using Time-Resolved Spectroscopy  

Finally, time-resolved spectroscopy studies were used to measure the rates of 

formation and decay of the intermediate states in the Pb to Pr photoconversion. 

Time-dependent changes in absorbance were recorded using laser flash 

photolysis from 0.25 µs to 2.5 s after photoexcitation of the Pr state with a 420 

nm laser pulse (Figure 2.12C). It should be noted that the magnitude of the 

spectral changes observed in the laser flash photolysis experiments are very 

small for the Pb to Pr photoconversion, resulting in data with a lower signal-to-

noise-ratio compared to the Pr to Pr photoconversion. Global analysis using a 

sequential model of the complete dataset resulted in the EADS shown in Figure 

2.12D. The first EADS, representing the species formed within the 0.25 µs time 

resolution of the experiment shows a broad increase in an absorbance band 

centred at 430 nm, with minor changes in the red region of the spectrum. The 

difference spectrum of this intermediate is different to the species that was 

formed after illumination at 180 K, and hence it is likely that the protein has 

already undergone photoisomerisation and further conversion within the time 

resolution of these experiments. EADS2, formed in 19.2 ms, shows a small 

increase in absorbance at 660 nm and is similar to the intermediate observed at 

250 K in the cryo-trapping experiments. However, unlike the cryo-trapping 

studies, the emergence of the 675 nm absorbing species is not seen in the 

time-resolved measurements, probably as this state forms over much longer 

timescales through a slow thermal conversion step, with lifetimes of 6.3 and 70 

minutes.  
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Figure 2.12. Time resolved spectral changes observed in the Pr to Pb 

photoconversion upon excitation at 420 nm. A. Raw spectra of different 

intermediates cryo-trapped at different temperatures in the formation of the Pr state 

from the Pb state. B. Difference spectra of different intermediates cryo-trapped at 

different temperatures in the formation of the Pr state from the Pb state. C. Absorbance 

difference spectra of the Pb to Pr photoreaction recorded at regular time intervals after 

excitation at 660 nm. D. Plot of EADS data obtained from global analysis of the time 

resolved spectroscopy data for upon excitation of the Pb state.
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2.3 Conclusion 

We have reported the expression, purification and initial characterisation of the 

photosensory regions of different atypical phytochromes. Flash photolysis and 

low temperature studies were used to characterise any intermediate states that 

are formed during the forward and reverse photoreactions of one of these 

proteins, namely Npf phytochrome. The cryogenic measurements have 

facilitated the identification of the thermal and energetic barriers for different 

steps in the photocycle, allowing assignment of these steps to localised 

changes within the chromophore or more global changes in protein structure. 

large scale protein dynamics. The time-resolved spectroscopy data have been 

used to identify the timescales at which many of these intermediates appear, 

leading to a complete description of the photocycle of this protein (Figure 2.13). 

Overall, it appears as though the blue / red photocycle of Npf phytochrome is 

broadly similar to the red / far-red photocycle in typical phytochromes, with an 

initial photoisomerisation followed by multiple large-scale structural changes in 

the protein.[38-42] However, it should be noted that the slow thermal conversion 

that leads to the formation of the final Pr state of the protein is particularly 

unusual and to our knowledge hasn’t been observed in typical red /far-red 

phytochromes. These studies have provided the first mechanistic understanding 

of an atypical phytochrome and illustrates the complex photocycles that 

underpin their function. 
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Figure 2.13 – Photocycle of Npf phytochrome displaying the steps by transient 

absorption and cryo-trapping measurements
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2.4 Methodology: 

2.4.1 Culture Conditions and Expression Trials 

Expression trials were set-up using Luria Broth (LB) media. All expression trials 

were conducted using 50 ml media and large-scale cultures were on litre 

scales. The starter culture media was inoculated with HMS174 colonies 

containing pCola duet and Npf pET15b and incubated at 30°C, 190 rpm. When 

the cultures reached an OD600 of 0.1, the temperature was reduced to 25°C. 

The cultures were induced with 100 µM IPTG when the cultures reached an 

OD600 of between 0.4 and 0.6, and grown overnight. Trials conducted with 

benzyl alcohol were grown as above except for the addition of 0 g/L, 0.25 g/L 

and 0.5 g/L benzyl alcohol 20 minutes before induction. To harvest the cells, the 

cultures were centrifuged at 4000 rpm for 15-20 minutes and the pellets were 

stored at 4°C. Trials conducted with ArcticExpress cells were performed 

according to the supplier protocol and benzyl alcohol was added to the same 

concentration as outlined above 20 minutes before induction. Trials conducted 

with sorbitol and betaine involved addition of 1 M sorbitol and 2.5 mM sorbitol to 

the media. 

2.4.2 Cell Lysis 

For expression trials, the cell pellets were re-suspended in binding buffer. A 

Sonics Vibracell sonicator was used to lyse the cells by 4 pulses of sonication at 

25% amplitude for 20 seconds with a 50 seconds interval between each pulse. 

For large-scale grow-ups and purification, the pellets were re-suspended using 

a 2:3 ratio of cell pellet:binding buffer containing Sigma Aldrich EDTA-free 

protease inhibitor. The cells were lysed using a cell disruptor (Constant 

Systems) at 15 kpsi pressure. The lysate was centrifuged at 19,000 rpm for one 

hour. 

2.4.3 Affinity Chromatography Purification 

Nickel-IDA resin was used as the first purification step for all phytochromes that 

were expressed. The resin was equilibrated with 5 column volumes buffer A (50 

mM Tris pH 7.5, 300 mM NaCl, 5 mM imidazole, 7.5 % glycerol, 1 % β-
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mercaptoethanol) and incubated with the protein for 3 to 4 hours. The protein 

flow thorough was collected and the resin was washed with 4 column volumes 

of buffer B (50 mM Tris pH 7.5 300 mM NaCl, 30 mM imidazole, 7.5 % glycerol, 

1 % β-mercaptoethanol). The protein was eluted with buffer C (50 mM Tris pH 

7.5, 300 mM NaCl, 250 mM imidazole, 7.5% glycerol, 1 % β-mercaptoethanol). 

2.4.4 Size Exclusion Purification 

After the affinity chromatography purification the proteins were concentrated 

down to a volume of 5 ml for injection onto HiLoad 26/60 200 (GE Healthcare). 

Chromatography was performed on an ÄKTA Pure (GE Healthcare). The gel 

filtration column was equilibrated with two column volumes of gel filtration 

equilibration buffer D (50 mM Tris pH 7.5, 300 mM NaCl, 7.5 % glycerol, 1% β-

mercaptoethanol) before the protein was injected. After injection, the protein 

was eluted in two-column volume gel filtration equilibration buffer. The relevant 

fractions were analysed using SDS-PAGE to pool together the fractions 

containing the most pure protein. The protein was then concentrated down 

using a Sartorius Stedim Biotech vivaspin column with a 30 kDa cut-off, flash-

frozen and stored at -80°C. 

2.4.5 SDS-Polyacrylamide Gel Electrophoresis 

To assess protein purity aliquots of fractions from protein purifications were 

resolved on 12% Mini-PROTEAN® TGXTM Stain-FreeTM precast gels along with 

7 µl of Precision Plus ProteinTM Standard Unstained marker (Bio-Rad), using the 

Laemmli buffer compositions [43]. SDS loading buffer (50 mM Tris-HCl, 100 mM 

DTT, 2 % SDS [w/v] 0.1 % bromophenol blue [w/v], 10 % glycerol [v/v], 2.5 % 2-

mercaptothanol [v/v]) was added to the protein sample in a 1:1 ratio. The gels 

were run at a constant voltage, 300 V, for 20 to 25 minutes. The gel was 

imaged on a Gel Doc EX Imager, using Image Lab 3.0.1 Software (Bio-Rad). 

 

2.4.6 Cryo-trapping of intermediates: 

For cryo-trapping studies, the chimeric protein was expressed and purified as 

above and suspended in 80% cryo-buffer (44 % glycerol v/v, 20 % sucrose v/v, 

50 mM Tris-HCl). The protein was converted to a single state using LED 

illumination at room temperature prior to cooling and the temperature was 

controlled between 77 K and 293 K in a liquid nitrogen cooled cryostat (Optistat 
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DN). Once the cryostat reached the desired temperature, the protein was 

equilibrated at the temperature for 15 minutes. Then the reaction was triggered 

by 10 minutes of illumination with the relevant LED or for the dark steps 10 

minutes incubation in dark. The sample was then allowed to warm up in 10-K 

steps up to 293 K, illuminated Pr state at 660 nm and Pb state at 405 nm or 

incubated in the dark for the dark steps, for 10 min at each temperature point. 

Samples were then cooled back down to 77 K prior to record a UV-visible 

absorbance spectrum in a Cary 50 spectrometer (Agilent Technology). The 

power outputs of the 405 nm LED and the 660 nm LED were set to 750 µmol 

m2 s-1.  Typical protein concentrations used in these experiments were between 

5 µM and 10 µM. 

2.4.8 UV/Vis Spectroscopy 
A Cary 50 UV-Vis Spectrophotometer, Agilent Technologies, was used to obtain 

the steady-state absorbance spectra of these phytochromes. All spectra were 

recorded from 350 to 800 nm. Thorlabs mounted high power LEDs of relevant 

wavelength were used in the dark to convert the phytochromes into their 

different isomeric states.  For phytochromes that undergo dark thermal 

conversion over time, the cuvette was incubated in the dark within the 

spectrometer. The data was analysed using OriginPro 2015 Software, Origin 

Lab Corporation. 

2.4.9 Nanosecond laser flash photolysis 

The phytochrome photodynamics were studied using a laser system consisting 

of an optical parameter oscillator (OPO) pumped by a Q-switched Nd: YAG 

laser (Brilliant B, Quantel). Transient absorption (TA) spectra of the 

phytochromes were recorded after excitation with pump-beams centered at 

relevant wavelengths using the OPO pumped by the third harmonic of the laser. 

A quartz cuvette with a 2 mm path-length for pump-excitation and 10 mm path 

length for probing of the TA spectra was used. TA spectra were recorded using 

an LKS-60 Flash-Photolysis instrument (Applied Photophysics Ltd.). Three 

repeats of 350 nm to 750 nm scans were recorded in 10 nm increments in a 

selective time window with and without illumination with LEDs of relevant 

wavelengths. The data was analysed using OriginPro 2015 Software, Origin 

Lab Corporation. Protein concentration used for these experiments varied 

between 10 µM and 15 µM of protein. 
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Global Analysis of the flash photolysis data was performed using the open-

source software Glotaran to obtain plots of evolution associated difference 

spectra (EADS).[44] The pre-excitation data was subtracted for the analysis and 

both the ‘slow’ and ‘fast’ datasets were fitted to a sequential model. According 

to the sequential model, one species converts to another, which persists for the 

lifetime of the experiment.  
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Abstract 

Phytochromes are bilin-containing photoreceptors that are typically sensitive to 

the red / far-red region of the visible spectrum. Recently phytochromes from 

certain eukaryotic algae have become attractive targets for optogenetic 

applications because of their unique ability to respond to multiple wavelengths 

of light. Here, we have used a combination of time-resolved spectroscopy and 

structural approaches across picosecond to second timescales to map 

photochemical mechanisms and structural change in this atypical group of 

phytochromes. The photochemistry of an orange / far-red light sensitive algal 

phytochrome from Dolihomastix tenuilepis has been investigated using a 

combination of visible, infra-red and X-ray scattering probes. The entire 

photocycle, correlated with accompanying structural changes in the cofactor / 

protein, are reported. Our study identifies a complex photocycle for this atypical 

phytochrome. It also highlights a need to combine outcomes from a range of 

biophysical approaches to unravel complex photochemical and macromolecular 

processes in multi-domain photoreceptor proteins that are the basis of biological 

light-mediated signalling. 

