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General introduction 

This chapter is based on: 
J. Hendriks, M. Hospes and K. J. Hellingwerf, in CRC Handbook of Organic 

Photochemistry and Photobiology, Third Edition, CRC Press, 2012, pp. 1137-1159. 
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Photoreceptor proteins 

Light an important environmental signal 

Photo-sensory receptor proteins (or photoreceptors) mediate the conversion of photons 
into signals that are of biological relevance. For example, such conversions can exist of 
protein-structural change which induces new protein/protein- or protein/DNA 
interaction; or the transition of a protein from a non-phosphorylated to a phosphorylated 
state (see e.g., v/d Horst & Hellingwerf3 and Moglich & Moffat4). In the genome of a 
large number of microorganisms photoreceptor proteins are encoded. Strikingly, 
amongst these microorganisms are not only representatives that have a phototrophic 
mode of growth, but also many that are purely chemotrophic (e.g., v/d Horst et al.

5). 
This attests to the importance of light as an environmental signal. This importance lies 
in the fact that: (i) Light of a color in which the short wavelengths are overrepresented is 
harmful to living cells, either through direct photochemistry induced in the important 
molecules of life, or through photosensitizer reactions (see further below). (ii) Light 
from all, but in particular the green and red part of the spectrum of electromagnetic 
radiation, can be used for photosynthesis, be it based on tetrapyrrole-type of pigments, 
or on retinal-based proton pumping. And if altered availability of such light is detected, 
it is often necessary to adjust the available photosynthesis machinery. (iii) Due to the 
circadian alteration and seasonal variations of light- and dark conditions on earth many 
additional physical and biotic parameters in the external world of microorganisms vary 
with the light climate. Because of this correlation light input signals are useful to tune a 
large number of physiological responses. The circadian clock of cyanobacteria (see 
review6) is one of the best examples of the latter type of regulation, although 
surprisingly, for this process the molecular identity of the photo-sensory input receptors 
has not yet been resolved. 

Photoreceptor families 

As amino acids do not significantly absorb visible light, functional activity of a 
photoreceptor protein depends on a covalently, or non-covalently, associated 
chromophore to the specific photoreceptor apo-protein. This chromophore determines 
the wavelength range in which the receptor protein can function, be it that the protein 
environment is able to significantly tune the absorption maximum of the chromophore, 
both to longer and to shorter wavelengths.7-9 Light-absorption by the chromophore 
initiates the photochemistry that is at the basis of the structural changes that lead to 
signal transduction. 
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Figure 1.1. Overview of the photoreceptor families. RsbP is a putative photoreceptor which does not belong 
to one of the other eight photoreceptor protein families. 

Six well-defined families of photoreceptor proteins exist: rhodopsins, 
phytochromes, xanthopsins, cryptochromes, phototropins/LOV (light, oxygen, and 
voltage) domains, and BLUF (blue-light sensing using flavin) domains.5 Recently two 
new families of photoreceptor proteins were discovered, OCP (orange carotenoid 
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protein)10 and UVR8 (UV resistance locus 8)11 (Figure 1.1). Rodopsins are red-light 
photoreceptors. Phytochromes sense red and far-red light. Blue light receptors are 
xanthopsins, cryptochromes, phototropins, and BLUF domains. OCP absorbs blue-
green light. UVR8 proteins are the first known UV-B photoreceptors. In proteins, these 
photoreceptor domains can each be coupled to a range of different ouput domains. Also, 
single-domain photoreceptor proteins exist. The photochemistry of rhodopsin, 
phytochromes, and xanthopsins is based on isomerization of their chromophores. The 
other three families -cryptochromes, phototropins, and BLUF domains- contain a flavin 
as chromophore. In BLUF domains a light-induced electron transfer takes place. In 
phototropins/LOV domains, flavin-cystein adduct formation occurs. LOV and 
Xanthopsins are PAS domains. PAS domains are found in all three kingdoms of live.12 
Most of these PAS domains are involved in signal transduction.12, 13 The prototype of 
the PAS domain is photoactive yellow protein (PYP),13 which is the best studied 
xanthopsin. PYP and the xanthopsin protein family are described in more details in later 
sections of this introduction. 

Proteins from the ‘new’ photoreceptor family UVR8 are found in plants and 
algae.14 This photoreceptor does not contain an external chromophore like the other 
photoreceptor families. Instead, UVR8 uses two tryptophan residues to absorb UV-B 
light.15, 16 The UV-B photon absorption causes disruption of the Π-bond over the indole 
ring, which results in destabilization of the intamolecular cation-π interactions.15 UVR8 
is present as a homodimer that monomerizes upon illumination with UV-B light.14 The 
destabilization of the cation-π interactions triggers a conformational switch in two 
arginine residues, leading to dissociation of the dimer.15 

OCP proteins are found in many species of cyanobacteria.17 It binds 
noncovalently a carotenoid 3’-hydroxyechinenone as chromophore.18 Absorption of 
blue-green light induces an intramolecular charge transfer in the carotenoid, resulting in 
conformational changes in the carotenoid and the protein. This results in formation of a 
red colored signaling state.10 The signaling state binds to phycobilisomes that induces 
fluorescence quencing as photoprotection for the antenna system.19, 20 

In the literature, several examples are known of red light responses that are not 
regulated by one of the eight photoreceptor families described above. Red light 
dependent motility is observed in Agrobacterium tumefaciens 21and Acinetobacter 

baylyi
22. Also in Bacillus subtilis a red light response is observed that leads to activation 

of the general stress response.23 This red light response acts via the energy stress 
pathway of the general stress response dependent on RsbP.23 The PAS domain of RsbP 
might be the photoreceptor of this red light response. The chromophore of RsbP is not 
yet identified. The function of RsbP is dependent on RsbQ.24 RsbQ has homology with 
hydrolytic enzymes.25 This may indicate that RsbQ modifies the chromophore for RsbP. 
If the PAS domain of RsbP is a photoreceptor, it will be belong to a new photoreceptor 
family. 
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Photoreceptors in B. subtilis and E. coli  

The wide range of microorganisms that expresses photoreceptor proteins includes the 
chemotrophic model organisms Escherichia coli and B. subtilis. Besides red light 
activation of the general stress response, B. subtilis has also a blue light dependent 
activation of the general stress response. The blue light photoreceptor of this response is 
YtvA.26 YtvA contains a LOV domain27 and a STAS (sulfate transporter and anti-sigma 
factor antagonist) domain. In this blue light response the energy stress pathway is not 
involved, but YtvA acts via the environmental signaling pathway of the general stress 
response.26. A significant light dependent activation of the general stress response by 
YtvA is not detected unless the cells are simultaneously exposed to another stress, like 
salt stress, or when YtvA is overexpressed.26 

E. coli express the blue light photoreceptor YcgF. YcgF consists of a BLUF 
and an EAL (like) domain,28 which lacks several conserved residues for cyclic-di-GMP 
phosphodiesterase activity. It shows no binding to cyclic-di-GMP in vitro.29 Instead, 
upon blue light activation, YcgF binds to the transcriptional repressor YcgE.29 Binding 
of YcgF to YcgE results in release of YcgE from its target operon ycgZ-ymgABC and so 
activates the expression of this operon.29 The operon ycgZ-ymgABC contains genes that 
encode proteins associated with biofilm.29 The blue light depended regulation by YcgF 
has presumably a role at lower temperatures.29-31 

Effect of UV light on microorganisms 

Light, escpecially UV light, is capable of damaging microorganisms and depending on 
the dose it can have both lethal and sub-lethal effects on microorganisms. Solar UV 
light that reach the earth contains predominantly UV-A light (315-400 nm) and part of 
the UV-B light (280-315 nm). UV-C light (<280 nm) is completely absorbed by the 
ozon layer.32 However, lethal effects of UV-C light have been studied extensively, 
because of its disinfection use.33 

UV light induces direct chemical modification in DNA and RNA molecules 
and produces reactive oxygen species which may cause DNA, membrane, and/or 
protein damage.34, 35 The maximum absorption of DNA is at 260 nm.32 The absorption 
of UV-C light by DNA can cause photochemical reactions that lead to DNA lesions. 
The type of DNA lesions depends on wavelength.36 The main photoproducts resulting 
from UV light are cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone 
photoproducts.37 Indirect DNA damage by reactive oxygen species mainly forms 7, 8-
dihydro-8-oxoguanine, which occurs most efficient from UV-A light.38-40 

Microorganisms have mechanisms to repair DNA lesions (see review41). 
Unrepaired damaged DNA can lead to mutation and/or cell death.42, 43 Two types of 
repair mechanisms are known, dark repair and photo-reactivation. Dark repair enzymes 
are found in allmost all bacteria and do not require light. Dark repair enzymes are DNA 
glycosylases, which remove the cyclobutane pyrimidine dimers; endonucleases repair 
cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidones; and UvrA/B/C 
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proteins remove complete nucleotides, which can contain different types of DNA 
lesions. In photo-reactivation, photolyases repair the covalent joining of two adjacent 
pyrimidines into the original pyrimidine monomers. This reaction requires UV-A/blue 
light. Photolyases are related to the cryptochrome protein family. Cryptochromes are 
blue-light photoreceptor proteins, which are not involved in DNA repair. 