3.1 Introduction 

The red / far-red light-sensitive phytochromes (Phys) are essential 

photoreceptors that regulate a myriad of photo-morphological processes in 

plants, bacteria, fungi and algae (e.g. seed germination, leaf-opening).[1,2] Phys 

contain a covalently bound bilin cofactor and typically photoconvert between a 

red light-absorbing PR state and a far-red light-absorbing PFR state.[1] 

Photoconversion between the two states is triggered by an ultrafast E/Z 

isomerization of the bilin tetrapyrrole, leading to slower protein structural change 

(microsecond to millisecond timescales) to form an active signalling 

conformation. The initial photoisomerisation has been studied in numerous 

Phys from different organisms using time resolved UV-Vis, infrared (IR) and 

Raman spectroscopies and is known to involve isomerization around the C15 

and C16 double bond between ring C and D of the bilin.[1,3-9] X-ray 
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crystallography studies of the photosensory region of a bacterial Phy in 

conjunction with time-resolved X-ray scattering data have shown that this 

causes a subsequent refolding of a conserved tongue region leading to large-

scale conformational change in the remainder of the protein.[10,11]  

Although Phys have proven to be attractive targets for new applications in the 

field of optogenetics,[12,13] their use has been limited due to their sensitivity to 

only a narrow range of wavelengths (red and far-red light). However, it was 

recently discovered that Phys from certain eukaryotic algae exhibit diverse 

spectral properties that are capable of spanning most of the visible region.[14] 

The origin of this spectral diversity is currently unknown and it is unclear 

whether these algal Phys undergo similar photocycles to those found in typical 

Phys. In order to exploit fully the potential of algal Phys as new optogenetic 

tools, it is important to develop an understanding of the photochemistry and 

photodynamics that underpin biological signalling. 

 

We have investigated in detail the kinetics and structural changes of both the 

bilin cofactor and the protein throughout the entire photocycle of the 

photosensory region of an algal Phy by using a combination of time-resolved 

laser photoexcitation spectroscopy across multiple timescales (continuously 

from picoseconds to seconds). Spectral changes in the visible region were 

monitored to report on significant chromophore changes whilst the mid-infra-red 

spectral region was used to report on finer structural changes in the bilin 

cofactor. These measurements have been combined with time-resolved small 

and wide angle X-ray scattering (S/WAXS) measurements to understand how 

these spectral changes are coupled to larger conformational changes in the 

protein.  

3.2 Results and Discussion 

The eukaryotic algal Phy from Dolihomastix tenuilepis (Dten) has a far-red light-

absorbing, PFR, state, with an absorption maximum at 714 nm and lower 

intensity features at 375 and 614 nm, and an orange light-absorbing, PO, state 

with an absorption maximum at 598 nm and a lower intensity feature at 354 nm 

(Figure 1).[14] Time-resolved spectroscopy has been used to measure optical 

changes in the visible and infra-red (IR) regions that occur upon 
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photoconversion of both states of the protein. Measurements in the visible 

region spanned the complete time-range of the photoreaction (ps-ms). These 

measurements were repeated in H2O and D2O buffers to identify any kinetic 

isotope effects associated with each of the individual steps of the photocycle, 

and to provide direct comparisons to the IR data, collected on samples in D2O 

buffer. The IR measurements were recorded over the first 400 µs of the reaction 

to monitor the initial structural changes of the reaction. 

Figure 1. Absorption spectra, and structures of bilin chromophore, of Dten Phy in the 

orange-absorbing state and the far-red-absorbing states. 

Global analysis has been used to model the time-resolved absorption difference 

spectra from the visible and IR measurements by fitting the data to a sequential, 

unbranched model to yield evolution associated difference spectra (EADS). 

Previous studies of similar photoreactions suggest that It is unlikely that any 

significant reaction branching will occur and that a simple sequential reaction 

scheme will fit the data adequately.[15,16] Major features in the IR spectral region 

monitored here include the stretches of the C=O bonds on rings A and D at 

~1730 and ~1720 cm-1, respectively and C=C stretches at ~1595, 1620, 1627, 

and 1648 cm-1, which represent the bonds between rings B and C, A and B, C 

and D, and the vinyl group attached to ring D, respectively.[17] Features from the 

protein amide I group and amino acid side chains occur at ~1650 and ~1450 

cm-1.[18] Contour maps of the raw data along with the corresponding EADSs are 

shown in Figures 2 and 3 (below); more extensive data and analysis figures can 

be found in the Supporting Information (Figures S1-6). 

 

The photoconversion of the PO state gives rise to three resolvable steps in the 

visible region (represented by EADS 1- 4 in Figure 2). There is an initial bleach 

of the ground state absorption feature together with the appearance of a new 
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absorption peak at 670 nm and broad excited state absorption features between 

400 and 500 nm (Figure 2B,D, EADS1). EADS1 then evolves into EADS2, 

which has an absorbance maximum at 660 nm and a proportionally similar 

sized excited state absorption band, with a lifetime of 116 ps (112 ps in D2O). 

Figure 2. Contour plots of the raw data and evolution associated difference spectra 

(EADS) resulting from a global analysis of time-resolved visible and IR transient 

absorption data, collected after excitation of the PO state. A and B, visible data 

collected on Dten Phy in H2O buffer; C and D, visible data collected on Dten Phy in 

D2O buffer;. E and F, IR data collected on Dten Phy in D2O buffer. Visible data were 

recorded from 0.2 ps until no further spectral changes were observed (495 ms), IR data 

were recorded over a 1 ps – 390 µs window. The gap in the 580 – 605 nm range is due 

to scattered pump light obscuring the transient absorption signal. 

 

In the IR region, although there are differences in the absolute intensities, the 

shape and positions of the spectral features are very similar between EADS1 

and EADS2 (Figure 2F). Hence, it seems unlikely that this transition 

corresponds to the E/Z bond isomerization, which would be expected to 

produce noticeable changes in this spectral region. Instead, this kinetic 

component is likely to represent excited state relaxation, potentially of the 

excited state PO which has not been isomerised assigned to excited state 

relaxation. The bleach feature at 1723 cm-1 and transient feature at 1709 cm-1 

that is already present in EADS1 suggests a change in the C=O bond on ring D 
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and hence, it is possible that the E/Z isomerization of the bilin cofactor may 

have already occurred before the first measurement 1 ps after excitation. This 

assignment is supported by the residuals of the analysis of the visible data 

(Figures S1 and S3) for which it is possible to observe a very short lived 

component that cannot be resolved kinetically due to the lack of data points on 

this timescale, and proximity to the time resolution of the system (~ 0.2 ps). The 

next reaction intermediate, which has a visible absorption maximum at 640 nm 

(EADS3), is formed with a lifetime of 581 ps in H2O (862 ps in D2O). The IR 

spectra also display significant changes for this step, in both intensity and 

position of dominant spectral features There are changes across the full 

spectral range monitored, with apparently new features observed in regions 

assigned to C=C stretches of the bilin, as well as amide bands from the protein; 

these are likely to small-scale structural changes and rearrangements in and 

around the bilin cofactor. The final reaction step takes place beyond the time-

range of the IR measurements, although a comparison of the final time-resolved 

difference spectrum with a steady-state difference spectrum of the PO to PFR 

conversion (Figure 3A) shows that further spectral evolution in the IR region 

occurs prior to the final PFR formation. Hence, some structural changes and 

rearrangement of the bilin environment are beyond the 400 µs of these 

measurements.  

 
Figure 3. Comparison of the final EADS from global analysis of the time-resolved IR 

measurements (light coloured line, left axis) with the static infra-red difference spectra 

(dark coloured line, right axis) for A. the PO to PFR and B the PFR to PO 

photoconversions. 
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The absorbance feature with a maximum at 725 nm (EADS4), assigned to the 

final PFR state, is then formed with a lifetime of 57.1 ms (89.3 ms in D2O). 

Although all reaction lifetimes except the first are slower in D2O compared with 

those in H2O, the spectral shapes are virtually identical under both conditions. 

This implies that proton exchange does not affect the excited state properties or 

the isomerization but may influence some of the slower steps that are likely to 

involve changes to the conformation of the bilin cofactor and the protein itself.  

 

In the reverse reaction direction photoexcitation of the PFR state (Figure 4) 

results in quite different dynamics compared than those of the forward reaction, 

with five resolvable kinetic steps detected. In the visible region a fast, 0.3 ps 

lifetime, component corresponds to the relaxation of a highly electronically 

excited state (e.g. S2) with intense ground state bleach and excited state 

absorption (EADS1) to a less electronically excited state (e.g. S1), the spectra of 

which retains some ground state bleach, but displays virtually no excited state 

features (EADS2). In the time region covered by both the visible and in the IR 

measurements three transitions are observed. EADS2 converts to EADS3 with 

a lifetime of 5-6 ps. In both the visible and IR regions the changes result in a 

significant loss of spectral intensity.  
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Figure 4. Contour maps of the raw data and evolution associated difference spectra 

(EADS) resulting from a global analysis of visible and infra-red transient absorption 

data, collected after excitation of the Pfr state. A and B, time-resolved visible data 

collected on Dten Phy in H2O based solution; C and D, time-resolved visible data 

collected on Dten Phy in D2O based solution;  E and F, time-resolved IR data collected 

on Dten Phy in D2O based solution. Visible data were recorded from 0.2 ps until no 

further spectral changes were observed (22.5 ms), IR data were recorded over a 1 ps – 

390 µs window  

In the visible region a very small positive feature is observed at around 670 nm, 

and the intensity of the ground state bleach is again reduced. This is likely due 

to an intermediate with a very slightly blue-shifted absorption feature. In the IR 

region the transition corresponds to a change from an initially excited state to a 

spectrum with few spectral features. The feature arising from the C=O of ring D 

again provides a useful marker of the reaction progress and the strong bleach 

feature at ~1700 cm-1 persists for the full 400 µs IR timecourse. In EADS3 this 

bleach feature appears to be coupled to a transient feature at ~1717 cm-1, a 

shift in the opposite direction to that observed in the PO to PFR reaction. We 

therefore assign this 5 ps step to the photoisomerisation reaction. No spectral 

changes in either the visible or IR regions are then observed for several 

hundred nanoseconds. The transition from EADS3 to EADS4 occurs with a 
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lifetime of 280 ns in the visible data in H2O (317 ns in D2O in the visible and 549 

ns in the IR). In the visible region the intermediate absorption band shifts to 625 

nm and in the IR a new bleach/transient feature at 1744/1730 cm-1 appears. 

Based on previous findings [19] and the small kinetic isotope associated with this 

step it is likely that this feature is due to the deprotonation of one of the 

propionic side chains. The disappearance of the positive feature at 1717 cm-1 is 

assigned to the C=O of ring D, in keeping with previous studies of similar 

systems.[20]. The 625 nm absorbing intermediate described by EADS4 is then 

converted to an intermediate with an absorption maximum at 610 nm (EADS5) 

with a lifetime of 275 µs (482 µs in D2O). Due to the kinetic isotope effect 

associated with this step it is likely to involve reprotonation of the bilin factor. 

The IR data were only collected up to 400 µs, which is close to the lifetime 

found in the visible datasets for this step. Consequently, it is unlikely that this 

step will be kinetically well resolved in the IR region, hence the 96 µs lifetime.  

A comparison of the final component from the global analysis of the time-

resolved IR data with the steady state difference spectra (Figure 3B) reveals 

that whilst there are many similarities between the spectra there are still a 

number of spectral features that evolve after 400 µs. The majority of these 

changes occur <1650 cm-1, which is in the region where protein absorption is 

expected to make significant contributions. Hence, the slower steps are only 

likely to involve large protein conformational changes and not significant 

changes in the bilin environment. The final step resolved in the visible dataset 

show the formation of the final 595 nm absorbing PO state (EADS6) with a 

lifetime of 6.2 ms (7.8 ms in D2O). 

 

Investigations of Phy systems with the well-studied red / far-red transitions 

suggest that in one direction the reaction consists of a picosecond isomerization 

of the bilin cofactor. This is then followed by single bond rotations leading to the 

breakage and subsequent reformation of some of the H-bond interactions with 

the protein environment. The other reaction direction also involves a picosecond 

isomerization step, but this is then followed by deprotonation of the bilin 

chromophore, other minor structural changes, and then reprotonation to form 

the final stable state.[21] It appears that despite the differences in wavelength 

sensitivity of Dten Phy a similar set of reactions occurs here. It is also known 
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that the red / far-red Phys are capable of undergoing a much slower dark 

reversion process, which can occur over minutes or days.[22-24] Therefore, 

measurements over the course of several hours were undertaken to identify any 

dark reactions from either of the two states of Dten Phy (Figures S7-8). The PFR 

state fully converts to the PO state within a few hours (lifetime of around 2 

hours) in the dark. However, the PO state does not undergo any significant dark 

reversion back to the PFR state over a 24 hour time period.  

 

In typical red / far-red Phys it is known that the slower step(s), which follow the 

initial photoisomerization, involve a series of large-scale conformational 

changes or domain motions in the protein.[10, 11, 25, 26]  We have used time-

resolved solution X-ray scattering measurements to characterize the nature and 

kinetics of the structural dynamics during the PO to PFR transition in Dten Phy. A 

large difference signal in the small/wide angle region (q < 0.25 Å-1) was 

observed between the two states, indicating significant structural changes on 

the nanometre scale. The difference signal develops in both intensity and shape 

on the µs to second timescale (Figure 5A).  
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Figure 5. A. Laser-induced time-resolved X-ray scattering difference patterns for Dten 

Phy in solution, vertically offset for clarity, points are experimental data, lines are linear 

combinations of the first three basis patterns obtained by singular value decomposition. 

Note that scattering differences are multiplied by the scattering vector q to reduce 

differences in the amplitude scale in SAXS and WAXS regions. B. Static X-ray 

scattering difference between PO and PFR states and C, D, E. the three main basis 

patterns obtained by SVD analysis of the entire time resolved X-ray scattering dataset. 

A singular value decomposition analysis revealed that all the structural data can 

be described by three main time-independent basis patterns (Figure 5C-E), 

which form a time-independent orthonormal basis on which the full set of time-

dependent data can be decomposed. The first, which represents the shape of 

the signal developing on the µs to ms timescale, shows multiple structural 

changes across all regions. The second basis pattern describes the signal 
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developing in the tens of ms and contains an oscillation that is similar to the 

signature of the quaternary opening motion that has been previously described 

for the bacterial red / far-red Phy family.[11, 27] The third basis pattern is the 

signal of the final state, as revealed by the comparison with a static difference 

between PFR and PO stationary states (Figure 5B). A kinetic analysis of the 

whole data set in terms of the three main basis patterns reveals that the 

structural dynamics of Dten Phy evolve with three time constants of =8.7 ms, 

=60 ms and >500 ms. The second of these time constants correlates well 

with the 57.1 ms lifetime from the visible time-resolved data. Previous 

measurements have proposed that the X-ray scattering signal obtained for 

bacterial Phys represents an opening of the homodimer in the PFR state, caused 

by an increase in the separation of the opposing PHY domains.[11, 27]  The 

similar signal obtained for Dten Phy in the second basis pattern suggests that 

this motion is conserved in algal Phys on the ms timescale. However, additional 

structural dynamics are observed for Dten Phy on the µs timescale, which do 

not appear to be present in the bacterial Phys. Moreover, as further structural 

changes associated with PO to PFR transition occur on slower timescales than 

the optical changes it is likely that these final conformational changes in the 

protein do not significantly affect the environment of the bilin chromophore.  

 

The presence of these large scale structural changes in the protein have also 

been confirmed by viscosity-dependence studies. Visible time-resolved 

experiments at a range of solvent viscosities (0 – 60% glycerol) revealed that 

the rates of the slower µs – ms steps are strongly dependent on the solvent 

viscosity (Figure 6). The lifetime of the final step observed in the PO reaction 

increases 44-fold in 60 % glycerol, and the PFR final lifetime 8-fold. This strongly 

indicates that these slower steps in the photocycle involve a series of solvent-

coupled protein motions. Conversely, no such dependence on solvent viscosity 

could be observed on the sub-ns dynamics (Figure S9).  
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Figure 6. A. and C. The formation of PFR and PO states, following photoexcitation of PO 

and PFR states respectively at a range of glycerol concentrations. Data (points) were 

fitted to a single or double exponential function (lines). B and D The resulting lifetimes, 

with fitting errors, are shown as a function of viscosity. 

3.3 Conclusions 

Taken together, the time-resolved approaches described here have allowed us 

to investigate the entire photocycle of an atypical algal Phy that is sensitive to 

orange / far-red light (Fig. 7). It is obvious that the photochemical mechanism of 

Dten Phy is much more complex than initially observed from time-resolved 

visible spectroscopy measurements. It has only been possible to unravel these 

hidden complexities by using additional IR and X-ray scattering probes to study 

the initial photoisomerisation and slower, structural changes in the protein, 

respectively. Similar to the red / far-red photocycle in typical Phys it appears as 

though the orange / far-red photocycle of Dten Phy involves an initial 

photoisomerisation around the C15-C16 double bond between ring C and D of 

the bilin on the ps timescale. Following photoisomerisation, the formation of the 

final PFR or PO state involves multiple small and large-scale structural changes 

in the protein, not all of which are linked to spectral changes associated with the 

bilin cofactor. Time-resolved X-ray scattering measurements have identified 3 
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kinetically distinct structural transitions, one of which is similar to the opening of 

the dimer interface that has been observed previously in bacterial Phys.[11, 27] 

This study illustrates how crucial it is to use multiple biophysical tools in order to 

obtain a complete mechanistic understanding of these complex light-activated 

proteins.  

Figure 7. Schematic overview of Dten Phy photocycle, which involves changes to the 

PCB (phycocyanobilin) chromophore. Lifetimes derived from visible transient 

absorption (ps – ms) in H2O are shown in black and the protein structural changes 

identified from S/WAXS (ms-s) are shown in blue.  

3.4 Experimental Section 

3.4.1 Sample Preparation and Basic Characterization 

The Dolihomastix tenuilepis gene encoding the photosensory regions PAS-GAF 

and PHY was ordered from GeneArt, subcloned into pET21a. The vector was 

then co-transformed along with pCola Duet vector containing pcyA and HO1 

genes into HMS 174 cells. Cultures were grown at 30 °C, 190 rpm until an OD 

of 0.1 at 600 nm was achieved. The temperature was then dropped to 25 °C. 

Cultures were induced using 100 µM IPTG at an OD of between 0.4 and 0.6 at 

600 nm, and grown overnight. Nickel-IDA resin was used as the first step 

purification. The resin was equilibrated with 5 column volumes of ‘buffer A’ (50 

mM Tris pH 7.5, 300 mM NaCl, 5 mM imidazole, 7.5 % glycerol, 1 % β-



 

Page | 129 
 
 
 

mercaptoethanol) and incubated with the protein for 3 to 4 hours.  The protein 

flow through was collected and the resin washed with 4 column volumes of 

‘buffer B’, 50 mM Tris pH 7.5 300 mM NaCl, 30 mM imidazole, 7.5 % glycerol, 1 

% β-mercaptoethanol.  The protein was eluted with ‘buffer C’, 50 mM Tris pH 

7.5, 300 mM NaCl, 250 mM imidazole, 7.5% glycerol, 1 % β-mercaptoethanol.  

Size exclusion was carried out on ÄKTA Pure (GE Healthcare) using a Hi Load 

26/60 200 (GE Healthcare) column.  The gel filtration column was equilibrated 

with two column volumes of gel filtration equilibration ‘buffer D’, 50 mM Tris pH 

7.5, 300 mM NaCl, 7.5 % glycerol, 1% β-mercaptoethanol before the protein 

was injected.  After injection, the protein was eluted in two-column volume gel 

filtration equilibration buffer. The relevant fractions were analyzed using SDS-

PAGE to pool together the fractions containing the purest protein. The protein 

was then concentrated using a Sartorius Stedim Biotech vivaspin column with a 

30 kDa cut-off, flash-frozen and stored at -80 °C. UV/Vis absorption 

spectroscopy was performed using a Cary 50 UV-Vis Spectrophotometer, 

Varian, Agilent Technologies. All spectra were recorded from 300 to 800 nm. 

Thorlabs mounted high power LEDs (of either 530 or 735 nm) were used in the 

dark to convert the phytochromes into their different isomeric states. For studies 

of the dark thermal conversion over time, the cuvette was left inside a fully 

covered spectrometer. Steady state difference spectra in the infra-red region 

were collected using a Brucker Vertex 80 FTIR, measurements were recorded 

on samples (~100 µM) in D2O buffer (50 mM Tris pD 7.5, 300 mM NaCl, 7.5 % 

glycerol, 1% β-mercaptoethanol) contained between CaF2 windows separated 

by a 100 µm Teflon spacer. Difference spectra were recorded for each state (PO 

or PFR) using the opposite state (PFR or PO respectively)  as the background 

measurement. For the viscosity studies 200 µl of 10mg/ml protein was added 

800 µl of 5, 10, 20, 30, 40, 45, 50 and 60 per cent glycerol. Data from the 

photoconversion measurements were used as the 0% glycerol sample. Data 

were fitted with a single exponential (PFR formation and PO formation at 50 and 

60% glycerol) or double exponential (PO formation <45% glycerol) function 

3.4.2 Nanosecond laser flash photolysis 

The Dten Phy photodynamics were studied using a laser system consisting of 

an optical parameter oscillator (OPO) pumped by a Q-switched Nd: YAG laser 

(Brilliant B, Quantel). Excitation wavelengths were generated using the OPO 
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pumped by the third harmonic of the laser.  A quartz cuvette with a 2 mm path 

length for pump-excitation and 10 mm path length for probing of the was used. 

Samples had an O.D. of 0.8 at 735 nm in the 10 mm path. TA spectra were 

recorded using an LKS-60 Flash-Photolysis instrument (Applied Photophysics 

Ltd.). Kinetics were recorded in 5 nm increments across the visible spectral 

region. Samples illuminated with a 530 nm LED to generate the PFR state were 

then photoexcited at 430 nm with 15 mJ pulse energy (this excitation 

wavelength was selected due to the limited pump wavelength range of the laser 

system) kinetics were recorded over a timescale of 0.05 – 47.5 ms. Samples 

were illuminated with a 735 nm LED to generate the PO state were then 

photoexcited at 595 nm with 9 mJ pulse energy, kinetics were recorded over a 

timescale of 0.1 – 495 ms.  

3.4.3 Ultrafast spectroscopy  

Time-resolved visible spectroscopy was performed using a Ti:sapphire amplifier 

system (Newport Spectra Physics, Solstice Ace) producing 800 nm pulses at 1 

kHz with 100 fs pulse duration. A TOPAS Prime optical parameter amplifier 

(OPA) with associated NirUVis unit was pumped with a portion of the output of 

the amplifier to generate the pump beams. A broadband ultrafast pump-probe 

transient absorbance spectrometer ‘Helios’ (Ultrafast Systems LLC) was used 

to collect data over a 3 ns time window with a time resolution of around 250 fs. 

The probe beam consisted of a white light continuum generated in a CaF2 

crystal and absorbance changes were monitored between 390 and 745 nm. A 

broadband sub-nanosecond pump-probe transient absorption spectrometer 

‘Eos’ (Ultrafast Systems LLC) was used to collect data on longer timescales. A 

2 kHz white-light continuum fiber laser was used to generate the probe pulses, 

the delay between pump and probe was controlled electronically. Samples 

reservoirs were illuminated with 530 or 735 nm LEDs and flowed through a 0.2 

mm path length quartz cuvette. Samples had an O.D. of around 0.5 at 735 nm 

in the 0.2 mm path Excitation wavelengths of 430 nm and 595 nm, with 0.5 uJ 

pulse energy, were used over timescales up to 82 µs. The pre-excitation data 

were subtracted and spectral chirp corrected for before the analysis. 