In addition, microorganisms can protect themselves against UV light by 
pigment synthesis, upregulation of oxidative stress-related proteins, biofilmformation 
and phototaxis.5, 44, 45 However, when these protection and repair mechanisms fail, 
damage caused by the electromagnetic irradiation may influence the growth and 
survival of these microorganisms. 

Photoactive yellow protein 

Discovery and biological context of the photoactive yellow protein 

In 1985, several ferredoxins and other chromophoric proteins from the halophilic 
phototrophic bacterium Ectothiorhodospira halophila were isolated by T. E. Meyer in 
Tucson, Az.46 One of the ‘other chromophoric proteins’ he identified in this screen was 
yellow and was named ‘photoactive yellow protein’ (PYP) in a subsequent study.47 
E. halophila was reclassified in 1996 to its current name Halorhodospira halophila.48 
H. halophila is a unicellular prokaryote, or more specifically, a phototrophic purple 
spirillum that deposits sulfur extracellularly. It was first isolated and classified from 
salt-encrusted mud taken from the shores of Summer Lake, Lake County, Oregon.49, 50 
Later, it was also isolated from the extremely saline lakes of the Wadi el Natrun in 
Egypt.51 Both locations are salt lakes, and indeed, H. halophila only thrives in 
extremely salty environments. 

As a phototrophic organism, H. halophila exploits the free energy available 
from sunlight to survive. However, like most organisms, H. halophila is not immune to 
the effects of UV radiation. It is therefore essential for the organism to find a place to 
live where there is enough light to grow, but where the amount of UV radiation is at a 
minimum. Like most phototrophic organisms, H. halophila has mechanisms to perceive 
the available light climate. It is not only attracted by (infra)red (i.e., photosynthetic) 
light, but it also has a blue light response system which steers it away from potentially 
harmful places, rich in blue light. This blue light repellent response has a wavelength 
dependence that fits the absorption spectrum of PYP.52 This observation provides 
evidence that PYP is the light sensor in the blue light response of H. halophila. Further 
evidence for this function of PYP in H. halophila may be provided via genetic 
techniques. However, the application of these techniques in extremophilic prokaryotes 
like H. halophila is not well developed, which may be the reason why genetic proof for 
the function of PYP in this organism is not yet available. 

Interestingly, the function of PYP is similar to that of the sensory rhodopsins, 
and in particular to sensory rhodopsin II, which is also a sensor for a negative tactile 
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response to blue light (in Halobacterium salinarum, an archaebacterium that can also be 
found in salt lakes). The family of the rhodopsins is a large family. Its members are 
found in all kingdoms of life, from unicellular organisms to complex ones such as 
Homo sapiens sapiens. It is the most extensively studied family of photoactive proteins 
available. Its best known members are the visual rhodopsins, which allow Homo sapiens 

sapiens to see, and bacteriorhodopsin, which is a light activated proton pump found in 
Halobacterium salinarum. Sensory rhodopsins are close relatives to bacteriorhodopsin 
and can be found in the latter organism too. In fact, the most notable difference between 
bacteriorhodopsin and the sensory rhodopsins is their function. Bacteriorhodopsin 
provides the cell with means of harvesting light energy, whereas the sensory rhodopsins 
are light detectors that make sure the organisms can find a niche in the environment in 
which bacteriorhodopsin can do its work safely and efficiently. Striking similarities 
between PYP and the sensory rhodopsins were already noted after the first 
characterization of PYP.47 There is, however, one major difference with the sensory 
rhodopsins that has boosted the study of PYP: It is highly water soluble, whereas the 
rhodopsins, being membrane proteins, are not. As we shall see later, PYP and the 
sensory rhodopsins turned out to belong to two structurally very different families of 
proteins, which are only similar in function. For more information on the rhodopsins, 
the reader is referred to several excellent reviews on this topic.53-57 

Xanthopsins: The family of PYPs 

H. halophila is not the only organism in which a PYP has been discovered. The family 
of PYPs has been named the Xanthopsin family.58 Other Xanthopsins have been 
detected and biochemically characterized in Rhodothalassium salexigens (synonymous 
to Rhodospirillum salexigens),59 Halochromatium salexigens (synonymous to 
Chromatium salexigens),60 Rhodobacter sphaeroides,58 Rhodobacter capsulatus,61 
Rhodospirillum centenum,62 Idiomarina loihiensis,62 Thermochromatium tepidum,62 
Stigmatella aurantiaca,7 Rhodopseudomonas palustris,7 Burkholderia phytofirmans,7 
and Salinibacter ruber.7 From DNA sequence information, more PYPs are predicted to 
exist in Methylobacterium sp., Allochromatium vinosum, Leptospira biflexa, 
Gemmatimonas aurantiaca, Haliangium ochraceum, Sorangium cellulosum, 
Acidithiobacillus caldus, Leptothrix cholodnii, Magnetospirillum gryphiswaldense, 
Curvibacter (a putative symbiont of Hydra magnipapillata), and Spirosoma linguale. 
All corresponding reading frames have significant similarity (<10−8) to PYP from 
H. halophila and contain at least two of the strongly conserved key residues: Y42, E46, 
and C69 (Figure 1.2).63 All of these organisms are from the domain of the Bacteria, 
while most are Proteobacteria. S. ruber belongs to the subgroup of Bacteroidetes and 
L. biflexa is from the subgroup of Spirochetes. In the phylogenetic tree shown in 
Figure 1.3, the PYPs of these latter two organisms group together. Another member of 
the Bacteroidetes with a PYP is S. linguale, which however has only 30 % identity with 
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the Xanthopsin from S. ruber. The last non-Proteobacterium is G. aurantiaca, which is 
a member of the Gemmatimonadetes. 

The length of all known Xanthopsins (domains) varies between 123 and 162 
residues, which implies that this domain shows very few deletions or insertions (see 
Figures 1.2 and 1.3). Four of these Xanthopsins are the N-terminal domain of a 
multidomain protein. Significantly, these four PYP domains -from Rhodospirillum 

centenum, T. tepidum, A. vinosum, and Methylobacterium sp.- also cluster in the 
phylogenetic tree of the Xanthopsins (see Figure 1.3). Also the Xanthopsin from 
G. aurantiaca, with a length of 162 amino acids, may have a separate output domain, 
for example, in the form of a helix-turn-helix domain. Bioinformatics analysis of the 
secondary structure of this domain, however, only clearly showed one helical stretch in 
the carboxy-terminal 40 amino acids. 

Figure 1.3. Phylogenetic tree of the 27 Xanthopsins from the alignment shown in Figure 1.2. The 
Xanthopsins from multidomain proteins are indicated in italics. Several percentages are placed for the lowest 
pair-wise identity for the set of PYP in that branch. 