 

Time-resolve infra-red spectroscopy was performed using the TRMPS set-up of 

the ULTRA-LIFEtime system[28] at the Central Laser Facility, STFC, Rutherford 
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Appleton Laboratory, UK. This uses a 100 kHz ultrafast laser based on a 

custom dual Yb:KGW system (Pharos, Light Conversion). Samples in D2O 

buffer (50 mM Tris pD 7.5, 300 mM NaCl, 7.5 % glycerol, 1% β-

mercaptoethanol) were contained between two CaF2 windows, separated by a 

teflon spacer to give a pathlength of approximately 50 µm. Samples reservoirs 

were illuminated with 530 or 735 nm LEDs and flowed through the cell, the 

sample holder was rastered to avoid sample damage. Excitation wavelengths of 

575 nm at 1 kHz repetition rate and 0.6 µJ pump energy, and 735 nm at 500 Hz 

repetition rate and 2 µJ pump energy, were used. Data were collected for 

approximately 35 and 100 minutes respectively per dataset The excitation beam 

was set at the magic angle with respect to the IR probe beam. Difference 

spectra were generated relative to the ground state in the spectral window 

1470-1770 cm-1 at time delays ranging between 1 ps and 390 µs. Pixel to 

wavenumber calibration was performed using a polystyrene standard. Infra-red 

pump-probe transient absorption data from the TRMPS set-up were averaged 

0.1 µs on either side of each 10 µs “TRMP“ step after the first 10 µs of data. 

Thus 105 (PFR reaction) or 57 (PO reaction) time points were spread over the 

first 10 µs timerange, and thereafter timepoints were every 10 µs up to 390 µs 

(39 in total) 

3.4.4 Global Analysis 

Global Analysis was performed using the open-source software Glotaran.[29]  

This procedure reduces the matrix of change in absorbance as a function of 

time and wavelength, to a model of one or more exponentially decaying time 

components, each with a corresponding difference spectrum (EADS). All 

datasets were fitted to a sequential, unbranched model. Errors quoted with the 

lifetime values are the standard errors calculated during the global analysis. 

Visible spectrum data sets from the nanosecond laser flash photolysis and 

ultrafast transient absorption techniques were combined into one dataset. The 

wavelength points from the ultrafast data were removed so that the data 

matched the those of the laser flash photolysis data (5 nm steps). The datasets 

were then scaled to match intensities of the major spectral features in 

overlapping time regions. 
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3.4.5 Time Resolved Small and Wide Angle X-ray Scattering 

TR-S/WAXS experiments have been performed at the beamline ID09 of the 

European Synchrotron Radiation facility. A sample of Dten Phy (250 µM) was 

continuously illuminated by a 730 nm LED to stabilise the PO form, flowed by a 

peristaltic pump (Gilson Minipulse 3) into a 2 mm quartz capillary and excited by 

a 5 ns laser pulse (EKSPLA) at 595 nm (1 mJ/mm2). The X-ray scattering signal 

was monitored at different time delays after laser excitation by 20 µs X-ray 

pulse train. Scattering patterns were normalized the water peak (about 2.2 Å-1) 

before making differences between laser-on and laser-off patterns. The time 

evolution of the solvent heating peak at 1.8 Å-1 was checked, and did not affect 

the scattering patterns in the q range where protein difference signal used for 

analysis was present (0-0.3 Å-1). Singular value decomposition analysis of time 

resolved scattering dataset was performed using an in-house developed Python 

based code. Visual inspection and autocorrelation analysis of both basis 

patterns and amplitude vectors[30] indicated the first three basis patterns 

containing significant information, with the rest containing essentially only 

random noise. A linear combination of the first three basis patterns was then 

used to fit the time evolution of the scattering signal and to extract time 

constants. 



 

Page | 133 
 
 
 

 

3.5 Supplementary Information 

3.5.1 Transient Absorption Data and Analysis 

Figure S1. For the PO to PFR conversion, in the visible region, in H2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected wavelengths 

with residuals from the fit shown below; E. Evolution Associated Difference Spectra 

(EADS) normalised to the intensity of the ground state bleach (ca. 595 nm); F. and G. 

Singular value decomposition of the residual matrix resulting from global analysis. 

The gap in the <82 µs delay data in the  575 – 610 nm range is due to scattered pump 

light obscuring the transient absorption signal. Datasets covering 0.2 ps – 2.9 ns , 1.1 
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ns – 82 µs, and 0.138 – 495 ms were combined.  The majority of the residual matrix 

lacks any significant structure, implying a good fit has been obtained. To obtain a good 

fit in the global analysis it was necessary to use 5 components, although the spectra 

labeled nEADSX and nEADS3 are in fact virtually identical, the lifetime of conversion 

between them corresponds to the step in the data between ultrafast measurements, 

contaminated by scattered pump light, and the laser flash photolysis measurements. 

As a result the spectra nEADSX, and the corresponding lifetime have been omitted 

from discussion of the photoconversion.
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Figure S2. For the PFR to PO conversion, in the visible region, in H2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected wavelengths 

with residuals from the fit shown below; E. Evolution Associated Difference Spectra 

(EADS) normalised to the intensity of the ground state bleach (ca. 725 nm); F. and G. 

Singular value decomposition of the residual matrix resulting from global analysis. 

Datasets covering 0.2 ps – 2.9 ns , 0.5ns – 82 µs, and 0.052 – 47.5 ms were combined. 

The residual matrix lacks any significant structure, implying a good fit has been 

obtained.



 

Page | 136 
 
 
 

 

Figure S3. For the PO to PFR conversion, in the visible region, in D2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected wavelengths 

with residuals from the fit shown below; E. Evolution Associated Difference Spectra 

(EADS) normalised to the intensity of the ground state bleach (ca. 595 nm); F. and G. 

Singular value decomposition of the residual matrix resulting from global analysis. 

The gap in the <82 µs delay data in the  580 – 605 nm range is due to scattered pump 

light obscuring the transient absorption signal. Datasets covering 0.2 ps – 2.9 ns , 0.5 

ns – 82 µs, and 0.138 – 495 ms were combined.  The majority of the residual matrix 

lacks any significant structure, implying a good fit has been obtained. To obtain a good 

fit in the global analysis it was necessary to use 5 components, although the spectra 

labeled nEADSX and nEADS3 are in fact virtually identical, the lifetime of conversion 
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between them corresponds to the step in the data between ultrafast measurements, 

contaminated by scattered pump light, and the laser flash photolysis measurements. 

As a result the spectra nEADSX, and the corresponding lifetime have been omitted 

from discussion of the photoconversion.
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Figure S4. For the PFR to PO conversion, in the visible region, in D2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected wavelengths 

with residuals from the fit shown below; E. Evolution Associated Difference Spectra 

(EADS) normalised to the intensity of the ground state bleach (ca. 725 nm); F. and G. 

Singular value decomposition of the residual matrix resulting from global analysis. 

Datasets covering 0.2 ps – 2.9 ns , 0.5ns – 82 µs, and 0.052 – 47.5 ms were combined. 

The residual matrix lacks any significant structure, implying a good fit has been 

obtained. 

 

 

 



 

Page | 139 
 
 
 

 

Figure S5. For the PO to PFR conversion, in the IR region, in D2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected 

wavenumbers with residuals from the fit shown below; E. Evolution Associated 

Difference Spectra (EADS) normalised to the intensity of the maximum intensity 

bleach; F. and G. Singular value decomposition of the residual matrix resulting from 

global analysis. 
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Figure S6. For the PFR to PO conversion, in the IR region, in D2O based buffer: A. 

Contour plot of the raw data; B. and C. Difference spectra at selected time points; D. 

Kinetic traces (points) showing fits from global analysis (lines) at selected 

wavenumbers with residuals from the fit shown below; E. Evolution Associated 

Difference Spectra (EADS) normalised to the intensity of the maximum intensity 

bleach; F. and G. Singular value decomposition of the residual matrix resulting from 

global analysis 
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3.5.2 Dark Reactions 

Dten Phy was fully converted into either the PO or PFR state, changes in absorbance 

across the visible spectrum were then recorded every 10 or 15 minutes over a 24 hour 

period, or until no further changes were observed. (Figure S7) 

Figure S7. Spectral evolution of the PO state (A) and PFR state (B) in dark conditions. 

Changes at 598 and 714 nm (the absorption maxima of PO and PFR respectively) are 

shown in figure S8. There was no significant change in the PO state over the timescale 

measured. In contrast the PFR state reverted to the PO state with a lifetime of around 2 

hours.  
 
 

Figure S8. Kinetics of change in absorbance at 598 and 714 nm, starting from A. the 

PO state and B. PFR state in dark conditions. A single exponential was fitted to the data 

shown in panel B using a shared lifetime value for both kinetic traces, which yielded a 

lifetime of 113 ±2 minutes.  
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3.5.3 Solvent Viscosity Studies: 

The effect of solvent viscosity on the faster timescale processes was also investigated, 

sample preparation and experimental procedures were as described in the main text. 

Data from the photoconversion measurements were used as the 0% glycerol sample. 

Glycerol solutions scatter light more efficiently than aqueous solutions, so there is a 

large region in the area of the pump wavelength where the change in absorbance is 

obscured. Kinetics were monitored by integration over a range of wavelengths covering 

the positive transient signal from the first reaction intermediate. Data were then fitted 

with a single exponential in both datasets. 

 

There is no noticeable viscosity dependence in the loss of the first intermediate after 

photoexcitation of the PO state. There is also no noticeable trend in the lifetime of 

formation of the first transient species after excitation of the PFR state, however above 

30% glycerol (2.6 cP) formation was almost entirely inhibited over the 2 µs timescale 

monitored. 
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Figure S9. Difference spectra at selected timepoints after photoexcitation of the A. PO  

and B. PFR states at 5% glycerol concentration. Glycerol solutions scatter light more 

efficiently than aqueous solutions, so there is a large region in the area of the pump 

wavelength where the change in absorbance is obscured.  Kinetic traces at a range of 

glycerol concentrations after photoexcitation of the C. PO and D. PFR states. Data were 

fitted to a single exponential function and plotted as a function of solvent viscosity (E 

and F). 
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Chapter 4. Design of new chimaeric phytochromes for 

optogenetic control of gene expression. 
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Abstract 

 

Phytochromes have been the subject of numerous detailed photochemical and 

structural studies. Although phytochromes have proven to be an attractive 

target for new applications in the field of optogenetics, their use has been 

limited due to the availability of only a limited range of wavelength sensitivities. 

Several atypical phytochromes that exhibit broad spectral properties have been 

discovered recently. Here, we align a selection of these novel atypical 

phytochromes with two-component system (TCS) histidine kinases (HKs) to 

design functional chimaeric phytochromes as part of a multi-wavelength 

optogenetic toolkit. The photosensory core modules (PCM) of Deinococcus 

tenupilis (Dten) and Nostoc punctiforme (Npf) phytochromes were fused to the 

HK from the cyanobacterial phytochrome Cph1 and to the HK from the 

Rhizobium meliloti TCS, FixL. Time resolved spectroscopy was used to 

compare the photochemistry of the Npf-FixLHK chimaera with that of the wild 

type protein, and the in-vitro activity of the chimaeras were measured using a 

phosphorylation assay. FixL HK and the target promoter, nifA (nifAP), of the 

cognate response regulator FixJ were used in reporter assays to test the in-vivo 

activity of the FixL HK chimaeras. This work illustrates the potential application 

of producing chimaeric light-responsive phytochromes for optogenetic control of 

gene expression. 

 

 4.1 Introduction 

Biological processes such as metabolism and cellular differentiation are 

controlled by precise spatial and temporal regulation of gene expression 

patterns.[1-3] Therefore, quantitative methods of controlling gene expression are 

necessary for studying and engineering biological systems. In many biological 

and biotechnological applications, which require external control of gene 

expression, chemical molecules are used. However, this approach has several 

limitations. Firstly, good spatial resolution cannot be achieved with chemical 

inducers because the rate of change in gene expression is limited by the 
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diffusion rate of the inducer. Secondly, once the chemical inducer is added, 

there is no temporal control over its action. Thirdly, chemical inducers can be 

modified or degraded by the cells. It is difficult to maintain a constant chemical 

signal in changing culture environment (e.g. change in cell density). Finally, 

commonly used inducers can be toxic and non-specific, altering host 

pathways.[4]  

 

Optogenetics is the use of light to control gene expression, which in turn 

controls a physiological function.[5-9] Compared with chemical approaches, 

optogenetics allows unprecedented spatial and temporal control over gene 

expression and biological processes.  This is achievable because light can be 

delivered with precision in space and time, and at specific wavelengths and 

intensity. This approach is unlikely to perturb other host pathways, as non-

photosynthetic model organisms show minimal physiological responses to 

light.[4] Several light switchable proteins have been developed into optogenetic 

tools for synthetic regulation of gene expression in Escherichia coli, 

cyanobacteria, yeast, zebra fish, mammalian cells, and liver, kidneys and brain 

cells of live mice.[10-16] Opsins have been a well-exploited tool in the field of 

neuroscience, where it has been used to study neural networks and brain 

function.[9,17,18] Specific neurons can be activated or inhibited by using light with 

spatial and temporal precision to control ion flux and action potentials. These 

investigations provided detailed insights into the function of neural networks and 

allowed the study of brain function and neural diseases.[17,19,20] Optogenetics 

has also been applied to study cell signalling through the control of genes 

responsible for expressing enzymes or proteins vital in signalling pathways of 

specialised cells.[4,17,18,21] 

 

Although several multichromatic gene regulatory systems have been recently 

developed, the wavelength range of these optogenetic tools is limited, only 

absorbing either in the red or blue region of the visible spectrum. Phytochromes 

and cyanobacteriochromes are tetrapyrrole photoreceptors that switch between 

two different signalling states in response to different wavelengths of light. The 

diverse spectral properties of cyanobacteriochromes, which cover the entire 

visible region, have led to their exploitation for use in optogenetics 

applications.[22,23]   
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Phytochromes are multi-domain proteins that primarily respond to red and far-

red light. They can be split into the photosensory region, which is responsible 

for sensing the light signal and transducing it to a secondary effector region. 

The photosensory region is made up of a number of PAS, GAF and PHY 

domains, and the effector region is made up of the HK and ATPase domains.[24-

28] The light signal is captured by the bilin chromophore within the PCM of 

phytochromes, which leads to an isomerisation and changes in the secondary 

structure, from α-helix to β-sheet, of a tongue region, which links the PCM to 

the HK domain. This shortens the tongue, which triggers ATPase activity and 

facilitates the autophosphorylation of the HK domain. This is followed by 

phosphotransfer onto a response regulator (RR), which is often involved in 

modulation of gene expression.[29-34] The modular architecture of phytochromes 

make them ideal targets for fusion with other domains in a ‘mix and match’ 

manner to couple a range of light sensitivities with a range of output responses. 

 

Phytochromes have been developed for control over living cells through 

promoter regulation in yeast cells and protein dimerisation regulation in 

mammalian cells, via interactions with phytochrome interaction factors 

(PIFs).[35,36] The red/far-red phytochrome Cph1 from cyanobacterial 

Synechocystis sp. has been extensively used for light-activated gene 

expression, although as the target promoters of the Cph1 partner protein, Rcp1, 

are unknown,[10] function was coupled with the osmosensing HK EnvZ from E. 

coli. This system was further used for multichromatic regulation of gene 

expression with the green/red CcaS cyanobacteriochrome.[12] The UV sensitive 

UirS cyanobacteriochrome has also been developed for optogenetic 

purposes.[37] 

 

Here, we select atypical phytochromes from the eukaryotic algae, Deinococcus 

tenupilis (Dten) and the cyanobacterium, Nostoc punctiforme (Npf) to develop 

optogenetic tools that can be coupled to two-component system (TCS) HKs. As 

these phytochromes have unusual photocycles, which are different to the 

typical red/far-red phytochromes, this will allow us to diversify the existing 

optogenetic toolkit.[23] As the response regulators and target promoters of these 

phytochromes are as yet unknown, we coupled the phytochromes with 
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homologous HKs of TCSs with known RRs and promoters.[38,39] Restriction 

digest, ligation and Infusion cloning methods were used to assemble these 

systems.  In-vitro studies to measure the autophosphorylation and 

phosphotransfer steps using 32P-radiolabelling assays confirmed that the Npf 

Cph HK and Npf FixL HK chimaeras were active. Npf FixL HK, its cognate 

response regulator FixJ and promoter nifAP were refactored into the pSR33.4 

and pSR59.8 system designed by Schmidl et al. 2014 for in-vivo studies to 

follow the activity of this chimaera as an optogenetic tool through modulation of 

a GFP reporter.[40] We also measured the kinetics of formation of the two states 

of Npf FixL HK to compare with the wild type Npf phytochromes in order to 

confirm that the chimaera photochemistry was the same as the wild type PCM. 

4.2 Results and Discussion 

4.2.1 Design of Chimaeric Phytochromes 

Dten and Npf phytochromes were selected for the design of ‘plug and play’ 

optogenetic gene expression regulators as these proteins have previously been 

expressed, purified, and characterised. As Cph1 HK and its cognate RR, Rcp1, 

have been extensively studied and is also from a phytochrome, this was 

deemed to be a good effector domain to be used as a proof-of-principle for 

chimaera construction (Figure 4.1A). However, as target promoters are not 

known for Rcp1, FixL HK and PhoR, which are most homologous to Cph1 HK in 

sequence, was also selected for the purpose of chimaera construction (Figure 

4.1A). It is also a well-studied TCS with known RR and target promoter and has 

previously been used in producing other chimaeras.[41,42] Studies have 

previously revealed that the length and sequence of the helix linker joining the 

PCM to the HK is essential for signal translation from the PCM to the HK.[10] 

Upon alignment with the EnvZ HK sequence, a library of Cph1 constructs was 

produced by varying the number of Cph1 amino acids included by retaining or 

removing the last 9 amino acids and this revealed that the most active chimaera 

consisted of the first 517 amino acids of Cph1.[10] Based on this information, 

sequences of the PCMs were aligned with selected TCS HKs to identify 

crossover points, where the two regions could be fused together (Figure 4.1B). 
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Figure 4.1. Design of chimaeric phytochromes. A.  Atypical phytochrome PCMs of 

Dten and Npf phytochromes were fused with TCS HK of Cph1, FixL and PhoR at a 

crossover point in the linker region, which is conserved in both length and sequence. 

Blue lines and green lines represent the linking regions of the phytochromes and HKs, 

respectively. Red arrows indicate the HK unit ligation. The blue cylinders represent 

response regulators, autophosphorylation and phosphotransfer is illustrated with yellow 

circles. B. Alignment of Cph1 HK kinase with FixL HK to identify a crossover point 

which was then used as a reference for the alignment of the chosen atypical 

phytochrome PCMs with the FixL HK and Cph1 HK to decide on fusion points. 
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Homologous residues (overlap) are shown in bold. The dash in the chimaeric 

sequences represents the point of fusion. 

4.2.2 Expression and Initial Characterisation of Chimaeric 

Phytochromes 

Expression trials were conducted to check the expression levels and solubility 

of the chimaeras. SDS-PAGE gels showing the results of these trials (Figure 

4.2) confirm that His6-tagged protein could be produced and purified. The ~100 

kDa band in lanes 4 and 10 for Dten Cph1 HK, and 85 kDa band in lanes 7 and 

12 (Figure 4.2A), were analysed using tandem mass spectrometry (MS/MS). 

Protein sequence matches with the Dten and Npf phytochromes and Cph1 HK 

for the bands confirmed expression of the respective chimaeric proteins. 

Similarly, Dten FixL HK and Npf FixL HK were successfully purified using Ni2+-

affinity chromatography as indicated by the presence of a ~100 kDa band in 

lanes 4 and 7 on the SDS-PAGE gel (Figure 4.2B). These bands were also 

excised and analysed using MS/MS to further confirm that they were resulting 

from the correct chimaeras. 



 

 Page | 153 

 

 

A 

FT W E FT W E 

25 

50 

75 
100 

kDa E E E E La
dd

er
 

La
dd

er
 

Dten Cph1 HK Npf Cph1 HK Dten Cph1 HK Npf Cph1 HK 
Ni2+- Affinity Purification  Gel Filtration 

 

B 

25 

50 

75 
100 

kDa La
dd

er
 

FT W E FT W E 

Dten FixL HK Npf FixL HK 
Ni2+- Affinity Purification  

 

Figure 4.2. SDS-PAGE gels showing production of the chimaeric phytochromes.  

A. Expression, Ni2+- affinity purification and gel filtration of 94 kDa Dten Cph1 HK and 

85 kDa Npf Cph1 HK chimaeras. Ladders are shown with the molecular weights. Flow 

through (FT), wash (W) and elute (E) fractions are analysed on the gel. The expected 

~100 kDa Dten Cph1 HK band and ~80 kDa Npf Cph1 HK band can be seen in the 

expression and purification samples. B. Expression trials of 94 kDa Dten FixL HK and 

84 kDa Npf FixL HK.  FT, W and E fractions are analysed on the gel. ~100 kDa bands 

in the lanes E demonstrate successful purification of chimaeras. 
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To ensure that the chimaeras retained the original photochemistry, the 

absorption spectrum of each chimaera was recorded (Figure 4.3). The Dten Phy 

switches between orange and far-red light-absorbing states. The absorbance 

spectra of the Dten chimaeras with Cph1 HK and FixL HK were very similar to 

the Dten PCM in both states. All samples had absorbance peaks at 598 nm and 

714 nm, with smaller peaks in the blue region at 354 nm and 375 nm, 

respectively (Figure 4.3 A, B and C). The far-red light-absorbing state also has 

a lower intensity absorbance in the orange region at 614 nm. The only 

difference is a slight difference in the intensity of the far-red light-absorbing 

state in the blue region of the spectrum.  

 

 
Figure 4.3. Steady state absorption spectra of chimaeric phytochromes.  The 

steady state absorption spectra of the FixL HK (A, D) and  Cph HK (C, F)  chimeras 

are very similar to  the wild type PCM (B, E) absorption spectra. Dten phytochrome 

absorbs maximally at 598 and 714 nm (A, B, C).  Npf phytochrome absorbs maximally 

at 395 nm in the blue light-absorbing state, and 373 nm and 675 nm with low intensity 

absorbance at 625 nm in the red light-absorbing state (D, E, F).  
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It is known that the Npf PCM has a blue light-absorbing state, with an 

absorbance maximum at 395 nm and low intensity broad absorbance around 

595 nm (Figure 4.3 D, E and F). Over a longer time course, this state builds into 

another state through thermal conversion (Figure 4.4), which absorbs maximally 

at 675 nm with additional absorbance at 625 nm and a smaller absorbance 

band in the blue region at 373 nm. The Npf FixL HK and Npf Cph HK have 

similar absorption spectra to the Npf PCM, although again there are slight 

differences in the blue region of the spectrum and the chimaeras have an 

additional low-intensity peak at around 690 nm in the blue light-absorbing state. 