The biological function of the Xanthopsins in the various organisms may differ 
quite significantly. In H. halophila, PYP induces a photophobic tactile response.52 For 
Rhodobacter sphaeroides, genetic evidence is available that indicates that the blue light 
induced photophobic tactile response in that organism is not mediated by the 
Xanthopsin present in that organism, provided no genetic redundancy exists.64 The 
Xanthopsin found in Rhodospirillum centenum regulates chalcone synthase gene 
expression.65 The PYP domains from Methylobacterium sp. and in the Ppr protein from 
Rhodospirillum centenum are followed by a bacteriophytochrome domain and a 
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histidine kinase domain. For Ppr, it has been observed that blue light causes changes in 
autokinase activity.65 In T. tepidum and A. vinosum, a PYP is present that is also part of 
a multidomain protein, but here the PYP and bacteriophytochrome domain is followed 
by a GGDEF/EAL domain, which may suggest that these photoreceptors have a 
function in biofilm formation. The function of only a limited number of members of the 
Xanthopsin family has so far been elucidated. However, it is reasonable to suggest that 
the members within the different subgroups of Xanthopsins, distinguished based on 
sequence similarity (see Figure 1.3), have a similar function, while these functions may 
differ between the subgroups. 

Photoactive yellow protein: The prototypical PAS domain 

As described earlier, PYP is part of a family of proteins named Xanthopsins. 
Nevertheless, PYP also shows striking similarities with the much larger family of PAS 
domains. These PAS domains have been identified in proteins from all three kingdoms 
of life, that is, in the Bacteria, the Archaea, and the Eucarya. PAS is an acronym 
formed from the names of the proteins in which the PAS motive was first recognized:66 
The Drosophila period clock protein (PER), the vertebrate aryl hydrocarbon receptor 
nuclear translocator (ARNT), and the Drosophila single-minded protein (SIM). 

Proteins containing PAS domains are predominantly involved in signal 
transduction. Over 21,000 proteins have been identified that contain (a) PAS 
domain(s).67 Most of these are receptors, signal transducers, or transcriptional regulators 
present in the cytoplasm. PAS domains are usually present in proteins with a 
multidomain architecture. Furthermore, a single protein can have multiple PAS 
domains; in fact, proteins have been identified containing up to six. In contrast, the 
entire PYP from H. halophila can be considered a single PAS domain. As it is the first 
protein from the PAS domain family for which the 3D structure was elucidated, it was 
proposed that PYP is the structural prototype of the PAS domain fold.13 

Structure of PYP 

After an initial period of confusion, in which only the primary structure of PYP was 
solidly secured through gene sequencing,68 the spatial structure of PYP was solved at a 
resolution of 1.40 Å with x-ray diffraction analysis in 1995 and deposited in the PDB.69 
Not much later, multidimensional NMR spectroscopy provided the structure of PYP in 
solution,70 and the resolution in the X-ray structure of PYP was brought down to 
0.82 Å.71 Now, even a neutron diffraction derived structure is available for PYP.72 
During the past 20 years, structural information on PYP has been secured through 
studies on wild type PYP, nine site specific and deletion mutants, one PYP like protein 
(i.e., Ppr), crystallized in four different space groups (P63, P65, P21, and H) in the 
temperature range from 85 K73 to ambient temperatures. Besides structures of the stable 
ground state of these proteins, of wild type PYP, and the E46Q mutant thereof, also nine 
and four (mixtures of) intermediate states of these two proteins, respectively, populated 
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through illumination of the respective proteins, have been deposited in the PDB 
(http://www.pdb.org/). This wealth of information has helped to acquire very detailed 
understanding, not only of the stable dark structure of PYP, but also of its functioning, 
in terms of the dynamical changes in its structure that are elicited by illumination. Part 
of this insight will be discussed in the following. 

Figure 1.4. Tertiary structure of PYP. Two orientations of a ribbon representation of PYP from H. halophila 
are presented. Panel A clearly shows the β-sheet with the chromophore in front of it. Panel B is a side view, of 
the orientation in A, visualizing both sides of the β-sheet. The figure was prepared using the program 
MOLMOL74 using the structure coordinate file deposited at the Protein Data Bank75 (http://www.pdb.org/) 
with PDB ID: 2PHY.69 The program POV-Ray™ (http://www.povray.org) was used to render the images. 

Secondary and tertiary structure of PYP 

The protein backbone of PYP is folded in an α/β-fold, with a six-stranded antiparallel β-
sheet as the central scaffold, flanked by five elements with α-helical secondary 
structure.69 In addition, a short π-helix can be identified at the site where the 
chromophore is attached to the apo-protein.76 The loops containing helices α3 and α4, 
and helix α5, fold on top of this central β-sheet to form the major hydrophobic core of 
the protein, which then forms a pocket in which the chromophore of PYP, p-coumaric 
acid77 (or 4-hydroxy cinnamic acid), is incorporated. The N-terminus of the protein, 
which contains helices α1 and α2, folds at the back of the central β-sheet to form a 
second, smaller, hydrophobic core. This tertiary structure is shown more clearly in 
Figure 1.4 in two orientations: with the plane of the central β-sheet parallel and 
perpendicular to the plane of the paper, respectively. The latter view allows one to see 
how the different α-helical loops fold around the central β-sheet. 

Xanthopsins compared 

In a previous alignment with six Xanthopsins, the Xanthopsin family was divided into 
three subgroups, based on their primary structure.78 Subgroup I contains Xanthopsins 
found in H. halophila, R. salexigens, and H. salexigens. With the current alignment (see 
Figure 1.2), the Xanthopsins from another H. halophila strain, a second PYP in 
H. halophila and I. loihiensis, are added to subgroup I. Previous subgroup II contains 
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Xanthopsins found in Rhodobacter sphaeroides and Rhodobacter capsulatus and to this 
subgroup belongs also a PYP from another R. sphaeroides strain. The only member of 
subgroup III was the Xanthopsin found in Rhodospirillum centenum. This Xanthopsin 
has a low similarity with the Xanthopsins from subgroups I and II. From the currently 
known 27 Xanthopsins, 19 fall outside subgroups I and II. These Xanthopsins have less 
than 45 % identity to PYP from H. halophila. Xanthopsin from Rhodospirillum 

centenum forms a subgroup with the three other Xanthopsins of multidomain proteins. 
A fourth subgroup can be made from Xanthopsins found in B. phytofirmans, 
L. cholodnii, Curvibacter, Haliangium ochraceum, and Spirosoma linguale. The rest of 
Xanthopsins are not divided into subgroups. The primary structures within subgroups I 
and II are very similar with identities around 75 % in pair-wise alignments. Subgroups 
III and IV have identities around 42 %. In a comparison of Xanthopsins from subgroup I 
or II with other Xanthopsins, the alignments become worse with identities around 30 %. 
Several pair-wise comparisons of Xanthopsins have even poorer results with identities 
low as 14 %. Beside the earlier mentioned functional important residues Y42, E46, and 
C69, the residues G29, F63, A67, and P68 are highly conserved. 

Since the Xanthopsin subgroups were defined based on sequence similarity, 
these results should not be very surprising. However, by looking at subdomains of the 
sequence alignments, better insight is obtained on which domains make a Xanthopsin a 
Xanthopsin, and which domains are important for the function the Xanthopsin has in the 
organism it resides in. PYP was earlier proposed to be a prototype for the PAS domain. 
The family of PAS domains is very large and spans all three kingdoms of life. A PAS 
domain is not so much defined by its primary structure, but more by its secondary and 
tertiary structural elements. The PAS domain can be divided into four subdomains, the 
N-terminal cap, the PAS core, the helical connector, and the β-scaffold. In PYP from 
H. halophila, these subdomains comprise residues 1-28, 29-69, 70-87, and 88-125, 
respectively. Thus, the N-terminal cap contains helices α1 and α2; the PAS core 
contains the β-strands β1, β2, and β3, and the helices α3 and α4; the helical connector 
contains helix α5; and the β-scaffold contains the β-strands β4, β5, and β6. The residues 
that form the chromophore pocket are all contained within the PAS core and β-scaffold, 
which are sandwiched together. 