 
Figure 4.4. Kintetics of the thermal conversion step of Npf PCM and Npf FixL HK 

Pb > Pr photoreaction. A and B, absorbance spectra of the Npf FixL HK and Npf 

PCM respectively, captured at regular time intervals over several hours post excitation 

at 405 nm. C and D, kinetics of the slow, thermal step of the formation of Pr state of 

Npf FixL HK and Npf PCM respectively. Both datasets were fitted to a double 

exponential function. 
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The slow, thermal step of the Pb>Pr photoreaction was studied for both the 

chimaera and wild type phytochrome (Figure 4.4). The Pb state was excited at 

405nm followed by incubation in the dark and absorbance spectra were 

recorded at regular intervals for a few hours (Figure 4.4 A and B). The kinetics 

of the formation of the Pr state were fitted to a double exponential function 

(Figure 4.4 C and D), which revealed lifetimes of 8 ± 0.4 min and 61 ±10 min for 

Npf FixL HK, and 6.3 ± 0.8min and 70 ± 3.3 min for Npf PCM. The kinetics of 

the thermal slower step of the chimaera is similar to the wild type Npf PCM.  

4.2.3 In-vitro Phosphorylation Assays 

As the PCMs and HKs were fused at the linker region, which has been reported 

to be essential for signal transduction,[10] it was necessary to check that the 

chimaeras were still able to function in terms of autophosphorylation and 

phosphotransfer activity. In-vitro tests were used to check whether the fused 

chimaeras were signalling active by following the autophosphorylation using a 
32P radiolabelling assay. The reactions were set-up using the kinase assay 

outlined in the methodology. The proteins used in the assay were all converted 

to one state at the beginning of the assay. The reactions were initiated with the 

addition of ATP and stopped at a range of times between 0 minutes and 30 

minutes using SDS sample buffer. Proteins were resolved on 4-10% SDS 

polyacrylamide gels and trans-blotted to polyvinylidene difluoride (PVDF) 

membranes for autoradiography. 
 

An increase in the radiation signal from 32P over the time-course of the reaction 

in the top panel of Figure 4.5 shows that the Npf Cph HK is autophosphorylated 

and so it can be assumed that the linker is active and is transducing the signal 

from the PCM to the HK. Importantly, the thermally converted chimaera 

revealed significantly reduced autophosphorylation and phosphotransfer to 

Rcp1 activity (as shown in the bottom panel of Figure 4.5). . The lower level of 

phosphorylation in the thermally converted protein suggests that this is likely to 

be the signalling off state and the illuminated states are likely to be the 

signalling on state of the phytochrome. However, under 660 nm and 405 nm 

illumination there is no significant difference in autophosphorylation pattern. 
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This shows that these chimaeras do not respond to change in the illumination 

conditions. 
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Figure 4.5. Autoradiograph showing autophosphorylation and phosphotransfer 

activity of Npf Cph HK chimera. Autophosphorylation (top) and phosphotransfer 

activity (bottom) of Npf Cph HK chimaera under blue and red light illumination as 

reflected by the signal from 32P. The reactions were started by the addition of 32P-ATP 

and stopped at 0, 1, 2, 5, 10, 20 and 30 minutes. The top panel is the assay for Npf 

Cph HK chimaera only, following the autophosphorylation activity on the HK domain. 

The bottom panel is the assay for the Npf Cph HK chimaera in the presence of the 

cognate response regulator, Rcp1. The green arrow indicates the chimaeric 

phytochrome band and the amber arrow indicates the response regulator band. 

 

Similarly, phosphorylation assays were set up for the Dten Cph HK chimaeras. 

As can be seen in the top panel of Figure 4.6, the Dten Cph HK chimaera has a 

constant level of 32P incorporation over time. This indicates that although the 
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chimaera shows some phosphorylation activity, it is largely signalling inactive. 

There is no phosphotransfer activity, as can be seen from the lack of signal in 

the Rcp1 region of the assay shown in the bottom panel of Figure 4.6. In the 

wild type Dten protein there are two additional PAS domains, which make up 

the PCM. It is possible that the absence of these two domains in the present 

chimaeric proteins may have led to the chimaeras being signalling inactive. 

Consequently, chimaeric proteins with the two additional PAS domains attached 

between the PCM and the fused HK domain were synthesised and expressed. 

However, these were largely insoluble and did not bind to either nickel or Talon 

resin. It is possible that the expression of these chimaeric proteins could be 

optimised in the future using several different approaches (e.g. use of different 

cell strain for expression, change of plasmid, temperature of induction, addition 

of benzyl alcohol, change in culture conditions, etc.). Different purification 

methods (e.g. ammonium sulphate precipitation) could also be tested to find an 

optimal protein purification protocol.   
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Figure 4.6.  Autoradiograph showing autophosphorylation and phosphotransfer 

activity of Dten Cph HK chimera. Autophosphorylation (top) and phosphotransfer 

activity (bottom) of Dten Cph HK chimaera under orange and far-red light illumination 

as reflected by the signal from 32P.  The reactions were set-up using the kinase assay 

outlined in the methodology. The proteins used in the assay were all converted to one 

state at the beginning of the assay. The reactions were initiated with the addition of 
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ATP and stopped at a range of times between 0 minutes and 30 minutes. The top 

panel is the assay for the Dten Cph HK chimaera only, following the 

autophosphorylation activity on the HK domain. The bottom panel is the assay for the 

Dten Cph HK chimaera in the presence of the cognate response regulator, Rcp1. The 

green arrow indicates the chimaeric phytochrome band and the amber arrow indicates 

the response regulator band. 

 

These assays were then repeated for the FixL chimaeras (Figures 4.7 and 4.8). 

The Npf FixL HK showed an increase in autophosphorylation over time after 

illumination at both wavelengths, as is evident by the increase in 32P signal over 

time in the assay shown in the top panel of Figure 4.7. A similar pattern is seen 

for the phosphotransfer step to the FixJ partner protein in both states of the 

protein (Figure 4.7). Similar to the Npf Cph HK, the assay for the thermally 

converted Npf FixL HK revealed no phosphotransfer activity (bottom panel of 

Figure 4.7).  
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Assay 405 nm Illumination 660 nm Illumination 

Npf FixL HK 
+ FixJ 

 
 
 

Npf FixL HK 
+ FixJ 

 
 
 
 
 
 
 
 
 
 
 
 
 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) Thermally 

converted 

 
Figure 4.7. Autoradiograph showing autophosphorylation and phosphotransfer 

activity of Npf Cph HK chimera. Autophosphorylation (top) and phosphotransfer 

activity (bottom) of Npf FixL HK chimaera under blue and red light illumination as 

reflected by the signal from 32P.  The reactions were set-up using the kinase assay 

outlined in the methodology. The proteins used in the assay were all converted to one 

state at the beginning of the assay. The reactions were initiated with the addition of 

ATP and stopped at a range of times between 0 minutes and 30 minutes. The top 

panel is the assay for the Npf FixL HK chimaera only, following the 

autophosphorylation activity on the HK domain. The bottom panel is the assay for the 

Npf FixL HK chimaera in the presence of the cognate response regulator, FixJ. The 

green arrow indicates the chimaeric phytochrome band and the amber arrow indicates 

the response regulator band. 

 

Figure 4.8 shows the phosphorylation assay for the Dten FixL HK. The 

autophosphorylation activity of the Dten FixL HK chimaera is confirmed by an 
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increase in 32P signal over time in the top panel of Figure 4.8, but in the bottom 

panel the 32P signal does not increase or decrease significantly over the course 

of the reaction so it can be concluded that the phosphotransfer activity of this 

chimaera can occur in both states of the protein. . 

 

Assay 595 nm Illumination 735 nm Illumination 

Dten FixL HK  

Dten FixL HK 
+ FixJ 

 
 
 
 
 
 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) Reaction time (minutes) 

30 20 10 5 2 1 0 
Reaction time (minutes) 

30 20 10 5 2 1 0 

 
Figure 4.8. Autoradiograph showing autophosphorylation and phosphotransfer 

activity of Npf Cph HK chimera. Autophosphorylation (top) and phosphotransfer 

activity (bottom) of Dten FixL HK chimaera under orange and far-red light illumination 

as reflected by the signal from 32P.  The reactions were set-up using the kinase assay 

outlined in the methodology. The proteins used in the assay were all converted to one 

state at the beginning of the assay. The reactions were initiated with the addition of 

ATP and stopped at a range of times between 0 minutes and 30 minutes. The top 

panel is the assay for the Dten FixL HK chimaera only, following the 

autophosphorylation activity on the HK domain. The bottom panel is the assay for Dten 

FixL HK chimaera in the presence of the cognate response regulator, FixJ. The green 

arrow indicates the chimaeric phytochrome band and the amber arrow indicates the 

response regulator band. 

 

4.2.4 Flash photolysis of Npf FixL HK 

The in-vitro studies of the FixL chimaeras demonstrated that only the Npf FixL 

HK was active and could be taken forward to in-vivo studies. Therefore, the 

kinetics of this chimaera was studied to compare with the wild type Npf 

phytochrome. The kinetics of the formation of the two states of the protein were 
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measured for the Npf FixL HK chimaera to check whether the addition of the HK 

domains affected the kinetics of the photoreaction compared to that of the PCM. 

To do this the protein was all converted to a single form and then photoexcited 

with a laser pulse centred at either 660 nm and 420 nm, after which the 

absorbance changes were measured at 590 nm and 660 nm, respectively, to 

capture kinetics in the time window from 2.25 µs to 1 s. The kinetic transients 

were fitted using multiple different exponential functions (Figure 4.9) and the 

lifetimes are listed in Table 1.  

 

The kinetic data for the formation of the 660 nm absorbing state after excitation 

at 420 nm was fitted to a double exponential function to yield lifetimes of 8.2 ms 

and 77 ms for Npf FixL HK and 8.0 ms and 59 ms for Npf PCM. Upon excitation 

at 600 nm the rate of decay of the 590 nm absorbing state was fitted to a triple 

exponential function to yield lifetimes of 64 µs, 629 µs and 97 ms for Npf FixL 

HK and 57 µs, 437 µs and 87 ms for Npf PCM. The lifetimes of the wild type 

protein and the chimaera are similar, but the lifetimes associated with slower 

processes appear to be slightly longer for the chimaera. These slower phases 

are likely to be associated with conformational changes in the protein[29,32] and 

therefore, the changes may be due to the addition of the bulky HK domain onto 

the chimaera, which is not present in the wild type PCM module. 
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Figure 4.9. Npf PCM and Npf FixL HK kinetics of change in absorbance measured 

at 590 nm and 660 nm after photoexcitation at 660 nm and 420 nm respectively. A 

and B: kinetics of Npf FixL HK formation of 600 nm absorbing state and disappearance 

of 590 nm absorbing state, respectively. C and D: kinetics of Npf PCM formation of 600 

nm absorbing state and disappearance of 590 nm absorbing state, respectively. The 

kinetic data for the formation of the 590 nm absorbing state was fitted using a double 

exponential function. The kinetic data for the formation of the 590 nm absorbing state 

was fitted using a quadruple exponential function. 
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Table1. Lifetimes of transition processes and intermediates in the formation of the 660 

nm and 590 nm absorbing states. Standard errors from the fitting procedure are listed 

for the lifetimes. 

 Npf FixL HK Npf PCM 

Kinetics of 

formation of 660 nm  

absorbing state 

t1 = 8.2  ±	0.3 ms t1 = 8.0  ±	0.2 ms 

t2 = 77  ±	14 ms t2 = 59  ±	7 ms 

Kinetics of 

formation of 590 nm 

absorbing  state 

t1 = 64 ±	2 µs t1 = 57  ±	2 µs 

t2 = 629  ±	39 µs  t2 = 437 ±	10 µs 

t3 = 97 ±	7 ms t3 = 87  ±	1 ms 

 

To compare the relative efficiency of the Npf PCM and Npf FixL HK 

photoreactions, samples were converted to the red light-absorbing state and 

then sequentially excited using 420 nm laser pulses. The absorption spectrum 

of the sample was measured at regular intervals between the pulses, shown in 

Figure 4.10. A linear fit to the data revealed a change in absorption of 0.0012 

per laser pulse for the Npf PCM and 0.0014 per laser pulse for Npf FixL HK. 

This shows that the photoreaction of the chimaera is as efficient as the wild type 

protein.
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Figure 4.10. Comparison of quantum yield of 660 nm forming step of Npf PCM 

and Npf FixL HK. The top panels, A and C, shows the raw spectra for Npf PCM and 

Npf FixL HK respectively, obtained between sequential laser pulses used to pump the 

sample. The bottom panels, B and D, show the formation of the 660 nm absorbing 

state as the Npf PCM and Npf FixL HK samples, were pumped using increasing 

number of laser pulses, respectively. The data was fitted to a linear function, y=a + bx, 

fitted values for b of 0.0014 and 0.0012 were obtained for Npf PCM and Npf FixL HK 

samples, respectively. 

4.2.5 In-vivo Assays 

Once the in-vitro activity was confirmed, the in-vivo activity of the active 

chimaera could then be investigated by using a GFP reporter assay. The Npf 

FixL HK and Npf Cph HK chimaeras were the only proteins to exhibit a robust 

light-dependent autophosphorylation and phosphotransfer activity in-vitro. 
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However, the target promoters for the response regulator of the Cph1 HK, 

Rcp1, are currently unknown. Therefore, we only took the Npf FixL HK into 

subsequent in-vivo studies. To do this, constructs were designed based on 

plasmid systems that had previously been used successfully in other work.[12] 

This involved removing genes for the phytochrome, response regulator and 

target promoter from the published Cph1 EnvZ – OmpR and SyCcaS - SyCcaR 

red/green light absorbing system plasmids pSR33.4 and pSR59.8 and replacing 

them with the Npf FixL HK chimaera phytochrome, its response regulator FixJ 

and the target promoter for FixJ, nifAP. Hence, the entire TCS system was 

assembled onto two plasmids to form plasmids pSR1.0 and pSR2.0 (Figure 

4.11), respectively. Npf FixL HK was ligated into pSR33.4 to assemble pSR1.0, 

whereas FixJ and the target promoter, nifAP, were transformed onto pSR59.8 to 

assemble pSR2.0. The nifAP was placed in front of the GFP reporter gene. The 

constructs were assembled using overlap extensions PCRs and InFusion 

cloning as outlined in the methodology. 
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A  

B  

Figure 4.11. Plasmids constructed for in-vivo assays. Npf FixL HK, FixJ and 

NifAP genes refactored onto pSR33.4 (pSR1.0) and pSR59.8 (pSR2.0) plasmids, 

respectively. The sfgfp gene was placed under the control of nifAP, which is the target 

promoter of FixJ. The pSR1.0 plasmid also contains the genes for biliverdin production, 

ho1 and pcyA. The pcyA, ho1, npf fixL HK and fixJ genes were placed under the 
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control of constitutive promoters. pSR1.0 is spectinomycin resistant and has a p15 

origin or replication. pSR2.0 is ampicillin resistant and has a pSC101 origin of 

replication. 

 

The pSR1.0 and pSR2.0 constructs were assembled and verified by DNA 

sequencing before being used in in-vivo assays. Cultures were set-up under 

blue and red light illumination to monitor the effect of the two different states on 

the promoter activation through the use of GFP reporter gene. The relative GFP 

fluorescence of the samples was measured and normalised (Figure 4.12). The 

chimaeric phytochrome was shown to be signalling active as a ~2 fold increase 

in relative fluorescence of GFP can be observed under 660 nm illumination 

compared to 405 nm illumination. The cells expressing GFP constitutively were 

used as a positive control and empty cells were used as a negative control. As 

expected, a higher level of GFP production was evident in the positive control 

and almost no fluorescence in the negative control.  Surprisingly, GFP 

fluorescence in chimaera-containing cells reduced by ~20% over the 48 hours, 

which was not seen in any of the other cultures. In the future this could be 

further explored by setting up cultures illuminated with 405 nm LED for different 

lengths of time before being incubated in the dark to probe the in-vivo reporter 

gene expression difference in the thermally converted state of the chimaera. 

The 2-fold induction is similar to the levels of induction seen by Tabor et al. 

(2011) with the Cph1 EnvZ – OmpR and CcaS - CcaR Red-Green system (8.9-

fold and 6.4-fold, respectively).[12] The 8.9 and 6.4-fold activation for red and 

green system were achieved through promoter optimisation.[43] Studies on the 

UirS - UirR system reported 4.4-fold activation.[37] Further optimisation studies 

could help improve the activity of the Npf FixL HK chimaera. Based on the in-

vitro data, which showed significantly reduced 32P signal in the thermally 

converted form, we would expect to see significantly reduced, or increased, 

reporter gene expression with this form of the protein. 
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Figure 4.12. In-vivo reporter assay set up to check Npf FixL HK chimaera’s 

signalling activity. GFP fluorescence was measured at 24 and 72 hours intervals to 

check the activity of the Npf FixL HK chimaera. Cells constitutively expressing GFP 

were used as a positive control and empty cells as a negative control. The results show 

~2-fold activation of the chimaera under 660 nm illumination. 

4.3 Conclusions 

Here we have demonstrated that phytochromes can be paired with TCS HKs in 

a ‘mix and match’ manner to make functional chimaeras that can be used for 

optogenetic control of gene expression.[10,12] Further studies need to be 

conducted on the additional Dten FixL HK chimaeras to optimise its solubility 

and purification so that its use in optogenetics can be further explored.  

Additional chimaeras can be constructed using additional TCS HKs such as 

PhoR.[44] We have demonstrated that adding non-native / foreign TCS HK 

domains onto phytochrome PCMs does not affect their photochemistry and 

kinetics in unexpected ways and that certain chimaeras are active in-vivo using 

reporter gene assays. This may be a promising route for differential expression 

in biosynthetic pathways being engineered in synthetic biology to replace 

expensive chemical inducers and achieve finer control on gene expression 

within different parts of the pathway.   
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4.4 Methodology 

4.4.1 Construction of chimaeras and refactoring of chimaeras into 

pSR system 

Cph HK Chimaeras: 
Npf Cph HK and Rcp1 genes were synthesised by GeneArt. To construct the 

Dten Cph HK chimera, Dten PCM was amplified out of pET21a using primers 1 

and 2 (Table 2) and Cph HK was amplified out of Npf Cph HK pET21a using 

primers 3 and 4 (Table 2). CloneAmp polymerase protocol was followed for 

PCRs. The primers were designed with complimentary overhangs as per the 

InFusionTM cloning protocol. Amplified products were DpnI digested for 3 hours; 

gel extracted and fused using InFusion cloning. This was transformed into 

Stellar cells. Colonies were selected and verified by sequencing. Verified 

colonies were used in further in-vitro and in-vivo studies. 

 

Table 2. Primers used to construct Dten Cph HK chimera. 

Primers used to construct Cph1 HK chimaeras: 

Primer 1: AAACGACGGCCAGTGCATATGGCCGCTAAAATCTCGCG 

Primer 2: GCTTGCTTCATTGGATTCCGTGGTTTCTTGC 

Primer 3: TCCAATGAAGCAAGCTCTAACGTTCTAATGCGG 

Primer 4: CACTGGCCGTCGTTTTAC 

 

FixL HK Chimaeras: 
FixJ, Dten FixL HK and Npf FixL HK chimaera genes were synthesised and 

cloned into pET21a by GeneArt. 

 

4.4.2 In-vivo testing constructs 

For in-vivo testing, published red green system (Cph1 EnvZ – OmpR and CcaS 

– CcaR) plasmids pSR33.4 and pSR59.8 were used as a backbone because 

these for optimised for the optogenetic system and could be used for 

comparison of our tools. pSR 33.4 and pSR59.8 were ordered from Addgene 

(deposited by Tabor lab,  Schimdl et al. 2014).[43] 
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Npf FixL HK was amplified out of its vector using primers 5 and 6 (Table 3) and 

pSR33.4 was opened around the phytochrome gene using primers 7 and 8 

(Table 3).  The primers were designed to exclude the existing phytochrome 

system and consisted complimentary overhangs as required for InFusion 

cloning. The amplified vector was DpnI treated for 3 hours and both PCR 

products were gel extracted and fused using the InFusion Cloning kit to form 

plasmid pSR1.0. The Infusion product was transformed in Stellar cells and 

colonies were selected and verified with DNA sequencing.  FixJ and nifAp were 

refactored into pSR59.8. FixJ was amplified out of its vector using primers 9 and 

10 (Table 3). pSR59.8 was amplified using primers 11 and 12 for Npf FixL HK 

insertion and primers 13 and 14 for nifAp ligation (Table 3). The amplified vector 

was DpnI treated for 3 hours and both PCR products were gel extracted and 

fused using the InFusion Cloning kit to form plasmid pSR2.0. The Infusion 

product was transformed in Stellar cells and colonies were selected and verified 

with DNA sequencing. 

 
Table 3. Primers for the construction of the pSR 1.0 and pSR 2.0 plasmid. 

Primers used for refactoring the functional chimaera into pSR33.4 and PSR59.8 

system: 

Primer 5: CATAAGGCTCTAATACCATGAGCCAGCCGGAAAATACCAC 

Primer 6: TTTGATGCCTCTAGTTTAATCATTTGCAACAATGCG 

Primer 7: CGAGGAGCTCGGAGCACTAATCTAGAGGCATCAAATAAAA 

Primer 8: TTCCGGCTGGCTCATGGTATTAGAGCCTTATGTGATAGCGGCGG 

Primer 9: CCTTTGGGAGTACAAACAATGACCGATTATACCGTGCATATCGTGG 

Primer 10: GCCTGGTCTAGATTATTATTATTAGCTCGGACCAAAACCGCC 

Primer 11: GTTTTGGTCCGAGCTAATAATAATCTAGACCAGGC 

Primer 12: GCACGGTATAATCGGTCATTGTTTGTACTCCCAAAGG 

Primer 13: 

TAATATTAAGCGGGCGAGAAAATGACTAAGGTGCTCCCAATGCGTAAAGGCGAAG

AGC 

Primer 14: 

TTAATATTAGGAGGTATGCGTATTGACAGTCGGAGAGCGATCAGAAATCATCCTTA

GCGAAAGC 
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4.4.3 Expression and purification 

The pET21a plasmids containing chimaera genes were co-expressed with the 

pCola Duet plasmid containing genes responsible for bilin synthesis, PcyA and 

HO1, encoding heme oxygenase-1 (HO1) and phycocyanobilin 

(PCB):ferredoxin (Fd) oxidoreductase (PcyA).  

 

HMS174 cells were used for expression of chimeras. HMS174 cells containing 

pCola Duet plasmid were made competent using CaCl2 and transformed with 

the chimaeric phytochrome DNA.  Single colonies from agar plates were used 

for starter cultures, which were grown at 37 °C and used to inoculate 0.5 L 

cultures containing the appropriate antibiotics and 10 mM δ-ALA at OD600 0.4 – 

0.6. Upon inoculation the temperature was dropped to 30 °C.  At OD600 0.4 – 0.6 

the cultures were induced with 100 µM IPTG and the cultures were then 

incubated at 26 °C overnight before being harvested. 

 

The cell pellet was suspended in binding buffer (50 mM Tris pH 7.6, 300 mM 

NaCl, 5 mM Imidazole, 10% glycerol, 14 mM β-mercaptoethanol, pH 7.6) with 

protease inhibitor and passed through the cell disruptor (Constant Systems) 

once at 15 kpsi.  The lysate was spun down and supernatant incubated with 

equilibrated (with binding buffer) Ni2+ resin for 3 hours minimum. The flow-

through was then collected and the resin was washed with wash buffer (50 mM 

Tris pH 7.6, 300 mM NaCl, 50 mM imidazole, 10% glycerol, 14 mM β-

mercaptoethanol, pH 7.6).  Protein was eluted with elution buffer (50 mM Tris-

HCl pH 7.6, 300 mM NaCl, 200 mM imidazole, 10 glycerol, 14 mM β-

mercaptoethanol, pH 7.6) and concentrated.  The protein was then purified 

using a GE Hi Load 26 60 200 pg gel filtration column and equilibration buffer 

(50mM Tris-HCl pH 7.6, 150 mM NaCl, 10% glycerol, 14mM β-

mercaptoethanol, pH 7.6). Pure fractions were combined and concentrated. 