The conservation in the Xanthopsin family is different for the four PAS 
subdomains. The similarity is high for the PAS core and low for the N-terminal cap. 
The edges of the PAS core, including residues 28-46 and 58-69, have the highest 
degrees of homology. However, the helical connector and the β-scaffold also have high 
similarity within the different Xanthopsin subgroups. Especially, the β-scaffold in 
subgroup I and the helical connector in subgroup III have high homology. This suggests 
that the PAS core is important for the general sensing function of the Xanthopsins, and 
the other subdomains determine the specific function of a particular Xanthopsin. 

Most Xanthopsins are small single-domain proteins. Twenty-one of these 
single-domain Xanthopsins have a length between 123 and 146 amino acids. Two other 
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single-domain Xanthopsins from S  ruber and G. aurantiaca have longer lengths of 156 
and 162 residues, respectively. PYP from S. ruber has a 31 residue N-terminal extension 
that appears to be important for dimerization.79 Dimerization of PYP is only described 
in literature for the PYP from S. ruber. The PYP from G. aurantiaca has a 39 residue C-
terminal extension. The primary structure of the extension suggests that it contains at 
least one α-helix. Indicating the C-terminal extension is involved in signal transduction. 

There are more proteins similar to the Xanthopsin family than these 27. An 
unclassified Gammaproteobacteria (NOR5-3) contains a single protein of 115 residues 
with similarity 10-6 to PYP from H. halophila. Despite the low similarity with PYP, this 
protein contains the conserved residues G29, Y42, E46, F63, and C69, but not the two 
conserved residues A67 and P68. Therefore, the environment of the chromophore-
binding place is different than in most Xanthopsins. Further, PYP-like domains are 
found in Methylobacterium radiotolerans, Methylobacterium extorquens, 
Methylobacterium populi, and Methylobacterium chloromethanicum. All these PYP-like 
domains are N-terminal domains of multidomain proteins and have similarity between 
10-9 and 10-8 to PYP from H. halophila. However, these protein domains lack conserved 
residues Y42, E46, A67, and C69. These protein domains have a serine or glycine 
instead of C69. Therefore, it is not clear if these proteins function as photoreceptor 
without a cysteine for chromophore attachment. However, all these PYP like domains 
contain the highly conserved G29, F63, and P68. In these multidomain proteins, the 
PYP-like domain is followed by a bacteriophytochrome domain and a histidine kinase 
domain. These are the same domains as the domains of the Ppr protein from 
Rhodospirillum centenum and the Xanthopsins domain containing protein of 
Methylobacterium sp. This suggests a similar function for all these six proteins. 

Chromophore and its binding pocket 

As amino acids do not significantly absorb visible light, functional activity of a 
photoreceptor protein depends on a covalently, or non-covalently, associated 
chromophore to the specific photoreceptor. The type of chromophore selected by 
evolution typically corresponds with the wavelength range in which the receptor protein 
is required to function.80 Accordingly, the Xanthopsins use an aromatic chromophore, 
identified in H. halophila in 1994 as 4-hydroxy cinnamic acid, covalently linked to the 
apo-protein via a thiol ester bond to C69.77, 81 This chromophore plays a crucial role in 
the functional activation of PYP via its sensitivity to trans/cis (or E/Z) isomerization 
upon absorption of a photon from the visible part of the electromagnetic spectrum. This 
chromophore is embedded in the protein in a pocket lined by the following amino acids 
(in the order in which they appear in the sequence): I31, Y42, E46, T50, R52, F62, V66, 
A67, C69, T70, F96, D97, Y98, M100, V120, and V122. These amino acids completely 
bury the chromophore in the major hydrophobic core of the protein and prevent direct 
contact of the former with solvent. 



Chapter 1 

14 

In the dark state of PYP, the chromophore is deprotonated.81, 82 The resulting 
negative charge of its phenolic oxygen is buried in the main hydrophobic core of the 
protein. This is possible only through stabilization of this negative charge by a dedicated 
hydrogen bonding network.69, 83 The phenolate anion, of which part of the charge is 
delocalized over the large π-orbital system of the chromophore, interacts with E46, Y42, 
and T50, such that the oxygen atom from Y42 and the oxygen from E46 form very short 
hydrogen bonds with the chromophore. The oxygen atom from Y42 in turn hydrogen 
bonds with the oxygen atom from T50; the latter amino acid, however, does not line the 
chromophore pocket. This hydrogen bonding network is the main determinant of the 
spectral tuning of PYP.83 

The recent neutron diffraction study of deuterated PYP72 has revealed further 
specific detail of this hydrogen bonding network: From the position of the deuteron 
relative to the two pairs of oxygen atoms that form the two hydrogen bonds, it has been 
deduced that Y42 and E46 form a short ionic and low-barrier hydrogen bond with the 
phenolate oxygen of the chromophore, respectively. The special character of these 
hydrogen bonds was recently confirmed with solid-state NMR spectroscopy.84 The 
discovery of the special character of these hydrogen bonds is particularly relevant for 
computational analyses of the mechanism of photoactivation of PYP because the 
relative bond strength changes dramatically from a regular to a low-barrier hydrogen 
bond. The latter type of bond is also predicted to convey typical characteristics to the 
infrared spectrum of the protein,85 which, however, have not been characterized yet. 
Nevertheless, the ultrafast changes in the infrared absorption of E46 are fully consistent 
with the results of the neutron diffraction experiment. 

The structure of PYP in aqueous solution, determined via multidimensional 
NMR spectroscopy,70 is very similar to the structure determined with x-ray and neutron 
diffraction. The elements of secondary structure identified in both of them are nearly 
identical, be it that they may start/end 1-2 residues earlier or later. Notably different are 
helix α2 and the π-helix, which are just below the cutoff for positive identification in the 
solution structure. Furthermore, there are three poorly defined regions in the solution 
structure, comprising residues 1-5, 17-23, and 113-117. This is caused by lack of 
structural constraints in the NMR dataset in those regions, which may be caused by high 
side-chain and/or backbone mobility.70 In the crystal structure, these same regions have 
higher values for the B-factor, which expresses the mean-square fluctuations of atoms 
from their average position. Another difference is observed with respect to the position 
of R52: This residue is present in two conformations in the solution structure: One in 
which R52 is positioned 4 Å above the aromatic ring of the chromophore, and in the 
other, the guanidinium group of R52 is positioned about 4 Å above the aromatic ring of 
Y98,70 which is suggestive of π-stacking.86 These positions of both R52 and Y98 differ 
from those in the crystal structures. The position of R52 is particularly relevant because 
it has been proposed that it plays an important role in the primary photochemistry of 
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PYP.87 The results of site-directed mutagenesis, in combination with ultrafast UV/Vis 
spectroscopy, however, have failed to substantiate this proposal (See Chapter 3). 

All this information available about the dark or ground state of PYP has 
formed a very fertile frame of reference for the interpretation of a large body of 
spectroscopic and biochemical data on a wide range of aspects of this photoreceptor 
protein. Nevertheless, its photosensory function requires that additional (transient) 
structural states exist. Such states have been identified and characterized; they will be 
discussed within the framework of the discussion of the photocycle of PYP in the 
following. However, in the characterization of these intermediates, it has turned out that 
there is a profound effect of the crystal lattice on the dynamics and extent of the 
structural transitions to which the PYP acquires access upon photoactivation. 

Dynamical changes in the structure of PYP and the confines of the crystal lattice 

From an ensemble of structures, such as obtained with NMR spectroscopy or molecular 
dynamics simulations, it is possible to determine eigenvectors that describe the path 
along which the atoms of a protein may move.88, 89 Using these eigenvectors, or “modes 
of flexibility,” it is possible to transform the solution structure into the crystal structure, 
indicating that the observed differences between the two structures are within the 
confines of the intrinsic flexibility of the protein. This is further corroborated by the fact 
that a transition of the structures of PYP, crystallized in the P65 and the P63 space group, 
respectively,69 can also be performed within the confines of its intrinsic modes of 
flexibility. 