 

4.4.4 Radiolabelling (in-vitro) assays 

Radiolabelling assays were all conducted in a dark room at room temperature 

and under relevant illumination conditions using LEDs.  Dark reactions were 

covered with foil as soon as the reactions were started. The reactions were set 

up using 10 µM phytochrome/ chimaeric phytochrome (all converted to one 
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state), 500 µM ATP and 0.13 µM 32-P ATP, 50 µM response regulator, 10% 

glycerol, 1X Protein Kinase Buffer (50 mM Tris-HCl pH 7.6, 300 mM NaCl, 1 

mM β-mercaptoethanol, 2 mM Mg2+, pH 8.1). ATP. Reactions were started with 

the addition of 32P-ATP and stopped at 0, 1, 2, 5, 10, 20 and 30 minutes with 

the addition of 1x SDS sample buffer. Proteins were resolved on SDS–4-20% 

polyacrylamide gels and trans-blotted to PVDF membranes for 

autoradiography. The PVDF membrane was exposed to a GE storage phosphor 

screen for 60 - 180 minutes and visualized on a Typhoon biomolecular imager. 

 

4.4.5 In-vivo Assays 

In-vivo assays were carried out using DH5α cells. Plasmids pSR1.0 and pSR2.0 

were co-transformed into the above cells. Colonies were selected to start 

experimental triplicates. Cells constitutively expressing GFP were used are 

positive control. Empty cells and cells harbouring plasmid pSR2.0 only were 

used as negative control, and to account for any leaky and non-light regulated 

GFP production, respectively. The cultures were grown under blue (405 nm), 

red (660 nm) and no illumination (dark) Apart from the GFP gene in pSR2.0, 

which is under the control of the light dependent nifAP promoter, all other genes 

are constitutive therefore once the cultures were inoculated with starter cultures 

the cultures were left to grow at 30 °C, 190 rpm overnight.  The following 

morning cell density of cultures was measured and normalised to measure GFP 

fluorescence using a microtitre plate reader.  

 

4.4.6 Flash photolysis studies of wild type and chimaera 

phytochromes 

The phytochrome photodynamics were studied using a laser system consisting 

of an optical parameter oscillator (OPO) pumped by a Q-switched Nd: YAG 

laser (Brilliant B, Quantel). Excitation wavelengths were generated using the 

OPO pumped by the third harmonic of the laser.  A quartz cuvette with a 2 mm 

path-length for pump-excitation and 10 mm path length for probing of the 

absorption spectra was used. Changes in absorption were recorded using an 

LKS-60 Flash-Photolysis instrument (Applied Photophysics Ltd.). Kinetics were 

recorded in 10 nm increments across the visible spectral region, with three 
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repeats at each probe wavelength. Protein activity was periodically checked 

against the initial protein activity.  Samples illuminated with a 660 nm LED to 

generate the blue light absorbing state were then photoexcited at 420 nm, this 

excitation wavelength was selected due to the limited pump wavelength range 

of the laser system, kinetics were recorded over a timescale of 2.25 µs – 1 s. 

Samples illuminated with a 405 nm LED to generate the red light absorbing 

state were then photoexcited at 660 nm, kinetics were recorded over a 

timescale of 0.25 µs – 1s.  
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Chapter 5 Discussion and Outlook 
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Photoreceptors have been of significant interest for exploitation in the field of 

optogenetics due to the unprecedented spatio-temporal control that can be 

achieved on physiological processes through the use of light. This has led to 

significant progress in the field of neuroscience as optogenetics has allowed the 

study of neural networks and brain function through controlled activation and 

inhibition of specific neurons. In biotechnology applications, the optogenetics 

approach can be used to replace expensive chemical inducers that do not allow 

for fine temporal control of gene expression.[1-4] 

 

An attractive target for use in optogenetics applications are the phytochromes, 

which are found in plants, bacteria, fungi and algae, and are typically known to 

be red and far-red light absorbing photoreceptors.[1,5] However, a recent study 

reported a number of atypical phytochromes that have broad spectral properties 

and absorb across the entire visible spectrum.[6] This opened up the possibility 

of using these atypical phytochromes to build a toolkit of broad-spectrum 

optogenetic parts that can be coupled with multiple different output / 

physiological responses. The modular nature of phytochromes makes them 

ideal for being refactored in a ‘mix and match’ manner. This is especially 

interesting for applications in metabolic engineering and synthetic biology where 

the use of different wavelengths of lights could be used for differential control 

and fine-tuning of different parts of a biosynthetic pathway.  

 

In the present work Dten and Npf phytochromes were two atypical 

phytochromes that could be successfully expressed, purified and shown to 

photoconvert between 2 states in initial spectroscopic characterisation 

experiments. A range of biophysical techniques, including time-resolved visible 

and IR spectroscopy, time resolved X-ray scattering and cryo-trapping studies 

were used to probe the mechanism of these photoreceptors to unravel how the 

photocycles compared to those of the typical red / far-red phytochromes that 

have been previously published in the literature. Spectrally distinct intermediate 

states were captured using time resolved spectroscopy over a range of 

timescales from femtoseconds to seconds. Cryo-trapping and X-ray scattering 

was used to identify intermediates that correlate with large-scale protein 

dynamics, whereas time-resolved IR spectroscopy was used to map the nature 

of chemical and bond changes occurring in the bilin chromophore on faster 
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timescales. These studies helped stitch together a detailed understanding of the 

photocycles of Dten and Npf phytochromes, which showed many similarities to 

those observed previously for the typical red-far-red phytochromes.[7-13] 

 

This insight of the mechanism of these proteins showed that while Dten 

phytochrome switched between two states relatively fast, the Npf phytochrome 

had a more complicated photocycle involving a slower thermal component. It 

was envisaged that this could be leveraged in optogenetic applications to 

provide different levels of control (e.g. instant on - off vs. titrated switch). In 

recent years there have been several reports of phytochromes being re-

purposed for optogenetic applications.[14-18] In this work we exploited the 

modular nature of phytochromes to build a ‘mix and match’ toolkit, which allows 

a number of wavelength sensitivities to be coupled to a range of output 

domains. We built a range of chimaeric phytochromes by coupling the PCMs of 

Dten and Npf phytochrome with FixL and Cph HK. In-vitro radiolabelling studies 

revealed that Npf Cph HK and Dten Cph HK chimaeras were active. However, 

as the target promoters of the Cph1 response regulator, Rcp1, are unknown, 

we could not proceed ahead into in-vivo studies with these. In contrast, the Npf 

Fixl HK chimaera revealed in-vitro activity and was taken into initial in-vivo tests 

with a GFP reporter, which showed promising results. The activity achieved 

here was of a similar level to that reported for the Cph1 – OmpR (optimised to 

8.9 fold activation)/ CcaS – CcaR (optimised to 6.4 fold activation) and UirS – 

UirR system (4.4 fold activation). [17,19]  The activity of the chimeras can be 

improved by optimising the downstream promoters.  

 

Further studies will be required to optimise these novel chimaeric systems prior 

to their routine application for optogenetic purposes. For example, it may be 

necessary to experiment with different intensities of light, exploit light/dark 

cycles rather than continuous illumination or only start illuminating cultures at 

specific ODs. Ultimately, the aim would be to exploit these chimaeric 

phytochromes for the optogenetic control of entire biosynthetic pathways. With 

that in mind, in parallel to building chimaeras, preliminary work was started to 

design plasmid systems for the optogenetic control of the linalool biosynthesis 

pathway, which had previously been constructed in-house.[20] The plasmids 

were designed by refactoring the CcaS – CcaR system from the published red-
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green Cph1 - EnvZ HK / CcaS – CcaR systems.[14] The logic here was that it 

was hoped that these more established systems could be used as a benchmark 

while the chimaeras were being constructed.  

 

Overall, we have demonstrated the feasibility of this approach and shown that it 

is possible to produce functional chimaeras, which could then potentially be 

used for the optogenetic control of gene expression. Such optogenetic control 

of biosynthetic pathways has recently been demonstrated for regulation of 

biosynthesis of methionine biosynthesis in Escherichia coli (E. coli) by the use 

of CcaS CcaR system to control methionine synthase, MetE, production. MetE 

catalyses the final rate limiting step of methionine synthesis, which affects the 

culture growth.[18] Hence, there is precedent for using naturally occurring 

photoreceptor proteins for the optogenetic control of biosynthetic pathways, in a 

similar manner to the one described above for linalool production. Ultimately, 

the Npf FixL HK chimaeric phytochrome (and potentially others) would add to 

the use of these naturally occurring systems, and allow an optogenetic toolkit to 

be established for the light-dependent control of biosynthetic pathways for 

biotechnology applications. 
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Supplementary Information – future work 

To prepare for demonstration of the optogenetic tools with biosynthetic 

pathways, the pSR43.6 and pSR58.6 plasmids (figure 5.1) used by the Tabor 

group were refactored onto the linalool synthesis system constructed in-house 

(plasmids shown in figure 5.2).[14] This would serve as a reference for 

comparison of the optogenetic tools that were engineered as part of this study. 

As shown in figure 5.1, the CcaR and its cognate promoter, PcpcG2-172, are 

encoded on the pSr58.6 plasmid, and the bilin biosynthesis genes, ho1 and 

pcyA, along with CcaS are encoded on the pSR43.6 plasmid. The in-house 

linalool synthesis system was also encoded on two plasmids.  In total, 7 genes 

encoding enzymes that are required for the production of a linalool precursor 

are placed on the pMVA plasmid. Geranyl-pyrophosphate synthase (GPPS) 

and linalool synthase (LinS) genes are encoded on the pBb_O plasmid, and 

both genes are under the control of a TetR/ TetA promoter. 
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Figure 5.1. Published CcaS – CcaR system plasmids. pSR58.6 plasmid carries the 

gene encoding CcaR and its cognate promoter, along with chloramphenicol resistance 

and a ColE1 origin of replication. All genes other than the gene encoding GFP, which 

was under PcpcG2-172 control, were under the control of constitutive promoters. 

pSR43.6 plasmid carries genes encoding CcaS and those required for bilin 

biosynthesis, pcyA and ho1, along with spectinomycin resistance and a p15a origin of 

replication. 
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Figure 5.2.  Linalool biosynthesis system. pMVA carries genes that encode 

enzymes for the synthesis of GPP, along with kanamycin resistance and a p15a origin 

or replication. pBb_O carries genes encoding GPPS and LinS, along with ampicillin 

resistance and a pBBR1 origin of replication 

 

We aimed to control the production of linalool in an optogenetic manner by 

placing the linS gene under the control of the CcaR cognate promoter, PcpcG2-

172. Primers were designed to move the entire CcaS – CcaR system, including 

the bilin biosynthesis genes, onto a refactored pBb_O plasmid to form 
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pBb_CcaS, CcaR as shown in figure 5.3. Although this work is still on-going, the 

majority of genes have now been cloned into this new plasmid and it is 

envisaged that this work can be continued by using this plasmid along with the 

pMVA plasmid to test the optogenetic control of linalool synthesis. 

 

 

Figure 5.3. pBb_CcaS – CcaR plasmid. CcaS - CcaR system refactored onto the 

linalool systhesis pBb_O plasmid. CcaS - CcaR system refactored onto the pBb_O 

plasmid and change of origin of replication to ColE1. The linalool synthase gene, linS, 

was placed downstream of the PcpcG2-172 promoter. 
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