Illumination of PYP crystals allows formation of transient intermediate states 
that spontaneously revert back into their stable ground state. While doing this, they may 
largely use the same “modes of flexibility,” and therefore, initially such intermediates 
formed in a crystal lattice90 were thought to show considerable similarity to 
corresponding states formed in aqueous solution.91, 92 Nevertheless, when PYP is 
activated in the latter type of medium, structural changes take place that go far beyond 
these modes. This conclusion was initially based on spectroscopic measurements that 
revealed that PYP shows non-Arrhenius type of kinetics and that this kinetics is strongly 
affected by the hydrophobicity of the medium.93, 94 This interpretation subsequently has 
been confirmed by molecular dynamics simulations95 and multidimensional solution 
NMR spectroscopy,96 be it that the latter experiments are complicated by the very high 
degree of disorder of a large part of the polypeptide backbone of PYP when the protein 
resides in its signaling state. Only recently has it turned out possible to record well-
resolved spectra of the signaling state of PYP with 15N,13C-NMR spectroscopy in 
solution.97 

To characterize the different photocycle pathways that PYP goes through upon 
photoactivation in a crystal lattice and in aqueous solution (both a room temperature), 
dedicated spectroscopic experiments were designed both with microcrystals and with 
crystals of a size suitable for diffraction studies.98, 99 These experiments have revealed 
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that the crystal lattice does not only accelerate the thermal recovery of the ground state 
of PYP approximately 10-fold; it also allows various branching pathways to make a 
significant contribution to this recovery.99 These studies have clearly shown that the 
presence of a crystal lattice confines the extent to which the PYP backbone reversible 
unfolds with respect to the degree of transient unfolding in solution. 

In vivo, the PYP functions in the cytoplasm of H. halophila.100 The freedom it 
experiences for dynamical alterations in its structure in this crowded bacterial cytoplasm 
is as yet unknown, but may be intermediate between that of an aqueous buffer and a 
crystalline lattice. Particularly, the precise nature of the interaction of PYP with 
downstream transducer proteins may tip the balance to either of these. 

Photoactivity of the Xanthopsins 

Photoactivity of the Xanthopsins expresses itself in the form of a photocycle. When a 
Xanthopsin in the ground state absorbs a photon of the proper wavelength, structural 
changes occur in the protein that lead to a signaling state that can be “read” by the 
organism it resides in. From the signaling state, the Xanthopsin spontaneously returns to 
its stable ground state. This self-regenerative cycle only requires the holoprotein to be in 
hydrated form and does not require the presence of a membrane, additional proteins, or 
cofactors, etc.. Most Xanthopsin research is focused on this photocycle or a part of it. 
The best-studied Xanthopsin by far is PYP from H. halophila. Therefore, the photocycle 
of this protein will be discussed in detail in the following. 

Basic photocycle 

Though models for the photocycle of PYP have become more and more elaborate over 
the years, they still feature no more than the three basic intermediates that were initially 
described93 (Fig. 1.5): (i) the ground or dark-adapted state, pG, in which the 
chromophore is deprotonated and the isomerization state of the chromophore is trans; 
(ii) pR, a spectrally red-shifted state (relative to pG), which is formed on a nanosecond 
timescale, in which the chromophore is still deprotonated but its configuration has 
changed to cis; and (iii) pB, a spectrally blue-shifted state (relative to pG), which is 
formed on a microsecond timescale. This species is presumed to be the signaling state 

Figure 1.5. Basic photocycle 
model of PYP. Nomenclature 
used in this thesis is indicated in 
the top-left of the balloons. 
Alternative nomenclatures found 
in the literature are indicated 
bottom-right of the balloons. 
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of the photoreceptor. It is stable enough to allow for a signal to be processed by the 
organism. In the pB state, the chromophore has become protonated while it retains the 
cis configuration. The holoprotein subsequently recovers to its ground state on the 
millisecond to second timescale. 

These three major steps, isomerization, protonation change, and recovery, are 
also observed in the sensory rhodopsins, which have a similar cellular function as PYP, 
but are structurally very different. It is interesting to note that although the Xanthopsins 
and sensory rhodopsins have evolved separately, the photochemical mechanism they 
use to generate a signal from an absorbed photon is essentially the same. 

Photocycle interpretation 

Over the years, several nomenclatures for the photocycle intermediates have been 
introduced. As the photocycle models become more and more complex, so does the 
nomenclature. Unfortunately, there is not a single nomenclature that is really able to 
handle all the new intermediates that meanwhile have been described. All the different 
nomenclatures contain the aforementioned three basic photocycle species and can 
therefore be compared using these three species as a reference (see Fig. 1.5). Initially, 
these ground, red-shifted, and blue-shifted states were called P, I1, and I2.

93 In 1995, the 
names pG, pR, and pB were introduced by Hoff et al..101 Yet another nomenclature102 
was introduced in 1996, in which these species are called PYP, PYPL, and PYPM, a 
nomenclature based upon the photocycle nomenclature of bacteriorhodopsin. To add to 
the confusion, in 2005 the use of the name I2’ instead of I2

103 was proposed, while I2 is 
used to indicate an intermediate introduced in 1996 as pB’.104 This nomenclature is 
becoming even more complicated by the use of various photocycle models that 
introduce “new” intermediates to describe results obtained under very specific reaction 
conditions. 

Proteins are not static, but highly dynamic molecules. We therefore should see 
a photocycle intermediate as an ensemble of similar but individually different structures. 
The question is then of course what criterion is used to assign a structure to a specific 
intermediate ensemble. We have chosen to take the three main photocycle intermediates 
(pG, pR, and pB; see Fig. 1.5) as anchor points. We then subdivided the ensembles 
representing the intermediates into sub-ensembles relevant to a specific analysis 
problem. Figure 1.6 shows an example for the pH dependence of the photocycle. Note 
that the intermediate ensembles are subdivided horizontally according to pH (left to 
right represents a change from low to high pH). In addition, several characteristics of 
interest (isomerization state, and protonation state of the chromophore and E46, folding 
state of the protein, and absorption maximum) are shown for each species. Of course, 
other characteristics may be chosen as well depending on the situation. A more detailed 
explanation of the pH dependence of the photocycle is given in the following. However, 
we would like to note two aspects of this photocycle: (i) There are five sub-species of 
pB indicated in the photocycle, with apparently quite different characteristics, such as  
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Figure 1.6. pH dependent photocycle scheme for PYP. The scheme is an adaptation of the scheme presented 
in reference105. The initial reactions are depicted in their most basic form, that is, light-induced formation of 
the excited state followed by formation of either pG or pR. Light-induced reactions are illustrated by a * next 
to the arrow. For each species in the scheme, several characteristics are depicted as indicated by the legend 
(bottom-right): cis/trans, the chromophore’s isomerization state; pCA, Glu46, and Tyr, the protonation state of 
respectively the chromophore, of residue 46, and of tyrosine residues (black is protonated, white is 
deprotonated); Fold, the folding state of the protein; λmax, the absorption maximum. Absorption maxima in 
italics are assumed. The following folding states are distinguished: IC and IO represent the closed and open 
form of the initial folding state of pG; SC and SO represent the closed and open form of the signaling state 
(pB); D represents an undefined denatured/unfolded state; C represents a hypothetical folded state that is able 
to catalyze chromophore isomerization. 
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the UV/Vis absorption maximum. Generally, one would try to think of different names 
for these species when depicted in a single figure. However, if one would have to 
describe them at a single pH, one would likely just use pB (or an equivalent from one of 
the other nomenclatures). (ii) There is more than one route to step through the 
photocycle. The sample pH then will determine which route is the dominant route. 
Furthermore, depending on the physicochemical conditions of an experiment, one could 
construct additional routes when necessary. This partly explains the multitude of 
photocycle models for PYP that have been suggested in the literature. 

Experimental context 

It is of crucial importance to take experimental context in consideration, when 
comparing different experiments. Four different experimental parameters are of basic 
importance: temperature, nature of the solvent, mesoscopic context (or phase), and 
illumination conditions. The first one, temperature, is obviously important in kinetic 
experiments. At very low (cryogenic) temperatures, certain photocycle species may be 
trapped,102, 106 while others cannot be formed. The second one, the nature of the solvent, 
is also very important and is usually different between different experiments. Though 
pH is probably the most important solvent feature that has an effect on, for example, the 
kinetics of the photocycle,107, 108 others such as hydrophobicity of the solvent,93 type and 
concentration of solutes present,92, 93 and the nature of the solvent itself (e.g., water vs. 
deuterium oxide)107 also can have their effect on the data. The third experimental 
parameter is the mesoscopic context or phase. In the crystalline phase (or lattice), no 
large structural change is observed in the protein upon formation of the signaling state, 
whereas when the protein is in solution such a significant overall structural change is 
observed.98, 99 Furthermore, illumination conditions can also have pronounced effects on 
the data, particularly, the color and intensity of the light are important. The choice of 
wavelength can already have an effect on which photocycle species are formed.102, 106 
Also the duration of the excitation pulse can have an effect. Longer illumination allows 
the possibility of photo-activation of photocycle species other than the ground state109 
and may lead to hysteresis effects in the recovery.110 It should be kept in mind that in 
UV/Vis experiments the probe beam also contributes to illumination of the sample. 

Photocycle of PYP 

The key element of the photocycle is the transition between the ground/dark state and 
the signaling state. In the signaling state, PYP interacts with a putative transducer 
protein to signal the cell that a blue photon has been absorbed. Therefore, this state 
needs to have a relatively long lifetime to allow for this communication. Since the 
interacting transducer protein is poorly characterized,111 all experiments have so far 
been performed with purified PYP itself. It is possible that certain characteristics of the 
signaling state will change when transducer protein is added. An example of the 
dramatic effect that a transducer protein can have on a photosensory protein can be 
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observed in sensory rhodopsin I. Here, in the absence of the transducer protein, the 
sensor protein acts as a proton pump, while in the presence of the transducer protein the 
proton pump activity is lost.112 Also, the pH dependence of the photocycle kinetics of 
sensory rhodopsin I changes upon removal of the transducer protein.112 This does not 
imply that measurements on just the isolated photosensor are obsolete. On the contrary, 
any differences between the characteristics in the absence and the presence of the 
accompanying transducer may lead to a better understanding of how a signal might be 
transmitted. 

pH dependence of the photocycle 

Before breaking down the photocycle into its elementary partial reactions, it is good to 
have a closer look at the pH dependent aspects of the complete photocycle as illustrated 
in Figure 1.6. At first glance, this representation of the photocycle looks rather 
complicated. However, all species in a horizontal line have the same name (e.g., pG, 
pR, and pB) and the same basic structure (see above). The point is that these species 
essentially are sub-species of the named species. It then depends on the pH which of 
these sub-species will dominate the mixture and the sub-species represent sub-
ensembles of the main species. Depending on the absolute pH, the dominant route 
through the various (sub)species in the photocycle will vary. This to the point that some 
intermediates (like pB’ and pG’) may even be bypassed altogether under certain 
conditions. This explains some of the seemingly contradictory results that can be found 
in the literature. 

The pH dependence of the photocycle in Figure 1.6 is illustrated via the 
equilibrium reactions between sub-species on a horizontal line, in which low to high pH 
is from left to right. Note that for any given pH, more than one sub-species may be 
present (dictated by the pKs involved) and consequently more than one route through 
the photocycle may be possible. The complexity that this introduces is in most cases not 
detected in the experimental data, which in most cases is (and should be) analyzed with 
(highly) simplified models. This complexity can only be fully revealed if a series of 
measurements is analyzed in which specific conditions, such as pH, ionic strength, and 
temperature, are systematically varied. Regardless of the experiments, one might want 
to perform with PYP; this underlying complexity of its behavior should always be kept 
in mind, as the experimental conditions selected can have an important impact on 
results. 

Initial Events 

The initial photocycle events, studied in the science domain of biophysics, generally 
hold the key to important biological characteristics of a photosensory receptor, such as 
light sensitivity, and photocycle efficiency (or photocycle quantum yield). In its most 
basic form, the initial events can be depicted as the formation of a photon-induced 
excited state, which subsequently relaxes either back to the original dark state or to the 
first intermediate in the photocycle (see Fig. 1.6). On the other hand, one can also try to 
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describe all the different reactions in the initial photocycle step that leads to either 
formation of pR or pG. In both cases, the very first step, formation of an electronically 
excited sate, is the same. Assuming that every absorbed photon results in the formation 
of an electronically excited state, an equation can be derived for the rate with which the 
excited state is formed (see Equation 1.1).105 In this equation, �� represents the light 
intensity (in mmol cm-2 s-1) for a specific wavelength range; � represents the molar 
extinction coefficient (in M-1 cm-1) for the same specific wavelength range; � represents 
the light’s path length (in cm) through the sample; ��� represents the concentration of 
the photon absorbing species (in M). Note that in most cases, Equation 1.1 can be 
approximated by Equation 1.2. One can use these formulas to simulate the light 
dependent reaction(s) of photocycles: 

� =
��
����������

����     Equation 1.1 

� ≈ �����(��)    Equation 1.2 

Trying to deduce what exactly happens after formation of the excited state of 
pG is a difficult exercise. This is evidenced by the very different models for the initial 
events in the PYP photocycle that have been published over the years. Furthermore, 
only very few experiments have been performed to analyze how much the experimental 
context influences these initial events. 

Light absorption by the chromophore of PYP induces primary photochemistry 
that leads to its cis configuration within a few picoseconds, with a quantum yield of 
0.35.113, 114 The structural transition underlying this trans/cis isomerization can only be 
completed in a complex reaction in which also the hydrogen bond between the C9=O 
group of the chromophore, and the nitrogen atom of the peptide bond between P68 and 
C69 is disrupted, to allow the C9=O group to rotate around the long axis of the 
chromophore to stabilize the isomerization of the C7=C8 ethylenic bond87, 115 so that the 
first cis ground state intermediate (GSI) I0 can be formed. 

During the past few years, it has become clear that in parallel, a transient 
GSI116 is formed, which may well also have an isomerized C7=C8 ethylenic bond but has 
its carbonyl group still hydrogen bonded to the nitrogen atom of the proteins’ 
backbone.117 This GSI is also formed with a quantum yield of approximately one-third 
(the remaining one-third fraction decays through internal conversion) and then rapidly 
(i.e., with a half-life of 6 ps) thermally relaxes back to the stable GSI. The I0 
intermediate converts with near 100 % efficiency into the pR1 state (also denoted I1) and 
subsequently to the pR2 intermediate, through additional configurational relaxation of 
the cis-chromophore. Discovery of this transient GSI has been relevant not only for the 
proper understanding of the primary photochemistry of PYP, but also has resolved 
several controversies on this aspect, for example, related to quantum yields. 
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Recently, the formation of the GSI was shown to be due to a fraction of 
molecules in which the hydrogen bond between the C9=O group of the chromophore, 
and the nitrogen atom of the peptide bond between P68 and C69 is not disrupted during 
the initial stages after photoexcitation.118 Whether or not the chromophore in this GSI 
state has a true cis configuration, or (still) is in a distorted trans configuration, remains 
to be established. 

Considering that formation of the electronically excited singlet state in PYP is 
accompanied by a very large charge redistribution, as was demonstrated with Stark 
spectroscopy,119 and that for several organic dyes with a pronounced donor/acceptor 
asymmetry across the ethylenic bond light absorption leads to the formation of a so-
called twisted-intramolecular charge transfer (TICT) state,120 the relevance of single-
bond rotation has been discussed for PYP. Independently, this issue was addressed in 
QM/MM calculations on a model system that simulates the primary photochemistry in 
PYP.87 Our experiments show that such single-bond rotation indeed is relevant; 
however, most surprisingly, not as an alternative to double-bond isomerization, but 
rather to facilitate it (see chapter 3). 

After (spectroscopic) identification, the next important issue for any 
intermediate is its spatial structure. Consensus exists on the view that the protein part 
shows very little structural change during the first step of the photocycle and that even 
the aromatic ring of the chromophore stays more or less at the same position.121-123 The 
only way to facilitate isomerization of the chromophore under these conditions is by 
rotating the thiol ester carbonyl. This carbonyl flip can be interpreted as a double 
isomerization around the C7=C8 double-bond and the C9–S single-bond, that is, the 
chromophore configuration changes from C7=C8-trans C9–S-cis to C7=C8-cis C9–S-
trans. This model was first introduced on the basis of low temperature Fourier transform 
infrared spectroscopy (FTIR) spectroscopy104 and later confirmed.98, 122, 124 

The (free) energy content of PYP increases from 120 to 160 kJ mol-1 upon 
formation of pR.113, 125 This means that about half the energy of an absorbed photon is 
stored in the holoprotein at this point (a photon with a wavelength of 446 nm has an 
energy content of 268 kJ mol-1). This amount of energy should then be enough to drive 
the remainder of the photocycle. This also implies that half the energy of the absorbed 
photon is lost in, for example, thermal relaxations. FTIR analysis of the cryotrapped 
intermediates in the first step of the photocycle suggests that there is very little 
structural difference between these intermediates.122 Thus, small movements induced by 
thermal relaxation may dictate the exact isomerization path of the chromophore. 

Signaling state formation 

Much of the early work on the photocycle of PYP assumed a simple three state 
photocycle model, that is, with the pG, pR, and pB state only. In these models, 
formation of the signaling state, that is, pB (from pR), has been described both as a 
kinetically bi-exponential and as a mono-exponential event. Actually, the first detailed 
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analysis of the photocycle of PYP92 postulated a photocycle containing an additional 
intermediate with similar spectral properties as pB, because of the observed bi-
exponential kinetic character of pB formation. However, this model was refuted in a 
subsequent paper.93 Later, the intermediate pB’ was introduced as an intermediate in the 
pR to pB photocycle step based on results obtained with FTIR spectroscopy.98 A 
subsequent detailed laser induced transient UV/Vis spectroscopic kinetic analysis of the 
photocycle confirmed the existence of this intermediate and showed it has spectroscopic 
properties very similar to those of pB.107 Here, it was also revealed that the pB’ 
intermediate is in equilibrium with pR, which explains the previously observed bi-
exponential character of the pR to pB photocycle step.91, 92 

Structural relaxation of pR 

After formation of pR, additional relaxation events occur in the protein.126, 127 Through 
the use of the transient grating and pulsed-laser photoacoustic methods, it was shown 
that a microsecond dynamic component exists during the lifetime of pR. This indicates 
that after the structural changes in and immediately around the chromophore are 
completed, additional structural changes occur in the protein, further away from the 
chromophore. Thus, pR can be decomposed into the intermediates pR1 and pR2. Though 
the transition from pR1 to pR2 initially was claimed to be spectrally silent, the transition 
presumably was already observed earlier in UV/Vis data.91 However, as this transition 
contributed only very little to the total UV/Vis signal, no confident assignment could be 
made in those experiments. In a more recent analysis of UV/Vis data,107 reaction 
kinetics were obtained that fit the pR1 to pR2 transition, observed via transient grating. 
Though the obtained spectra for both pR intermediates are very similar, pR1 seems to 
have a slightly higher extinction coefficient than pR2, whereas the λmax values are 
indistinguishable. 

Protonation change upon pB’ formation 

One of the major events that have to occur in the transition from pR to pB is protonation 
of the chromophore. FTIR measurements have shown that deprotonation of E46 and 
protonation of the chromophore are a single event, which is followed by structural 
change of the protein.98 This interpretation led to the introduction of the pB’ 
intermediate, which then converts into the pB state. A photocycle model that included 
the pB’ intermediate was then used to analyze UV/Vis data in a study on the kinetic 
deuterium isotope effect in the photocycle of PYP.107 From these analyses, it was 
evident that pR and pB’ exist in an equilibrium that shifts toward pB’ upon going to the 
extremes of pH (both low and high pH). The observed kinetic Deuterium isotope effect 
is in line with a proton transfer from E46 to the chromophore for the whole pH range 
that was investigated (pH 5-11). However, for the return reaction, the situation is more 
complex. Here, formation of pR from pB’ can occur via different routes, dependent on 
pH. The shift of the pR/pB’ equilibrium toward pB’, when going to the pH extremes, 
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also explains the shift toward mono-exponential behavior for the formation of pB at 
these latter pH values. 

The UV/Vis spectroscopic properties of pB’ and pB are rather similar,107 which 
explains why the first experimental evidence for the existence of this intermediate was 
obtained via FTIR measurements. The pB’ spectrum is most similar to the pB sub-
species that dominates at low pH (see Fig. 1.6). Incidentally, this is also the pB sub-
species that shows the least structural change, and thus of all the pB sub-species 
presumably structurally resembles pB’ the most. However, pB’ typically transforms into 
either pR or the pB sub-species that dominates at medium pH. The latter has an 
absorption maximum blue-shifted by 13 nm with respect to pB’. 

Structural change upon pB formation 

Another major event that occurs in the transition from pR to pB is structural change. 
From the strongly nonlinear Arrhenius kinetics of the pG recovery reaction,94 it was 
concluded that the signaling state of PYP is at -least partly- unfolded. In a mutant with 
the first 25 N-terminal amino acids removed,128 the deviation from normal Arrhenius 
behavior was largely gone. It therefore seems that the N-terminal region of PYP is 
largely responsible for the large structural change upon formation of the signaling state. 
Several other methods, for example, CD, NMR, fluorescence, and FTIR spectroscopy 
have confirmed this partial unfolding. 

Hydrogen-Deuterium exchange measurements in particular have contributed to 
the insight into the structural change that is at the basis of signaling state formation in 
PYP. Whereas a buried hydrogen atom may take days to exchange, an exposed 
hydrogen atom may be exchanged within seconds. PYP contains 235 potentially 
exchangeable hydrogen atoms, 42 of which are from (de)protonatable groups. In a study 
with electrospray ionization mass spectrometry,129 it was shown that in the dark, less 
hydrogen atoms were exchanged for deuterium atoms compared to an experiment 
performed in the presence of light. Also, in apo-PYP 29 potential exchange sites resist 
exchange, which can be interpreted as that 29 or less of the 42 (de)protonatable groups 
are deprotonated. Additionally, it may mean that apo-PYP has a certain degree of 
structure, depending on the actual number of deprotonated groups. The light induced 
hydrogen-deuterium exchange was independently confirmed using FTIR difference 
spectroscopy.129 Though these experiments show that there is a difference between the 
ground and signaling state of PYP with respect to hydrogen-deuterium exchange 
protection, they do not pinpoint the areas of the protein responsible for the observed 
differences. However, it is possible to obtain more specific information with NMR 
spectroscopy.130 Though it was only possible to obtain specific information for the 
backbone amide exchangeable hydrogen of 51 residues, 14 of these showed a 
significant change in protection (i.e., resistance against exchange) upon formation of the 
signaling state pB, that is, only two less than the number predicted by mass 
spectrometry, which was not limited to the backbone amide hydrogen atoms. The 
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residues with the most significant loss in protection are F28, E46, and T70. The latter 
two are close to the chromophore, whereas F28 is close to E46. These results have been 
confirmed and extended by Brudler et al..131 

In a solution NMR study of the pB intermediate, it was shown that pB exhibits 
structural and dynamic disorder with respect to the ground state.132 Interestingly, a 
subsequent NMR study of pBdark formation130 showed that pBdark and the photocycle 
intermediate pB are very similar. It was also made clear that upon formation of pBdark, 
the protein can be divided into three parts, a relatively stable core (residues 32-41, 80-
94, and 113-122) and two areas that display large structural perturbation: the N-
terminus (residues 6-18 and 26-29) and the area around the chromophore-binding site 
(residues 42-58, 69-78, and 95-100). As discussed earlier, the structural perturbations of 
the N-terminus are largely responsible for the observed non-Arrhenius behavior of the 
photocycle kinetics. Furthermore, the NMR data suggest that the pB intermediate is a 
mixture of structurally perturbed forms and a form structurally similar to the ground 
state, or more specifically, similar to the pB crystal structure.90 

The trigger for the major structural change upon formation of pB is the 
formation of a buried negative charge on E46 when it donates its proton to the 
chromophore.98 After formation of pB’, the buried negative charge, initially located on 
the chromophore, is centered on E46. On the chromophore, the negative charge can be 
effectively neutralized by delocalization of the charge and the hydrogen bonding 
network of the chromophore. On E46, the buried negative charge cannot be effectively 
neutralized. This leads to a stress situation within the protein, which can be relieved via 
several routes. One is return to the pR state, reflecting the reversible nature of pB’ 
formation (see earlier paragraphs). Other routes lead to the formation of pB. The extent 
of the structural change upon formation of the pB intermediate depends then on the 
route taken. One route to relieve the buried negative charge is to expose it to solvent, 
which requires structural change of the protein. Another route is to protonate the E46, 
but not via the chromophore since that would lead to the reformation of pR. Once E46 is 
protonated, the stress situation is relieved and a large structural change is no longer 
necessary. Since protonation changes play a key role, it is to be expected that these 
events are pH dependent. Thus, depending on the pH, one route may dominate over the 
other. In fact, a pH dependence of the extent of structural change has been observed to 
coincide with protonation of E46.133 Of course, both routes to pB mentioned here 
assume that pB’ is formed as an intermediate. It is also possible that a direct, or 
alternative, route from pR to pB exists. In such a route, E46 may stay protonated, that is, 
it does not donate a proton to the chromophore. The chromophore then becomes 
protonated only after exposure to the solvent, or via another residue (e.g., Y42). Such a 
route would require little structural change of the protein and might be preferred in the 
crystal environment. All mentioned routes are possibilities, and depending on the 
conditions one particular route may dominate. The key factor in all these routes is what 
happens to the protonation state of both E46 and the chromophore. In fact, it has been 
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shown that for the E46Q mutant in solution, the structural change upon formation of pB 
is significantly less compared to the wild type protein.98 In this mutant residue, 46 no 
longer can donate a proton to the chromophore, and thus, no buried negative charge is 
formed on residue 46, and hence less driving force for structural change is generated. 
Though residue 46 plays an essential role in the amount of structural change that takes 
place, other residues may also have influence. For example, H108 also has influence on 
the extent of structural change as it has been shown that the mutant H108F also exhibits 
less structural change compared to the wild type protein.134 

The pH dependence of structural change has also been shown to exist via 
transient probe binding,135 showing less structural change at low pH. Together with 
experiments monitoring the pH dependent net proton uptake/release of PYP during pB 
formation136 and pH dependent FTIR results,133 this leads to the conclusion that the pK 
of E46 in pB is 5.5, so that above pH 5.5 much more structural change occurs than 
below. 

The structural change upon formation of pB is typically related to changes in 
the N-terminus. However, significant structural changes also occur on the other side of 
the central β-sheet, around the chromophore pocket. This was nicely demonstrated by 
NMR measurements on a mutant of PYP lacking the N-terminus.96 Furthermore, these 
latter measurements showed that the N-terminus most likely is involved in stabilizing 
the helix containing residues N43 to T50 (helix α3). These NMR results were 
independently corroborated via parallel tempering simulations initiated to simulate the 
formation of pB.95 Further simulations showed the importance of helix α3 for the 
successful recovery of the ground state.137 These pioneering steps in trying to simulate 
events that take place on a millisecond timescale have since then been improved to the 
point that the mechanisms underlying the transition from pB’ to pB can be deduced.138 
Here, a salt-bridge between D20 and K55 appears to play an important role. As such, 
the effect of salt (or ionic strength) on the PYP photocycle may be linked to this salt-
bridge. 

Ground state recovery 

Recovery of the ground state can be achieved either spontaneously in the dark or light 
induced via an accelerated path. In the latter, a photon absorbed by pB’ and/or pB 
photo-isomerizes the chromophore, thereby allowing a 1000 fold increase in the rate of 
recovery, with respect to the rate of recovery in the dark.139 The existence of this 
branching reaction can influence data in the presence of light that can be absorbed by 
any of the pB intermediates. This may allow recovery kinetics to appear faster than they 
really are in the absence of this light.140 Such accelerated recovery with visible light can 
be exploited in the study of the very slow recovery variants, like M100A. 

During the thermal recovery of the ground state of PYP, several events have to 
take place simultaneously. The chromophore has to re-isomerize to the trans form; the 
protonation state of several residues and the chromophore have to be changed, and the 
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protein needs to return to its original fold. Though these are seemingly distinct steps, 
until recently, they often were assumed to occur concertedly. However, it had already 
been suggested that prior to isomerization, the chromophore must first be deprotonated, 
and thus an intermediate must exist between pB and pG.141 Confirmation of the 
existence of this intermediate was obtained in measurements of the kinetic deuterium 
isotope effect.107 Here, it was shown that deprotonation of the chromophore occurs prior 
to its isomerization. Though deprotonation of the chromophore aids the re-isomerization 
of the chromophore tremendously,142 this re-isomerization is still a rate controlling step, 
in which the protein fold likely plays a crucial part. Only recently, the existence of such 
an intermediate was actually shown experimentally, in an extensive pH dependent study 
on PYP recovery.105 The new intermediate was named pG’ and appears to have a 
UV/Vis spectrum highly similar to pG, indicating that the chromophore is already 
deprotonated in this photocycle intermediate, as suggested before. It also explains why 
pG’ was not noticed before. The pG’ intermediate is characterized by a deprotonated 
chromophore and a folding state that allows re-isomerization of the chromophore. This 
latter characteristic is important, as this intermediate has an absorption spectrum that is 
similar to that of the ground state of PYP and not one that is similar to the pB 
intermediate at high pH, which also has a deprotonated chromophore but has its 
absorption maximum around 430 nm.107, 136 

Several studies have been done to study refolding of PYP. In a study utilizing 
the denaturants urea and guanidinium·HCl, refolding was studied in unfolded ground 
state protein and in the unfolded signaling state.143 The major difference between these 
two denatured forms of the protein is the isomerization state of the chromophore. Where 
refolding from the denatured ground state is a mono-exponential event, refolding from 
the denatured signaling state is bi-exponential. Here, the fast component is identical to 
refolding from the denatured ground state, and the slow exponent has a rate similar to 
the photocycle ground state recovery rate under similar conditions. This indicates that 
after the signaling state renatures, it recovers to the ground state through the regular 
photocycle pathway. Interestingly, extrapolation of the obtained refolding kinetics in the 
absence of denaturant shows close to a 1000 fold faster rate for refolding for the protein 
with the chromophore in the trans state compared to protein with the chromophore in 
the cis state. This is similar to the difference in rate observed between the ground state 
recovery in the dark and photo activated ground state recovery via the branching 
reaction.139 

Similar experiments with the acid denatured state of PYP were also 
performed,144 and similar results were obtained. Refolding from the acid denatured state 
with the chromophore in the trans state, that is, pBdark, is 3-5 orders of magnitude faster 
with the chromophore in the cis state. Interestingly, it was shown with temperature 
denaturation that in the acid denatured state, the chromophore is in the cis state, the 
protein is more stable than when the chromophore is in the trans state. Furthermore, it 
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was shown that the acid denatured state with the chromophore in the cis state is very 
similar to the photocycle intermediate pB. 

For a few mutants of PYP, a dramatic decrease in recovery rate has been 
observed, that is, E46D,145 M100A,146 and M100L.147 This indicates that E46 and M100 
are important for facilitating recovery. M100 is important for the re-isomerization of the 
chromophore, as indicated by the dramatic increase in rate of recovery when the 
chromophore is photochemically re-isomerized in the M100A mutant.146 In a recent 
study, it was argued that the electron donating character of the residue at position 100 
influences the rate of recovery through interaction with another residue, most likely 
R52.148 With the E46D mutant, such a dramatic increase in recovery rate was not 
observed upon photochemical re-isomerization of the chromophore.145 As such it is 
likely that E46 is important for refolding of the protein, though it may still be involved 
in dark re-isomerization of the chromophore. 




